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The origin of the narrow peaks in the energy distribution of positrons 

produced in superheavy ion-atom collisions has been experimentally investigated 

using the EPOS spectrometer at GSI Darmstadt. We systematically studied the 

dependence of monoenergetic positron emission on the combined charge of the 

colliding nuclei Zu, and measured the velocity of the system emitting the peaks by 

their laboratory Doppler broadening. Motivated by the results of these studies, 

additional experiments designed to search for monoenergetic electrons emitted in 

coincidence with the positron peaks were performed.

In the first series of measurements, narrow positron peaks between 300 and

400 keV were detected in each of five supercritical (U+Cm, Th+Cm, U+U, Th+U,

and Th+Th) and one subcritical (Th+Ta) collision systems studied. The structures

were produced with similar cross section 10 p  b/sr) in quasi-elastic collisions

which differed slightly from Rutherford scattering. They cannot be attributed to

nuclear conversion processes. The positron peak widths (each~ 75 keV) indicate
9flthat the emitting source lives for^ 10 *us, and has a mean laboratory velocity 

of ~  0.05c, consistent with the center-of-mass velocity. Spontaneous positron 

emission from the decay of the QED vacuum is unable to explain the independence 

of the peak energies on Zu.

The common energy of the positron lines led us to explore the possibility 

that the peaks are associated with the decay of an intermediate state. Using a 

modified configuration of the EPOS spectrometer, we discovered narrow electron 

lines, emitted in coincidence with positron peaks, in U+Th, Th+Cm, and Th+Th



collisions. In each case, the peak in the distribution of the sum of the positron and i 

electron kinetic energies was much narrower than the individual lines, suggesting 

the correlated cancellation of their Doppler shifts. Three prominent sets of 

coincidence structures have been identified at sum energies of (Ee_+Ee+)&. 610, 

750, and 815 keV. Monte Carlo simulations have been used to rule out background 

radiations, instrumental effects, and all known nuclear conversion processes as 

possible origins for the coincidence lines. A kinematic analysis of the correlated 

peak widths implies that the positrons and electrons are emitted back-to-back in 

the rest frame of their source. One possible interpretation of these data is that 

we are observing the two-body decay of previously undetected neutral objects 

which have total energies between 1.5 and 2 MeV.
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Chapter 1 Introduction

S ectio n  1.1 M o tiv a tio n

A narrow  peak w as recen tly  d iscovered  in the en erg y  d istribution o f positrons em itted  

from  collisions b e tw een  uran ium  and curium  nuclei at p ro jec tile  e n e rg ie s  c lose  to the  
C ou lom b b a rrie r [Shw 83]. The exp erim en t w as perfo rm ed  by the EPOS co llaboration  

(Y a le , G S I, Frankfurt, H e id e lb erg , M a inz, and BNL) using th e  E lectron-P O sitron  S o le 
noid S p e c tro m e te r at G S I, D arm stadt. The peak, show n in Fig. 1-1, is c e n te re d  at a 
kinetic  e n erg y  of 3 1 6 ± 1 0  keV, and its intensity  corresponds to a production  cross- 
section of doe +  /d Q |^ |~  10 /ib /s r, assum ing that th e  yield  is p roportional to th e  ta rget 
th ickness. The  narrow  w idth  of ~ 7 5  keV im plies  from  the  uncerta in ty  re la tion  that 
th e  em itting  source lives for ^  10‘ 26 sec, a lm ost an o rd er o f m agn itu de long er than  
th e  duration  of the heavy-ion  collision . S im ila r but w e a ke r lines w e re  also o bserved  
in the U +  U system  [Shw 85, Bok83], and by an independent group in U +  U and U +  Th 
collis ions [C le84],

O ne possib le in terpreta tion  for the U +  Cm  positron peak is the  spontaneous  
decay  of th e  neutral quantum  e lectro dynam ic  vacuum  in th e  p resen ce  of a su p ercrit
ical ex te rn a l e lec tric  fie ld  [Vor61, G er69, P ie69, Raf71], the  search  for w hich  o rig ina lly  
m otivated  th ese  e xp erim en ts . This process is illustrated  in Fig. 1-2a w hich show s  
the e n erg y  of the a tom ic 1s (and 2py2) state in th e  C ou lom b field of a static  nuclear  
charge  Z . For Z larger than a critical va lue, Z c r s l 7 3 ,  th e  1s s ta te  is bound with  

e n e rg y  g re a te r than 2m e c2 and en ters  the negative  e n erg y  D irac continuum  as a re 
sonance. It is then en erg e tic a lly  favorab le  for a vacancy in the resonant 1s s ta te  to 
decay, w ith a life tim e xSp ~ 10 '19 sec, by binding the e lec tro n  of a spontan eo usly  

created  positron-e lectron  pa ir [M ul72, M u l72b, Z e l72 ]. The liberated  positron has 

d iscrete  energy , Ee +  =  |E 1s |-2 m e c2, and the resulting ground state  w hich includes  

tw o 1s e lec tro ns  rep resen ts  a  new  "charged" QED vacuum  [Ful73, Raf74, MGI731.

The supercritica l nuclear charge necessary to study this process e x p e rim e n ta lly  

can, in p rinc ip le , be assem bled  transien tly  in very  heavy ion-atom  collis ions [G er69, 

Raf72]. As indicated in Fig. 1-2b, how ever, the energy  d istribution of em itted  posi

trons is expected  to be broad and structu reless  for the fo llow ing reasons. First, the  

tim e  during which th e  q u as im o lecu lar 1sct state is su p ercritica lly  bound, 

tc r =  2 *  10*21 sec, is short com pared  to th e  supercritica l decay  tim e  t Sp S l O '1^ sec, 

so very  few  q u as im o lecu lar vacancies  decay by spontaneous em ission . By th e  un-
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200 400 600 800 1000 1200
E .*  t k e v  3

Figure 1-1. Positron energy spec
tra measured for U +  Cm collisions 
at 6.05 MeV/u. Kinematic se
lections (28° <  Ou, <  40.5°) overlap 
preferentially witn elastic scatter
ing angle regions: (a)
100°<ecK.<130°. and (b) 
50° <  0CM <  80°. The dashed lines 
represent the continuous contribu
tions from dynamic and nuclear 
processes, corrected for detection 
efficiency, and normalized to the 
data excluding the peak re
gion. (Reproduced from [Shw83].)

certa in ty  p rinc ip le , th e  spontaneously  em itted  positrons a re  a lso  d is tribu ted  over  

AEe ^ > 3 0 0  k e V  so no narrow  peak is expected . Next, the spontan eo us  a m p litu d e  

adds coheren tly  w ith a m uch la rg er "dynam ic" positron contribution  w hich is p ro

duced  by the rapid tim e  varia tion  o f th e  strong e lec tric  fie lds  [S m i74 , Sof77]. F inally, 

an additional broad positron background (ind icated  by th e  dashed  line in Fig. 1-2b) 

arises  from  internal p a ir creatio n  of transitions excited  in th e  ind iv idual nucle i [O be76, 

O be76b]. In p rinc ip le , if th e  collision tim e  is pro longed by n u c lear reactio ns , the  

spontaneous positron signal b ecom es larger and narro w er [R ei81b], as ind icated  

sch em atica lly  in Fig. 1-2c. P erhaps co inc identa lly , th e  1so binding e n e rg y  ca lcu 

lated for th e  in ternu clear d is tance of c losest approach a ch ievab le  in cen tra l U +  Cm  

collis ions at the m easu red  beam  e n erg y  of ~ 6  M e V /u  corresp onds  c lose ly  to th e  

e n e rg y  of th e  positron peak in Fig. 1-1.

For an exhaustive  list of re fe ren ces  to th is fie ld  as w e ll as c o m p re h e n s iv e  d is

cussions of the th eo re tica l de ta ils  of spontaneous positron em iss ion  and the  e x p e ri

m ental d eve lo p m en ts  w hich  led up to th e  p resen t w ork, th e  re a d e r is re fe rred  to  th e
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Figure 1*2. Binding energy of the 1so orbital versus a static nuclear charge, Z (top). For 
Z >  173, a vacancy decays spontaneously with a time, t  = 1 0 -19 s, liberating a monoen
ergetic positron. Middle panel illustrates time evolutiontof the binding energy in a heav
y-ion collision, which produces a broad distribution of spontaneous and dynamically 
induced positrons (solid curve). Internal pair creation from transitions in the Coulomb 
excited nuclei produces a nuclear positron background (dashed line). Emergence of a 
narrow spontaneous peak for collisions with prolonged nuclear contact is indicated 
schematically in the lower panel. (Reproduced from [Vin83].)

th e  Ph.D. d issertation  of J. S ch w ep p e  [Shw 85], and the re v ie w  a rtic les  of G reen b erg  

and V incen t [G re85] and R einhardt and G re in e r [ReiSS].1



4

S e ctio n  1 .2  P res en t W o rk

This  d isserta tion  reports  on a continuation of th e  EPOS e x p e rim e n ts  m entioned  
above, w ith the  goal of de term in ing  the  source  of the ano m alo u s  positron peak  
structu res. Tw o  investigations have been pursued to w ards  th is goal. First, th e  d e 
p e n d e n c e  of th e  peak production on the com bined  nuclear charge , Z u , of the collision  
system  is investigated . This is m otivated by th e  unusual Z u ~ 2 0  p o w er law  d e p e n 
d en ce  of th e  bind ing e n erg y  of the q u as im o lecu lar 1sa orb ita l exp ected  from  QED  

[R e i81 ]. For in te rn u c lear separations ach ievab le  fo r bom bard ing  e n e rg ie s  at the  
C ou lom b b arrie r, spontaneous em ission  is p red ic ted  to occur above a th resho ld  of 
Z u s 1 7 8 , and th e  positron peak energy  should increase  by ~ 3 0  keV  w ith each  add i
tional unit of charge . Positron em ission  has th ere fo re  been  m easu red  for s e vera l 
co m binatio ns  of ta rg e t and p ro jec tile  nuclei chosen to c o ver a ran g e  ex tend ing  

th roughout th e  supercritica l range ava ilab le  from  U +  Cm  (Z u =  188) to Th +  Th 
(Z u =  180). T h e  subcritica l Th +  Ta system  (Z u =  163) w as stud ied  to e x am in e  positron  
em iss ion  w e ll be low  th e  critical charge threshold .

T h e  second investigation  w as d irected  tow ard  estab lish in g  th e  identity of the  
system  em itting  th e  peaks by explo iting the  D op p ler broaden ing  of th e  positron lines  

in o rd er to m e a su re  the  velocity  of the source. An origin d irec tly  involving th e  qua
s im o le cu la r system , such as spontaneous vacuum  decay, is ch a rac terize d  by an 
e m itte r ve lo city  equa l to that of the  heavy-ion cen te r-o f-m ass  system . Positrons  
from  o th er sources could exh ib it d ifferent e m itte r ve lo c ities  and hence  D op p ler  

b roadened  linew id ths . For exam p le , the broaden ing  of peaks em itted  from  th e  indi
v idual nuclei w ould  vary w ith th e  recoil ang le , and hence ve locity, of the scattered  

ion. In o rd e r to fu rther investigate  the specific  possib ility  that n uc lear trans itions  
produce th e  peaks, e lec tro n s  and y-rays w ere  m easu red  s im u ltan eo u s ly  w ith posi
trons in o rd e r to search  for the com peting  internal conversion  or y-ray decay  chan
nels.

In o rd e r to perform  th e  Z u d e p en d en ce  and e m itte r ve lo city  m e a su rem e n ts , the  
EPOS S o len o id  s p e c tro m e te r requ ired  various m odifications. For e x a m p le , to trace  

the Z u d e p e n d e n c e  of th e  positron peak e n erg y  throughout th e  range  exp ected  for 

spontaneous positron em ission  (from  ~ 3 0 0  keV  at Z u =  188 to ~ 8 0  keV  at Z u =  180),

Other recent reviews include [Grn83, Bac85, Bos86, Kie86, Grn87] and references therein.
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5
th e  positron detection  effic iency had to be ex tended  to low er e n erg ies . The  m ag

netic fie ld  configuration w as th ere fo re  rearran g ed , the spiral baffle redesig ned , and  

th e  previous positron d etec to r rep laced  w ith a new  S i(L i) counter having a sensitive  
front surface. In addition to extending  the s p e c tro m eter band-pass to be low  100 keV, 
th es e  im p rovem ents  increased  the absolute  detection  effic iency by m ore  than a factor 
of’ tw o . This prov ided  h igher data accum ulation  rates and g re a te r sensitiv ity  to the  

re la tive ly  sm all (~ p b /s r )  peak signals. Insights into th e  d e ta iled  operation  of the  

so lenoid  m agnetic  transport system  gained w h ile  op tim izing  the effic iency led to 

substantia lly  im proved com putational m odels  of th e  s p e c tro m e te r perfor
m ance. This has, in turn , benefitted  the  e m itte r ve locity  m e a su rem e n t by m aking  
possib le  accurate  ca lcu la tions of th e  D o p p ler-b roadened  positron lineshap e. Both 
the effic iency and lineshape response have been  d irectly  confirm ed with a va rie ty  of 
rad ioactive  source and in -beam  m easu rem ents .

A d e ta iled  understand ing  of the  EPOS s p ec tro m eter is very im portant from  the  
additional point of v iew  of investigating w h eth er structure  in the e n erg y  d istribution  

of positrons em itted  from  th e  superheavy  co llis ions can be produced by som e purely  
instrum ental m eans or as a triv ia l background. The even tual in terpreta tion  of the  
peak structures obviously  depends on being ab le  to predict the response  of the  
sp e c tro m e te r to positrons c reated  in th e  collision and positrons of nuclear and other 
orig ins, as w ell as to o ther rad iations (e .g ., y-rays, neutrons, or e lec tro ns) in teracting  

in th e  apparatus. A m ajor portion of th is d issertation  has th ere fo re  en ta iled  the  
analys is  of th e  characteris tics  of th e  EPOS s p e c tro m e te r and its response under a 

varie ty  of conditions.

T h e  resu lts  of th is system atic  study of positron peak production [C ow 85] led to  
a second m ajor exp e rim e n ta l program  — nam ely, the search  for a co rre la ted  m o- 
noen erg e tic  e lec tro n  signal. In particu lar, in each collision system  investigated , 
peaks w e re  found w hich a re  em itted  from  a source  m oving w ith a m ean laboratory  
velocity  consistent w ith the ve locity  of th e  C M S , and w hich could not be a ttribu ted  to 

nuclear transitions in th e  e jec tiles . The nearly  constant e n erg y  of th e  peaks ob
served  throughout the range from  subcritica l to supercritica l n uc lear charges  sug
gests  a com m on source not associated  w ith spontaneous positron em iss ion . O ne  

possib ility  is th e  tw o-body decay of a prev iously  undetected  neutral ob ject into a po- 

sitron-e lectron  pair. To investigate  th is possib ility , w e m odified the  EPOS sp ec tro m 

e te r to search for a m on oen erg etic  e lec tro n  associated  w ith each  positron  

peak. T h e  m agnetic  fie ld  configuration w as again  rearran g ed  and a new  large  a rea



e lec tro n  counter insta lled to de tec t, w ith  high effic iency, e lec tro ns  in 
coincidence w ith positrons.

M o n o e n e rg e tic  e lectron  peaks in co in c id en ce  w ith narrow  positron lines have  

been  d iscovered  in U + T h ,  Th +  Th, and Th +  Cm  collis ions [C ow 86, C o w 86b]. The  
corresp onding  peaks in the d istribution of th e  sum  of th e  e lec tro n  and positron e n 
erg ie s  a re  narro w er than the individual e + or e _ lines, suggesting th e  corre la ted  
cancella tion  of D op p ler shifts expected  for back-to -back em ission  ch arac teris tic  of a 
tw o -body final state. The feas ib ility  of a varie ty  of o th er sources for th e  p o s itro n -e - 
lectron co inc idence  signal (e .g ., nuclear conversions, atom ic  oscilla tions, o r back
ground rad iations) have been  investigated by s im ulating  th e  resp o n se  of th e  EPOS  
s p e c tro m e te r to M o nte -C arlo  gen era ted  even ts . A k in em atic  analys is  of the  co in c i
d en ce  positron, e lec tro n , sum -en erg y  and e +e “ d iffe re n c e -e n e rg y  peak shapes pro
v ides an ind irect m e asu rem en t of the ang u la r co rre la tion  b e tw een  th e  m o n o en erg etic  
positron and e lec tro n  in the rest fram e  of the  e m itte r. W ith in  the context of a tw o - 
body decay  orig in , M o n te -C arlo  s im ulations  a re  also used to study the  ve locity  and 

ang u la r d istributions of the em itting  source.

S e ctio n  1 .3  O rg a n iz a tio n

B ecause  of the significant changes in th e  e x p e rim e n ta l apparatus  and d iffe rences  in 
approach b e tw een  th e  investigations of the s ing le  positron lines and th e  co inc idence  
elec tro n -po sitron  structures, th is d issertation  is d iv ided into tw o parts. Part I, con
sisting of chap ters  tw o  through four, covers  th e  investigation  of the Z u d e p en d en ce  
of the  positron peak structures and the  m e a su rem e n t of th e  e m itte r ve locity, including  
an evaluation  o f nuclear background processes . C hapter 2 describ es  the  EPOS  

sp ectro m eter, highlighting changes m ade to th e  pre-ex isting  instrum ent w hich w e re  
n ecessary  for the presen t exp erim en ts . As noted above, p articu lar em p h as is  is 
placed  on th e  operation  o f th e  positron detection  system . E xperim en ta l con trib u 
tions by o ther m em b ers  of th e  EPOS co llaboration  -  including im p ro vem en ts  to the  

heavy-ion  gas detectors , the design of th e  e lec tro n  d e tec to r used in Part I o f th is  

thesis  to search  for in ternal conversion  transitions, and the  fabrication  and inde
pen d en t study of the actin ide  targets  — are  a lso  briefly  describ ed .

C hapter 3 rev ie w s  the data analysis  p ro ced u res  and p resen ts  th e  resu lts  o f the  

m e asu rem en ts  on six collision system s: 2MU +  248C m , 232Th +  248Cm , 238U +  238U,

232Th +  238U, 232Th +  232Th, and 232Th +  181Ta. T h e  ch aracteris tics  of th e  positron peaks



a re  d escrib ed , as w ell as the  d ep endence  of th e ir  production on beam  energy, HI 

scattering  ang le , and Z u . The dynam ic positron e n erg y  d istribution is discussed in
sofar as it d e te rm in e s  th e  background beneath  the positron peaks. C hapter 4 pre
sents an analys is  of se ve ra l possib le orig ins for the positron lines including  

instrum enta l effects, nuclear conversions, spontaneous positron em ission , and vari
o u s  in te rfe ren ce .e ffec ts . A lthough m any of th ese  have subsequently  been ru led out 
by the e x is ten ce  of a co rre la ted  m onoenergetic  e lec tro n  peak, they  a re  d iscussed in 
the presen t w ork for co m p le ten ess  and because of th e ir h istorical im portance.

Part II of th is  d issertation  describes  the search for, and analys is  of, co incident 
m o n o en erg etic  positron-e lectron  em ission  in su p erh eavy  co llis ions. C hapter 5 be
g ins w ith a d iscussion o f som e prerequ is ite  considerations including the antic ipated  
signal for tw o -body decay. M odifications to the EPOS s p e c tro m eter requ ired  for the  
co in c id en ce  e x p e rim e n t a re  then described . The  sp ec tro m e te r's  perfo rm ance , par
ticu larly  regard ing  the co inc idence  detection of positrons and e lec tro ns , is analyzed  
using M o n te -C arlo  s im ulations and source m easu rem en ts . P articu lar em phas is  is 
again  p laced on understand ing  th e  deta iled  operation  of th e  so lenoid  in o rd er to as 
sess various backgrounds and in terpretations of the co inc idence peak data.

R esults  of th e  search  for a co inc idence e lectron  line a re  p resen ted  in C hapter 
6. M e a s u re m e n ts  of th e  238U +  232Th, 232Th +  232Th, and 232Th +  248Cm  system s are  
describ ed  covering  data  from  tw o d ifferent e xp erim en ts . C hapter 7 p resen ts  an 
analys is  o f-s e v e ra l possib le  orig ins for the co inc idence signals. M o n te -C arlo  s im u
lations a re  again  used to com pare  various conventional and exotic  nuclear, atom ic, 
and background processes to th e  data. A k inem atic  analys is  of the angu lar co rre 
lation b etw een  the em itted  positron and e lectron  is p resen ted , and th e  m om entum  
distribution  of the neutral ob ject is d iscussed.

C hap ter 8 concludes th is d issertation  with a sum m ary of the observations asso
c iated  with the positron peaks and co inc idence e lectron  lines. O ur p resen t un d er
standing of th e  data  is rev iew ed  in light of the current popu lar th eo re tica l 
specu lations regard ing  the orig ins of the  peaks, and s e vera l rem ain ing  u n answ ered  
questions are  addressed . Prospects for advancing  the e xp erim en ta l situation in the  
near fu ture  a re  briefly  discussed.
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Chapter 2 Experimental Apparatus

S ectio n  2.1 O v e rv ie w  of EPO S S p e c tro m e te r

The first part of this d issertation  d escrib es  an investigation of the Z u d e p e n d e n c e  of 

m o n o en erg etic  positron production in su p erh eavy  co llis ions. In addition , the  ve lo 

c ity  of th e  source  em itting  th e  peaks is m easu red  by th e  D oppler b roaden ing , and  

peak orig ins involving nuclear transitions a re  stud ied . The data p resen ted  here  

w e re  m easu red  at th e  G esellschaft fur S chw erio nen forschung  in D arm stadt, W est 

G erm an y , using th e  fle c tro n -P O s itro n  S o leno id  (EPOS) S p ec tro m eter. The  re levan t 

configuration used for Part I of this w ork is show n in Fig. 2-1. The s p e c tro m e te r and  

s e vera l add itional aspects  of the current w ork have evo lved  o ver the course  of th is  

th es is  research  from  e a rlie r  exp erim en ts  w ith the EPOS apparatus. The previous  

version s, describ ed  in deta il in [S hw 85t. G ru85 and G re85], w e re  used to study dy

nam ic  positron production and to search for indications of spontaneous positron e m 

ission. T h ese  m easu rem en ts  cu lm inated  in th e  d iscovery  of the narrow  positron  

peak in th e  U +  Cm  system , presen ted  in Fig. 1-1.

As d iscussed in [Shw 85] and [G re85], th e  EPOS s p ec tro m eter w as d es igned  

p rim arily  to address  the principal difficulty associated  w ith m easuring  positrons in the  

s u p erh eavy  collision environm ent, nam ely  th e  sm all s ize  of the signal im m e rs ed  in 

a large background of o ther radiations. This s ituation is s u m m arized  by Fig. 2-2 

(adapted  from  [Shw 85]) which show s that y-rays and 5-e lectrons a re  em itted  in the  

HI co llis ion  w ith a factor of 10^ to 106 la rger probab ility  than the positron peaks un

d er investigation  (denoted  by shaded reg ion). The EPOS solenoid  dea ls  w ith this 

prob lem  by transporting  positrons aw ay  from  th e  high flux of neutral y- and X -rays and  

heavy nuclear partic les, w hich are  localized  near the ta rget site, to a w ell sh ie lded  

background -free  region w here  th e ir e n erg y  is m easured  in a so lid -s ta te  de tec to r. 

This  techn iqu e  w as p ion eered  by G reen b erg  to m easu re  ra re  in ternal pa ir creation  

in beta  decay [G re56] and la ter adapted  for in -b eam  e lectron  spectroscopy in HI col

lis ions [B ur65, Kot69]. It explo its  the axia l focussing p rop erties  of the  so leno id  fie ld  

in w hich a positron (or e lectron) em itted  from  a ta rget p laced on th e  axis o f the  

m agnetic  fie ld , traces  out spiraling orbits w hich re p e ate d ly  return to th e  s p e c tro m e te r  

axis. The helical tra jecto ries  are  even tua lly  in tercepted  by a th in p en c il-lik e  S i(L i) 

detec to r, w h e re  th e  positron energy  is m easu red  w ith ~  12 keV  reso lution .

9
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Figure 2-1. Schematic view of the EPOS spectrometer. Lower left illustrates detection 
of both scattered ions in kinematic coincidence. Positron detection efficiency (lower 
right) shown for present ('n e w ') and previous ("old') EPOS configurations.
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Figure 2-2. Production probability (per HI scattered into 25° <  0,-h<65°) of y-rays, 
5-electrons, and dynamic and nuclear IPC positrons in 5.85 ivfev/u U +  Th colli
sions. Shaded region denotes the approximate size of the positron peaks under inves
tigation. (Adapted from [Shw85].)

Positrons in itia lly  m oving aw ay from  th e  S i(L i) d e tecto r e n te r a region of in

creased  field strength, and those em itted  with angles s te e p e r than 35° with respect 

to th e  solenoid  axis are  re flected . About 90%  of all positrons em itted  isotrop ically  

o ver 4n a re  th ere fo re  transported  tow ard  the S i(L i). The huge flux of e lec tro ns , which  

a re  also transported  by the so lenoid  fie ld , a re  m echan ica lly  blocked from  reaching  

the d etec to r by a fan-shaped spiral baffle w hich exploits  the opposite  sp ira lling  d i

rection of the positron and e lec tro n  orbits. Positrons are  unam biguously  identified  

by th e  coincident m e asu rem en t of th e ir 511 keV  annih ila tion  radiation in a cy lindrica l 

array  of e ight N al(T I) crystals m ounted around th e  S i(L i) detector. Im p ro vem en ts  in 

the presen t apparatus include a redesig ned  m agnetic  fie ld  configuration, a new  spiral 

baffle, and the addition of a sensitive  front surface  to th e  cylindrical positron d e te c 

tor. T h e s e  com bine to provide a factor o f > 2  increase in detection e ffic iency  o ver  

the previous EPOS set-up  [Shw 85], as show n in Fig. 2-1d. A m axim um  positron d e 

tection  probab ility  of 20%  is ach ieved , w ith e0 +  > 10%  over a broad range of e n e r



gies  ex tend ing  from  ~ 1 0 0  keV  to 1.0 M eV . C o llection  of positrons o ver nearly  4n 
leads to th e  m axim um  D op p ler broaden ing , m easu red  in th e  laboratory, of in trin 

s ica lly  narrow  peaks. For em ission  o f 350 keV positrons from  the C M  system , th is  

broaden ing  am ounts to  AEe  +  =  77.7 keV  (F W H M ), with a shift of th e  peak centro id  

of 5Ee +  =  1.3 keV. As long as the intrinsic w idth is sm all, high reso lution  m e a s 
u rem en t of th e  positron linew id th  prov ides d irec t in form ation regard ing  the m ean la

boratory  ve locity  of th e  source  em itting  the e + peak.

The sm all cross-sectional a rea  o f th e  p en c il-like  S i(L i) de tec to r p erp e n d ic u la r to 

th e  axis presen ts  only a very  sm all solid ang le  (10 ‘ 6 of 4ji) for y-rays and neutrons  

em itted  from  th e  target. The  d irect flux of X - and y-rays is fu rther a ttenu ated  by a 

tan ta lum  disk in the c en te r of the spiral baffle. T h e  axia l a rran g e m e n t of th e  positron  

d etec to r ensu res  that partic les  c reated  or scattered  aw ay from  the so lenoid  axis have  

a significantly  reduced probab ility  for detection . In o rder to reduce  th e  creatio n  of 

seco ndary  positrons from  exte rn a l conversion  or beam  activation, m ateria l near the  

so leno id  axis is kept to a m in im um . The necessary  baffles and ta rg e t fra m e  are  

constructed  of low -Z  m ate ria l, and th e  Ta baffle d isk is encased  in p lex ig las  to absorb  

e x te rn a lly  converted  pairs.

Positrons a re  detec ted  in co inc idence  w ith th e  scattered  p ro jec tile  and ta rg et 

reco il ions w hich a re  m easu red  in tw o  P aralle l P late A va lan ch e  C ounters  (P P A C 's) 

equ ipped  w ith continuous delay-rline readouts. D etection  of both n uc lear e jec tile s  

substantia lly  d e te rm in e s  th e  reaction k inem atics  over th e  full laboratory  ang u la r  

range  of 20° <  9^| <  70°. The good angu lar reso lution  ( ~  1°) ach ieved  in th e  e a r

lie r e xp erim en ts  of [Shw 85] proved to be very im portant in isolating the peak s truc

tu re  in th e  U +  Cm  system . For th es e  e xp erim en ts , the intrinsic scattering  ang le  

reso lution  has th ere fo re  been  im proved to 50|ab ~  0.5°, and the az im uth al an g le  of 

th e  scattering  p lane is now  m easu red  by a (p-sensitive anode foil in o rd e r to fu rther  

e n h an ce  the  k inem atic  defin ition. U nd er typical in -beam  conditions using ~ 3 0 0  

n g /c m 2 ta rgets , th e  sum  of th e  po lar scattering  angles m easu red  in th e  u p p er and  

low er P PA C 's, I 0 H | =  Gy +  0|_, is d e te rm in e d  w ith 0.8° reso lution  (F W H M ). The  

I 0H l coord inate  is d irec tly  re lated  to th e  kinetic  energy lost or tran s fe rred  to e x c ita 

tion of the ions (Q -va lue) and also reflects  the m ass-ratio  of th e  e jec tile s . The  

e q u iva len t resolution  in Q -va lu e  is 5Q =  20 M e V  (FW H M ), w ith a m ass reso lu tion  of 

5 M ~ 1 0  am u. For the  slightly  asym m etric  Th +  Cm  collision system , th e  ang u la r re 

solution is ad eq u ate  to a lm ost c o m p le te ly  reso lve  fo rw ard  from  backw ard  scattering .



N u c lear y radiation is m onitored w ith tw o 3"x3" N al(T I) detec to rs  p laced at 45° in 

th e  fo rw ard  and backw ard  d irection  w ith respect to the beam  axis. As describ ed  in 

[Shw 85], convolution of th e  observed  y-ray en e rg y  d istribution  w ith th eo re tica l IPC  

coeffic ients  g ives th e  continuous positron contribution aris ing  from  nuclear in ternal 

pair creation . The detecto rs  are  operated  in co inc idence w ith the heavy-ion  PPAC's, 

^ im u ttan eo u s ly  w ith the positron m e a s u re m e n t.--O rig in s  fo r th e  positron peaks in
volving nuclear transitions a re  investigated by searching  the y-ray en erg y  d is tribu 
tion for com peting  conversion  lines under conditions identica l to those w hich yield  
the positron lines.

To extend the study of nuclear orig ins to non y-ray em itting  trans itions (i.e ., 

e lec tric  m onopole), a S i(L i) de tec to r to detect in ternal conversion  (1C) e lec tro ns  has 

been  added to th e  apparatus  for th ese  m easu rem ents . It is p laced on the axis be

yond th e  m agnetic  m irror field  so that it accepts e lec tro ns  em itted  at very flat angles  

with resp ec t to th e  axis w hich are  not re flected  back tow ard  the positron detector. A 

tubu lar baffle system  reduces  the angu lar accep tan ce  to 0e . < 1O°, w hich lim its the  

D op p ler b roadening of e lec tro n  en e rg ie s  above 1 M eV , w h e re  n uc lear IC e lectron  

lines w ould  be expected  in com petition  w ith the positron peak, to AEe _ ~ 8 0  

keV. B ecause internal conversion  norm ally  e xceed s  positron em itting  d ecays  by 

s e vera l o rders  of m agn itude, although the e lec tro n  detection  effic iency (ee _ ~ 0 .5 % )  

is sm all com pared  to ee  +  , it provides sufficient sensitiv ity  to investigate  EO trans i

tions.

E arlie r results from  U +  C m  collisions [Shw 83] indicated that th e  observation  of 

th e  positron line is associated  w ith a narrow  range of p ro jec tile  e n e rg ie s , suggesting  

that resonant nuclear reactions m ay play an im portant ro le  in peak production. It 
w as also found that the curium  targets  used w e re  non-uniform  and changed  their 

th ickness profile  rap id ly  during irradiation. In o rder to pursue a m e a su rem e n t of the  

b e a m -e n e rg y  d e p en d en ce  of peak production, a p rogram  of im proving ta rg et uni

fo rm ity  and stability , and of defin ing and m easuring  the beam  energy , w as und ertak 

en. For th e  m ost recen t exp erim en ts , th is has cu lm inated  in th e  insta llation  of a 

non-destructive  beam  tim e-o f-fligh t probe in the EPOS b eam lin e . The  m ean  energy  

w as m ain ta ined  to w ithin 0 .02-0.03 M e V /u  during an exp e rim e n t. The  thin targets  

used, typ ica lly  ~ 2 5 0  p g /c m 2, w e re  changed e v ery  ~  1 A  hours, and the  beam  cu rren t 

w as lim ited  to s 1  PnA (p artic le  nanoam pere ), to reduce ta rg e t de te rio ra tio n . A fter 

irrad iation , the th ickness and uniform ity w e re  sam pled  for severa l ta rg e ts  by proton
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backscattering  m easu rem en ts  p erfo rm ed  w ith th e  U n ivers ity  of Frankfurt Van de  

G raaff acce le rato r.

Finally, as describ ed  in [Shw 85], the  tim e  and e n erg y  in form ation  from  th e  po

sitron, ann ih ila tion  rad ia tion , heavy-ion , y-ray, e lectro n , and m on itor detec to rs  w e re  

re a d  w ith a C A M A C  based..data.-acquisition_systein_and w ritten  e v en t-b y -e v e n t to 

m agnetic  tape. A p re lim in ary  on-line  analysis  of the data prov ided  re a l-tim e  m on i

to ring  of th e  status of the  beam , targets , and detectors, as w e ll as a check of the  

quality  of the incom ing data.

The  fo llow ing sections trea t in g re a te r de ta il each of th e  e x p e rim e n ta l co m p o 
nents. S ection  2.2 d escrib es  the positron detection  system  and its perfo r

m ance. S ections 2 .3-2 .5  discuss the PPAC's, y-ray, and e lec tro n  d e tec to rs . The  

fabrication , in -beam  behavior, and post-irrad iation  m easu rem en ts  o f th e  ac tin id e  ta r
gets  a re  presen ted  in S ec. 2.6, and Sec. 2.7 d iscusses the U N ILA C  beam  c h a ra c te r
istics. For s im plicity, the deve lo p m en ts  in im proving beam  and ta rg e t quality  w hich  

chrono lo g ically  belong to Part II of th is  d issertation  a re  included here . F inally , the  

e x p e rim e n ta l e lectro n ics  and data-acquis ition  system  are  su m m a rize d  in S ec. 2.8.

S e ctio n  2 .2  P os itron  D etec tio n

D etection  of positrons in th e  EPOS s p ec tro m eter involves four p rinc ipa l com ponents: 

th e  so leno id  transport fie ld , the spiral baffle, th e  positron S i(L i) de tec to r, and the  

eight-fo ld  Nal ann ih ila tion  radiation d etec to r (A RD). In th is section , th e  physical 

characteris tics  and operation  of each of th ese  com ponents  a re  re v ie w e d  (for m ore  

deta ils  the re a d er is re fe rred  to [S hw 85]). As m entioned in th e  introduction, it is 

particu larly  im portan t in in terpreting  the data to understand the de ta ils  of the  trans

port effic iency of the spec tro m eter. O ne centra l question  th roughout th is d iscussion  

is w h e th er instrum ental effects can produce structu re  in the  positron e n e rg y  d is tri

bution. The w ay in w hich th ese  com ponents  com bine  to d e te rm in e  th e  positron d e 

tection  effic iency is th ere fo re  stud ied , and the resu lts  of num erica l ca lcu la tion s  are  

com pared  to d irect m easu rem en ts  involving rad ioactive  sources. This section  con

c ludes w ith a derivation  of the D o p p ler-b roadened  lineshap e  response  of th e  EPOS  

sp e c tro m e te r to a m oving positron source. T h e  effects on the lin esh ap e  and effi

c iency  of a positron angu lar d istribution , off-axis em ission , source  ve locity , and  

e m itte r life tim e a re  d iscussed.
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Sec. 2.2.1.1 D efin ition  o f C oord inates: Throughout th e  fo llow ing d iscussions of the  
so lenoid  transport system  and detection  e ffic iency, th e  fo llow ing coord inate  system s  

a re  used. The so lenoid  coord inate  system  is a ligned  w ith its Z -ax is  along the  rota- 
tio n aL sy m m e try -a x is  o f-th e -E P O S -s p e c tro m e ter. The orig in  is p laced  at th e  target 
position and the +  Z d irection  is tow ard  the positron detector. + X  is in th e  beam  
direction  (forw ard) and +  Y is a ligned vertica lly  upw ard . The  solenoid  m agnetic  field  
vecto r points in th e  + Z  d irection , and the position o f a positron o r e lec tro n  in the  
so lenoid  is describ ed  by th e  cylindrical coord inates  (r, <p, z). The  m otion of th e  po
sitron about its guid ing c en te r is denoted by rad ius p, and azim uthal ang le , y . The  
polar ang le  b etw een  th e  positron path and the + Z  d irection  is 0. CG S units a re  used  
th roughout and Pe +  denotes  m om entum , pe +  = o e +  /c  is velocity, m e c2 is th e  po
sitron (e lec tron ) m ass, and B is the m agnetic  fie ld  strength. The quantity  m c2/e  =  
1705 G auss-cm  is useful for num erica l ca lcu la tions of th e  positron orbit.

Sec. 2 .2 .1 .2  P ositron  M otion  in the M ag n etic  Field: Positrons and e lec tro ns  m ove in 
the  th e  so lenoid  m agnetic  field  guided by the  Lorentz force,

d p */d t =  e /c(u* x B*), (2. 1 )

As d escrib ed  in Sec. 12.3 of [Jac75], for a uniform  m agnetic  field  a long the Z -ax is , the  
longitudunal m otion in the Z d irection  is co m p le te ly  decoupled  from  the cyclical 
tran sverse  m otion. A positron em itted  at po lar ang le  0Q traces out c ircu la r orbits  
of radius

with

dE /d t =  0.

p =  (p ^ c /e B ) =  (p c /eB ) sin0Q , (2 .2)

with a (cou nterc lo ckw ise) rotational frequency about the guid ing c en te r of

d y /d t =  -<b =  -eB /ym c , (2.3)

w h e re  y =  ( 1-Pe  +  ^ )",/2. It com ple tes  one orb it in a tim e



T =  |27 i/(dy/d t)| =  2ji/ co =  27i(ym c/eB). (2.4)

Th e  positron s im u ltaneous ly  drifts p ara lle l to th e  field  w ith constant ve locity

T h e  tra jecto ry  re p e ate d ly  crosses the fie ld  line which passes through the point of 
em ission . The positron tra v e ls  a d istance of

along the Z -ax is  during each orbit. T h e  tra jecto ry  re s em b le s  a helix  of pitch ang le  

6 and pitch length L.

The  EPOS m agnetic  fie ld  is not uniform  (s e e  Fig. 2-5). It varies  s low ly  enough  

as a function of position a long th e  Z -ax is , com pared  to a s ing le  positron or e lectro n  
orbit, how ever, that th e  positron and e lectron  orbital m otion rem a in s  ad iabatic . As 
discussed in Sec. 12.6 of [Jac75], th e  m agnetic  flux linked by a g iven  orbit, np2B, is 
th ere fo re  a constant of m otion. From  Eqn. 2.2, th is g ives  uj_^/B =  constant. The  
rad ia l ve locity  then d ep ends  on the fie ld  strength, and at any position a long th e  axis,

w h e re  th e  subscript "o" re fers  to th e  velocity  or field strength at th e  initial position

From  Eqns. 2 .7-2.8  and th e  defin itions above, th e  tra jectory  p a ra m e te rs  at any posi
tion Z a re  given by

u|| =  ue +  cos(eo)- (2.5)

L =  unT =  2n (p c/eB )co s0o (2 .6 )

(2.7)

of the tra jecto ry  (usually  th e  ta rg et s ite , Z =  0). From  conservation  of energy , uj_^ +  

ui|2 =  uq 2, the ve locity  in the Z d irection  is

u||2 =  uo2 - ° ± o 2 (B /B o)- (2 .8 )

© =  eB /ym c =  co0 (B /B 0 ),
0 =  s in ‘ 1 [(B /B 0) 1/2 sin0o ], 

p =  (p c /eB ) sin0 =  p0 (BQ/B ) 1/2,
L =  2n (pc/eB ) cos0 =  27t(pc/eBo )(B o/B )[1 -(B /B o)sin^0o] 1/2.

(2.9)
(2 . 10) 

(2 . 11) 

(2 . 12)



17

The orbiting positron still rep eated ly  crosses th e  fie ld -lin e  w hich passes through the  

point of its em iss ion . A positron em itted  from  th e  sym m etry  axis of the so lenoid  a l
w ays re turns  to th e  axis. S im ilarly , a positron em itted  aw ay  from  th e  axis, or scat
te red  from  an ob ject off-axis, g en era lly  does not pass through th e  z-axis . This  

prop erty  o rig in a lly  m otivated the axial a rran g em en t of th e  EPOS apparatus w ith target 
and detec to r p laced  on th e  solenoid  sym m etry  axis [G re56, Bur65, Kot70, Shw 85, and  
G ru85],

Equations 2 .7-2 .12 indicate that as the positron drifts into a reg ion of increased  
m agnetic  fie ld  strength ( B > B Q), the orb ita l radius p d e c rea s e s , th e  p itch-angle  
0 s teepens , th e  rotation frequency a> increases, th e  p itch-length  L is reduced , and the  
velocity  along th e  axis U| is d ecreased . The  opposite  occurs in a w e a k e r fie ld . 
T h ese  re la tionsh ips  are  sum m arized  graphically  in Figs. 2 -3 (a -d ). Finally, rad ia l gra
d ients  of the  so lenoid  fie ld , B, cause the guiding c en te r of th e  tra jecto ry  to p recess  
slow ly  around th e  solenoid  axis w ith a drift ve locity  (g iven by Eqn. 12.55 in [Jac75]) 
of

w h e re  Uj_ and p a re  given by Eqns. 2.7,2.11.

Sec. 212:1.3 ' f ie ld  Coils: The EPOS m agnetic  field  itself is produced by 15 pancake  
coils  of 27 cm  inner d ia m e te r, pow ered  by tw o 200 kW p o w er supplies . As show n in 
Fig. 2-4a, each coil consists of 4  p lanes of 18 w ind ings of 1 cm  square  copper chan
nel, w ith a cen te r-to -c e n te r spacing of 1.1 cm . The  res is tance  of each coil is = 0 .0 2 5  
ohm s. Cooling w a te r flow s through the c en te r of the hollow  channels  at ~8 

bar. T h e  m agnetic  field along the z-axis is g iven by superposition  of the field  
strengths, g iven exactly  by B iot-S avat's  law.

w h e re  I is the cu rren t and a the radius of th e  g iven loop cen te red  at Z =  z Q. The  

sum m ation  o ver th e  curren t loops in each coil is g iven  exp lic itly  by

udrift =  1/20 j_ p B '1 (5B/dr), (2.13)

B (z;l,r.z0 ) =  (2n l/c ) r2 [r2 +  (z -z0)2]*3/2 (2.14)

B(z) -  i f ,  I 3 =1 (1/8) B(z:l,rjjk,zjjk), (2.15)

with,
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Figure 2-3. Adiabatic calculation of positron orbital parameters versus the solenoid 
magnetic field strength, relative to that at the target site, (a) Maximum gyration radius 
vs. Ee +  , (b) Pitch-angle, (c) Pitch-length, and (d) Orbital diameter.____________

r ijk =  12'95 +  1-1* j +  rk- 
Zjjk =  1 1*i - 2-75 +  z k>

w h ere  the r and z a re  in cm and the offsets (rk,z k) correspond to e igh t curren t loops  

at e ight points eq u a lly  spaced around each  of the square  copper w indings [(rk ,zk) =  

( +  +  ’/*)■ (0, +  y2). ( - V i .+  V i), (-Vi.O), (-V i.-V z ), (0,-Vz), ( + V 4 r 1/ 2), ( + ’/ 2,0)]. F igure

2-4b co m p ares  th e  ca lcu la ted  m agnetic  fie ld  using Eqn. 2 .15 to the  actual va lue  

m easu red  for a prototype coil w ith a Hall probe. They a g re e  to w ithin 2 % .

T h e  positions of each  of th e  15 coils  that produce the EPOS solenoid  field  a re  

show n in Fig. 2-5. The coils  on the -Z s ide  of th e  ta rg et a re  pow ered  with a s ing le  

curren t supply at 495 am ps. On the + Z  s ide of th e  spec tro m eter, the  coils a re  op-
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Figure 2-4. Cross-sectional view of an EPOS pancake coil showing dimensions of the 
1 x 1  cm2 Cu windings (left). Comparison of the calculated magnetic field strength along 
the solenoid axis to Hall probe measurements [Shu80] of a prototype coil (right).

e ra ted  w ith the second supply at 450 am ps. T h e  total p o w er is s 8 0  kW. At the ta r
ge t position the m agnetic  fie ld  strength is BQ = 1 8 7 2  G auss. A 350 keV positron or 
e lec tro n  em itted  at 0o =  9O° th ere fo re  orbits w ith a gyration radius of p =  1.23 cm , e x 
tend in g  to a m axim um  2.46 cm from  th e  axis. It com ple tes  one orb it e v ery  
T =  3 .4 x 10"1® sec. The  orb ita l p itch-length is L =  7 .73*cos0o cm .

In the leg opposite  the  positron d e tec to r (i.e ., -Z  d irection), the m agnetic  field  
strength increases (six coils operating  at 495 am ps a re  p laced close to gether) to a 

m axim um  of 5700 G auss (at Z  =  -58 cm  from  the target). As positrons which are  
em itted  with 0o >9O ° drift into th is region of s trong er fie ld , th e ir longitudinal velocity, 
given by Eqn. 2.8, is reduced until U| reaches ze ro  and reverses  d irection  at a posi
tion z such that,

s in20o =  B0/B (z ), (2.16)

w h e re  the positron is "reflected ." The s teep est em ission  ang le  for w hich the positron  

p en etra tes  the m agnetic  m irror, that is, the fla ttest em ission  ang le  w hich is re flected  

at th e  position of the  m axim um  field strength, is

em ir =  s in ' 1 (8 o/B m ax^ 2
=  sin"1 (1 8 7 2 /5 7 0 0 )1/2 =  34.97°. (2.17)
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Figure 2-5. EPOS magnetic field along the solenoid axis (bottom) produced by the field 
coils operated at the currents and positions as marked (upper left). The inset (b) shows 
the radial dependence of the strength of the magnetic field at the position of the target, 
spiral baffle, and the maximum of the mirror field.

All positrons em itted  from  0° to (rt-0m jr) a re  th ere fo re  transm itted  to w ard  the spiral 

baffle and positron detec to r. This am ounts to a solid an g le  for co llection  of 9 1 %  of 

4n. As d iscussed in S ec. 2.5, e lectro ns em itted  w ith 0Q >  (n-35°) m ay p en e tra te  the  

m agnetic  m irror and a re  transported  tow ard  the e lec tro n  detec to r positioned at 

Z =  -96 cm .

In o rd er to m ainta in  high positron collection  effic iency, th e  m agnetic  fie ld  along  

the +  Z axis is un iform ly low er than at the target site. No m agnetic  m irrors  then lim it 

th e  transport e ffic iency of s teep ly  em itted  positrons on th e ir  w ay to the  

e + detec to r. The dip in the  m agnetic  fie ld  at th e  spiral baffle se rves  both to adjust 

th e  m ean  orb ital pitch an g le  of positrons to th e  baffle accep tan ce , and to trap  posi

trons or e lec tro ns  scattered  at th e  baffle in a m agnetic  bottle . Both of th ese  effects  

are  d iscussed  m ore fu lly  below . Finally, the last coil positioned at Z  =  + 1 1 6  cm  is 

o pera ted  w ith reversed  po larity  (-450 am ps) to reduce  the m agnetic  fie ld  in th e  reg ion  

beyond th e  positron detec to r to B =  0 G auss in o rd er to prov ide  a low -field  e n v iro n 

m ent for th e  A R D 's  p h o tom ultip lier tubes.
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In previous e xp erim en ts  [Shw 85], the m irro r and ta rg e t fie lds  w e re  Bm jr =  3945  

and B0 =  1835 G auss, respective ly . The  reflection  ang le  w as 0m jr s 1 3 7 ° . In addi
tion, a shallow  m agnetic  bottle cen te red  at the ta rget trapped  positrons em itted  with 

ang les  s teep er than 83.2°. Positrons w e re  th ere fo re  co llected  o ver only 74 .8%  of 
4ti, s o  the present a rran g em en t am ounts to a 2 2 %  increase  in detection  effic iency  
o v e r that of e a rlie r  m easu rem ents .

T he radial d e p en d en ce  of the m agnetic  fie ld  strength at the target, m agnetic  
m irror, and spiral baffle is shown in Fig. 2-5b. A veraged  o ver th e  s ize  (R =  2p) of a 
350 keV  positron orbit, th e  variation in th e  m agnetic  field  is on th e  o rd e r of

A B /B  =  B*1 (oB/Jr)«2p s  ± 2 * 1 0 ' 3. (2.18)

From  Eqn. 2.13, the precession  velocity  of the guid ing c e n te r about th e  so lenoid  axis 
is then

"drift =  ux  *  5 * 1 0 '^  =  0 .12 m m /ns . (2.19)

As show n below , the av era g e  positron flight tim e  is - 1 0  ns, so th e  guid ing cen ter  
typ ica lly  shifts by less than 2 m m , or <  10°, in th e  -<p d irection .

Sec. 2 .2 .2  S p i r a l  B a f f l e

The success of th e  m agnetic  transport system  in providing a c lean , background-free  
en v iro n m en t for positron identification and m e asu rem en t depen d s  critica lly  on the  
effic ient suppression of the huge flood of low energy 5 -e lectrons w hich are  s im ul
taneously  transported  from  the  ta rg et site. As shown in Fig. 2-2, production of 
e lec tro ns  e xceed s  that of positrons by four to five  orders  of m agn itu de in the  in ter
esting range for studying peaks, Ee +  < 5 0 0  keV. It is th ere fo re  n ecessary  to sup
press th e  detection  of e lectro ns re la tive  to positrons by a factor of 10* -103 in o rd e r to 

lim it p ileup of e lectro ns w ith th e  positrons to less than 10% .

As m entioned in S ec. 2.1, the operation  of the spiral baffle exp lo its  th e  opposite  

sp ira ling  d irections of positrons and e lec tro ns  to m echan ica lly  block e lec tro n s  from  

reach ing  th e  e + detector. As v iew ed  from  th e  ta rget to w ard  the baffle, positrons  

orb it in a left-handed sense, and e lec tro ns  w ith a right-handed helic ity. The baffle  

th ere fo re  resem b les  a le ft-handed s ix-b laded p rop elle r, as show n in Fig. 2-6. The
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Spiral

Figure 2*6. Diagram of the fan-shaped spiral baffle (top) illustrating how positrons pass 
between the blades while electrons, having opposite orbital helicity, are stopped by the 
blades. Dimensions and orientation of the six battle blades are given in the lower panel.

p resen t baffle is p laced Z baf =  34 cm  from  th e  ta rget. Each b lade has a w idth  w (R ) 

and th ickness t(R ), w h e re  R is the radial d is tance along its c e n te rlin e , g iven  by

[ 3 *R  cm , for 0 <  R <  1 cm ,

w (R ) =  [ 1.25 +  1.75 * R  cm , for 1 <  R <  5 cm , 

[ 10 cm , for 5 <  R <  6 cm ,

t(R ) =  0 .0318 +  0.0364 x R  cm ,

(2 .20 )

(2 .21)

and is o rien ted  at an ang le  of 0 ba  ̂=  36° w ith re s p ec t to to the  Z -ax is .

T h e  opera tion  of the spiral baffle is m ost e a s ily  an a lyzed  in the  cy lin drica l coor

d inate  system  w h e re  the positron m otion is p articu larly  s im p le . C o n sid er a positron  

orbit o f radius pQ w hich passes through the orig in  and is cen te red  around
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(2.22)

In cartesian  coord inates  the tra jectory  is describ ed  by, 

x(v ) =  P0 cosV.
y (y ) - ^  Po (1 +  s inv ). (2.23)
z ( v )  =  ( L 0/2ti)v)/,

w h e re  LQ is the  pitch-length defined in Eqn. 2.6. The rad ia l d istance of the positron  
from  th e  Z -ax is  is

r =  (x2 +  y2 ) 1/z =  p[2(1 + s in v ) ] ,/a. (2.24)

Using the s im p le  geo m etric  identity that an an g le  inscribed in a c irc le  equals  
V2 of the centra l an g le  w hich sw eep s  out the sam e arc, i.e ., Acp= V iA y, the solenoid  
ang le  <p corresp ond ing  to \y is

<p =  y /2  +  n/4, or
vy =  2<p - k/2. (2.25)

Inserting  Eqns. 2 .25 into 2.23,24 g ives the positron m otion in cylindrical coordinates:

Equations 2.26 a re  g e n e ra lized  to an a rb itra ry  orb it cen tered  at (p0,<p0 ) w hich crosses  
the  Z -ax is  at zQ by th e  substitutions

r(<p) =  2p0 |sin(<p)|, 
z(<p) =  (L0 /rt)«p,

(2.26a)
(2.26b)

or,

r(z) =  2p0 |s in (7iz /L 0 )|. (2.26c)

r(tp) =  2p0 |sin(<p-<p0  +  n /2 )|, 

z(<p) =  (L0 /jt)»(tp-(p0 +  n/2) +  z 0 ,

(2.27a)
(2.27b)

and,



r(z) = 2p0 |sin(rt[z-z0]/L0)|.
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(2.27c)

In the  neighborhood around the sp ira l baffle (denoted  b e lo w  by th e  subscrip t 
"b"), th e  m agnetic  fie ld , Bb is e ssen tia lly  constant so that the orb ita l p a ra m e te rs  cob , 
p b, 0b, and Lb , a re  s im ila r ly c o n s ta n t.-  O f .p a rticu la r-im p o rtan ce  is th e  constant ve l
ocity  along the Z -ax is , U||b . Using the re lation  A<p=VzAy and th e  defin ition  of to, the  

so leno id  ang le  sw ept out by th e  orbit w h ile  travers in g  a g iven d is tance along the Z -  

axis ,

d<p/dz =  y2(d y /d t)/(d z /d t) =  -y 2©b/U||b =  -n /L b , (2.28)

is negative  and constant for positrons. In a tw o -d im ens iona l <p vs. z re p resen ta tio n , 
th e  positron th ere fo re  traces  out a s tra igh t-line  tra jecto ry  having a s lope g iven  by 

Eqn. 2.28. This corresponds to the projection  o f the orb it onto  a c y lin d er of constant 
rad ius about th e  solenoid  axis. E lectrons, by v irtue  of th e ir opposite  charge , tra c e  

out tra jec to ries  having opposite  slope, i.e ., d<p/dz is a lw ays  positive. B ecause  of 
th es e  s im p le  tra jec to ries , th e  transm iss ion  of positrons or e lec tro n s  through th e  baf
fle  is eas ily  ca lcu la ted  g eo m e tric a lly  once th e  shape of th e  baffle b lades in (p-Z space  

is known.

As-noted above, the individual baffle b lades are  p lanar and o rien ted  at an ang le  

0 baf to the Z -ax is . T h e  equation  of the p lane of an ideal, th in b lade, c en te red  rad ia lly  

outw ard  a long th e  X -axis is

(Z*z baf) =  -y /ta n (0 baf). (2.29)

T h e  in tersection  of th is p lane w ith a cy lin d er of radius r (using y =  r*sin<p) is

z  =  z baf ‘  r#s in (<P)/tan(0baf). (2.30)

Instead of being straight in <p-Z space, the baffle b lades fo llow  a s ine curve as indi

cated  in Fig. 2-7a. The shaded reg ion  includes the fin ite  b lade th ickness t(x) as a 

function of th e  rad ia l d istance,

y =  (z b a r z )ta n (0 baf) ± ’/ 2t(x )/c o s (0 baf).
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Figure 2-7. Diagram of baffle blades in <p-Z space (a) at a constant radius of 23.5 
mm. Paths Toiiowed by positron or electron are indicated by dashed lines, and dot- 
dashed show the maximum and minimum slopes of the positron trajectory which can pass 
between the blades. The maximum of the transmission function (b, reproduced from 
[Shw85]) is determined from the portion of solid-angle not blocked by blades (S1 in 
a). Shape of blades encountered by realistic trajectory of 350 keV e * emitted at 
0n =  70° (indicated in c) is shown in (d).___________________________________________________

In cy lindrica l coord inates , th e  azim uthal angu lar range subtended by a baffle  b lade

at a g iven  position (z,r) a long the positron orbit is

V± =  <Pbld +  sin"1 { r‘ 1 ((z b a f z )ta n (0 baf) ± 1/ * t(x)/c o s (0 baf^>* <2 -3 1 )

w h e re  the b lade is cen tered  about the solenoid  ang le  9 5 ^ ,  and x =  r»cos(<p-<pl j |C|).

As indicated by the dashed tra jecto ry  in Fig. 2-7a, positrons have th e  p rop er  

slope of Az/A<p to pass b e tw een  th e  b lades w ith large probability, w h ile  e lec tro n s  

strike th e  b lades head-on. The actual <p-Z profile  of each  b lade "seen" by the positron



travers in g  th e  baffle depends  on th e  solenoid  radius, r(z), of th e  tra je c to ry  at each  

position z. As noted in Eqn. 2:27c, r oc sin (z), and as show n in Fig. 2-7c,d th is tends  

to ex ag g era te  the curvature  of each b lade. Positrons m ay pass b e tw e e n  th e  b lades  

if th e ir s lope, Az/A<p = -L b/ 7i, is b e tw een  th e  lim iting va lu es  (Az/A<p)m ax and  

(Az/A<p)mjn defined  by the b lade surfaces.

Transm ission  varies  linearly  w ith d<p/dz and is m ax im ized  for tra je c to rie s  p ara lle l 

to th e  tang ent of the  b lade  surface, as indicated in Fig. 2-7b. W h e th e r a g iven posi

tron is transm itted  or stopped depends  on the azim uthal em iss ion  an g le , q>Q, of its 

tra jecto ry . The av era g e  probab ility  of being transm itted  is s im p ly  th e  A<p range  

not shadow ed by th e  baffle (S1 in Fig. 2-7a),

Eb a fl(d<p̂ d z ]e  +  ] — 1 " ^ s h a d o w e d ^ ^ ^ b la d e s ) *  (2.32)

w h e re  N b ,ades =  6.

For high effic iency, the range of s lopes (Az/A<p) of th e  em itted  positrons (from  

very  short p itch-lengths for 0o ~9O° to long p itch-lengths for 0o ~O°) m ust be co m 

pressed  to a sm all range  w hich is then m atched with th e  m ax im um  transm iss io n  

th rough the spiral baffle. This is ach ieved  by depressin g  th e  m agnetic  fie ld  at the  

baffle to Bb =  999 G auss. Positrons em itted  at 0o =  9O° have a pitch an g le  at the  

baffle  Of The  range of positron slopes accepted  and th e  m ax im u m  v a lu e  of

th e  transm iss io n  curve  depend  on th e  radius of the positron orbit, its p itch -an g le , and  

its phase upon en tering  the baffle. For e x am p le , if the positron re turns  th rough the  

axis w ithin the Az range of the baffle, it s trikes the centra l tan ta lu m  disk and is 

stopped . The baffle w idth in A zbaf at radius r is des igned  to be s m a lle r than the  

shortest pitch length L b (for 0o =  90° em ission ) for positrons having a k inetic  e n erg y  

sufficient to reach that radius, i.e ., for all positrons with 2pb > r .

B ecause e lec tro n s  em itted  at flat ang les  to the solenoid  axis (0Q ~ 0 ° ) have very  

long pitch lengths and fo llow  alm ost vertica l paths in th e  <p-Z rep resen ta tio n  dep icted  

in Fig. 2-7a,d , the w idth of the b lades, w (R) in Eqn. 2.20, w as chosen so that each  

blade is w id er than A<p =  60°. The b lade  ed ges  th ere fo re  overlap , a llow ing  no e le c 

trons to pass through unh indered . The  th ickness, t(R ) in Eqn. 2.21, is ta p e re d  to 

reduce  th e  m ateria l at sm all radii (thereb y  shadow ing a s m a lle r range  of <p to m ain 

ta in large positron effic iency), but it is th ick enough to absorb  e lec tro n s  w ith e n e rg ie s
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large enough to reach 2p =  R. In cylindrical coord inates , th e  edges  of a baffle b lade  

are  p a ra m e te rized  by

Z(R) =  z baf ± 1/* [w (R )co s (0 b a f) +  t(R )s in (© baf)],
r(R ) =  !4 {4 R 2 +  [w (R )s in (0 baf) +  t(R )c o s (0 baf)]2} ’/z , (2.33)

<P(R) = ' <Pb ld ± tar>*1{ [w (R )s in (0 b a f) +  t(R )c o s (0 baf)] /2 R }.

w h e re  the R is the d is tance from  the solenoid  axis  along th e  c e n te rlin e  of the b lade.

In addition to th e  considerations d iscussed above, th e  spiral baffle g eo m etry  is 

particu larly  w ell suited to reducing the flux of e lec tro ns  w hich reach the  S i(L i) d e te c 
tor because  the b lade a rea  is large so that e lec tro ns  w hich scatter from  th e  surface  

tend to spiral back into the  blades. Due to th e ir orb ital helic ity, e lec tro n s  m igrate  

rad ia lly  outw ard  from  the solenoid  axis with each scattering  process. Those w hich  

e ven tu a lly  do m ultip ly  scatte r through th e  baffle a re  th ere fo re  fu rther suppressed  

from  returning through the so lenoid  axis to th e  positron detec to r. T h e  ra ther large  

fie ld  depressio n , co m pared  to the m agnetic  fie ld  strength at the S i(L i) d e tec to r 

(B det =  1780 G auss), form s a m agnetic  bottle around th e  baffle w hich traps partic les  
scattered  w ith ang les  s te e p e r than 48.5° re la tive  to the Z -ax is . Assum ing an isotropic  

distribution of secondary  em ission  angles, about 66%  of th e  scattered  positrons and 

e lec tro ns  a re  preven ted  from  reaching th e  S i(L i) detector. A 16 m m  d ia., 0 .5  mm  

th ick -a iiitm m jm  •disk' is a ttached to the  front hub of the baffle to fu rther reduce  the  

transm iss ion  of low energy  5-e lectrons having sm all orb ital radii.

The suppression  factor, defined by the transm iss ion  effic iency of positrons di

v ided by that for e lec tro ns , is show n in Fig. 2-8. It w as m easu red  w ith d ifferent 

e lec tro n  line sources by d iv id ing  the total counting rate of de tec ted  e lec tro n s  for op

posite  po larities  of the m agnetic  fie ld , one tim e  transm itting  positrons (stopping  

e lectro ns), and the next transm itting  e lectrons. S o m e e lec tro n s  m ultip ly  scatter be

tw een  the blades and a re  detec ted , but the loss of k inetic  e n erg y  shifts them  out of 

the fu ll-en erg y  peak. As indicated by th e  dashed line in Fig. 2-8, th e  suppression  

of e lectro ns in the fu ll-en erg y  peak is th ere fo re  a factor o f - 2 0  tim es  larger, e .g ., 

(Ee-^Ee +  )pk =  3 x  10’ 4 at 364 keV (m easured  w ith a 113Sn source). If the source  is 

positioned severa l m m  off-axis, the e lectro ns have an increased  chance of passing  

through the baffle. At a d is tance dj_ =  5 m m , e .g ., th e  suppression  factor is reduced  

such that (ee ./e e  +  ) -  0.01 for 364 keV  e lectrons.
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Figure 2-8. Suppression factor of electron transmission through the spiral baffle com
pared to the positron efficiency. Solid curve integrates total energy distribution of elec
trons transmitted through the baffle, which includes energy-loss due to scattering, while 
dashed line includes only energies within 50 keV around peak. Solid points present 
measurements with 109Cd, 139Ce, 11*Sn, and 207Bi electron conversion line sources.

As m entioned  above, th e  num ber of b lades, th eir d im ens ions  and pitch ang le , 

and the  m agnetic  d ip fie ld , w e re  all chosen to op tim ize  th e  transm iss io n  effic iency  

of positrons be low  500 keV, w h ile  m aintain ing a w ide  band-pass for h igher e n e rg ie s , 

as w ell as providing e ffective  e lectro n  suppression. The transport e ffic iency was  

calcu la ted  in terac tive ly  at each stage of the design process by a num erica l in te 

gration w ith in  th e  ad iabatic  approx im ation , as described  in Sec. 2 .2.5. For each  

prototype baffle design, a full ray-tracing  effic iency ca lcu lation  w as p erfo rm ed , as  

d escrib ed  in App. B.

S e c . 2 .2 .3  P o s i t r o n  S i ( L i )  D e t e c t o r

As d iscussed  in [G re85] and [S hw 85], th e  axia l focussing property  of the so leno id  

m agnetic  field  suggests a natural de tec to r geo m etry  for th e  positron e n erg y  m e a 

s u rem en t. This consists of a counter located on the EPOS solenoid  axis, long



enough to in tercept a large range of orbital p itch-lengths, L. H aving a sm all radius, 

it s im u ltaneous ly  presen ts  a sm all cross-sectional a rea  to the d irect flux of neutral 

rad iation  from  th e  target, and suppresses th e  detection  o f secondary  positrons and 

electro ns em itted  (crea ted  or scattered ) aw ay  from  th e  so lenoid  axis. The  penc il
like lith ium -drifted  silicon [Si(Li)J positron detec to r em p lo yed  in these  

m ea su rem e n ts 2 is located on the so lenoid  axis 83.2 cm  from  the target. As shown  

in Fig. 2-9, it consists of tw o hollow  cy lindrical segm ents , w ith a 10.3 mm  outer d i
a m e te r and a 4.8 m m  inner d iam eter. The re a r portion is 43 .8  m m  long, w ith 1.8 mm  

and 1.3 m m  dead  zon es  at e ith e r end. The front seg m en t is 41 .2  m m  long, with a 1.5 
m m  dead reg ion  at the re a r end. The fo rw ard  surface  is sensitive , form ing a 
rounded 60° cone.

The d etec to r used prev iously  [Shw 85] had an insensitive  Teflon disk on its front 
surface. As describ ed  in S ec. 2.2.5 below , such a passive  e le m e n t p re feren tia lly  
stops and absorbs positrons having sm all orb ital radii, i.e ., th ose with sm all en erg ies  

or em itted  at flat angles. The present d e tec to r w as particu larly  des igned  to im prove  
low  e n erg y  detection  effic iency. As show n by the com parison  of th e  positron d e 
tection  effic iency for the  old and new  a rran g em en ts  in Fig. 2-1, b e tw een  200 and 800 

keV  the transport e ffic iency is increased by a factor o f =2  due to the im proved d e 
tector, baffle, and solenoid  fie ld . At E0 +  £ 1 0 0  keV, th e  effic iency is now la rg er by 
a factor of 4.8. This additional low energy-sens itiv ity  is due a lm ost e n tire ly  to the  

active  snout on the presen t S i(L i) detector.

L ith ium  is drifted rad ia lly  outw ard from  the inner surface of th e  crystal upon  
which a nickel layer is p lated for an e lec trica l ground connection . The outer surface  
is im planted  with boron and covered  w ith a 50 p g /c m 2 evap o ra ted  gold contact. The  

active  dep letion  depth of 2 .75 m m  is th ick enough to co m p le te ly  stop positrons of up 
to 1200 keV, providing full energy  m e asu rem en t throughout the in teresting  spectra l 
range.

The en tire  crystal assem bly  is m ounted on an a lum inum  cold fin g er m ain ta ined  

at a te m p e ra tu re  o f -150° C through contact w ith a liquid n itrogen re s erv o ir (150  

cm 3). Each detec to r seg m en t is connected to a cooled FET, p laced d irec tly  beh ind  the  

crystals on the co ld -finger, w hose outputs are  fed into m atched p ream p lifie rs  located
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The Si(Li) detector was manufactured by Societe d'Etude Physique, Paris, France.
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Figure 2*9. Cross sectional drawing of the pencil-like positron Si(Li) detector, showings 
its orientation within the vacuum chamber and with respect to the Annihilation Radiation 
Detector.

outs ide  th e  vacuum  ch am b er. The  d iode is o p era ted  at -250  volts bias. T h e  sm all 

c h a m b e r surround ing  th e  d etec to r is e lec trica lly  iso lated from  th e  s p e c tro m eter  

w alls , pum p, and vacuum  m easu rem en t instrum ents. C on densation  on th e  d etec to r  

surfaces is reduced  by m aintain ing a < 1 0 * y Torr vacuum , s ea led  from  the m ain
C

s p e c tro m e te r c h a m b e r (w h ere  typ ically  P s 1 0  °  Torr) by a 3.5 pm a lu m in ized  M y la r  

fo il. S cattering  in th is vacuum  foil produces, in effect, an ex ten d ed  source  of posi

trons at the foil p lane. The  root m ean square deflection  an g le , < 5 0 >  ~ 6° [K no 68], 

is sm all enough, h o w ever, that a lm ost all positrons return to w ith in  a few  m m  of the  

s p e c tro m e te r axis and a re  detected  in th e  S i(L i). No reduction  in the transport effi

c ien cy  has been  o bserved . The sm all energy  loss, 8Ee + s (1 keV)/cosO e + , and  

straggling  in the vacuum  foil only slightly d eg rad e  the m easu red  positron e n e rg y  re 

solution by < 3  keV.

The  ax ia l o rien tatio n  of the S i(L i) d e tec to r presen ts  only a sm all surface a re a  to 

the ta rget, subtend ing  a solid ang le  of 1.2 *  10' 4 sr. O nly  9.6 *  10‘ 6 of the d irec t flux  

of y-rays and neutrons em itted  isotrop ically  from  the ta rg e t is in tercep ted . The d e 

tec to r is shadow ed  by an 8 m m  dia. * 3  m m  th ick tan ta lum  disk in the  c e n te r of the  

spiral baffle w hich fu rther a ttenu ates  low  en e rg y  y- and X -rays by a factor ranging



from  109 at 100 keV  to = 5  at 300 keV. The  d isk is encased  in 2 m m  of p lex ig las  to 

absorb positron-e lectron  pairs ex te rn a lly  converted  in th e  Ta m ateria l.

The e n erg y  reso lution  of the d e tec to r is AE ~  10 keV  (FW H M ) at 350 keV. The  

tim ing  resolution, m easured  against th e  fast ( ~ 1  ns) PP A C 's , is At =  7.5 ns (FW H M ). 
The  pu lse -he igh t response o f each S i(L i) segm ent is sep ara te ly  ca lib ra ted  w ith K and 

L conversion  lines from  rad ioactive  109Cd, 139C e, 113Sn, and 207Bi sources. Period ic  
checks during each b ea m tim e .s h o w e d  that th e  ca lib ration  g en era lly  re m a in ed  stab le  
to w ithin ~ 3  keV (1a level) th roughout an exp erim en t.

T h e  detec to r response to e lectro ns exh ib its , in addition to the full e n erg y  peak, 
a broad low -energy  tail w hich arises  from  out-scattering  from  the silicon m a te ri
al. The  lineshap e  is p a ram eterized  as an asym m etric  gaussian peak, po lynom ia l 
ta il, and a low -en erg y  cutoff from  the  constant fraction d iscrim in ato r th resho ld .

R E .E q ) — F ^  (Fpe a k +  Fta i|)’ (2.34)
Fpeak =  exp[-(E -E 0)V 2 a ’ ]
Fta il =  erfc[(E -E0)/o ] {a  +  b *E  +  c»exp((E -E 0) / t ] }

Fcfd ”  e rW F*Fc fd^r'c fd l

Figure 2-10 show s fits of Eqn 2.34 to severa l source  spectra . The s teep  exponentia l 
portion of th e  lineshape just be low  the peak is due to en ergy-loss  s traggling  in the  
source  and vacuum  fo il, incom plete  charge  co llection , and, at h igher incident e n e r
g ies, to brehm strah lung .

Positrons w hich strike  the  S i(L i) a re  de tec ted  in co inc idence  w ith th e ir 511 keV  
ann ih ila tion  radiation, giving rise  to a so m ew hat d ifferent lineshape. As d iscussed  

in [S hw 85], only those scattered  positrons w hich even tu a lly  stop in th e  detec to r or 
cold fin g er ann ih ila te  and  em it a photon to tr ig g er th e  ARD array. The  m agnitude of 
th e  broad out-scattered  lo w -energy  tail is th ere fo re  sign ificantly  reduced . O ne  or 

both of the ann ih ila tion  quanta m ay, how ever, C om pton scatter in the silicon detector  

m ateria l befo re  being absorbed in the ARD. A resulting continuous sm ooth d istri
bution extend ing  to the 341 keV  Com pton edge , adds as p ileup to the positron signal 

(see  Fig. 2-11). A com parison of the P +  e n erg y  spectra  from  a 22Na source  (see, 
e.g ., Fig. 4 .3  in [Shw 85]) requiring  the full absorption of e ith e r both, or at least one, 

511 keV  quanta in th e  ARD, indicated that in th e  presen t configuration the C om pton  

pileup occurs w ith = 8%  probability.
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Figure 2-10. Plot of the response of the Si(Li) detector to conversion electron line sourc
es. Dashed and dotted curves show fits of the experimental data using Eqn. 2.34 for the 
K and L lines, respectively.

As d escrib ed  in Secs. 4.1 and 6.4 of [Shw 85], th e  s ize  of the low e n e rg y  positron  

ta il is d e te rm in e d  by ite ra tive ly  unfolding a continuous 0 +  spectrum , correcting  for 

transport e ffic iency, and com paring  to the th eo re tica l 0 decay  en e rg y  d istribution . It 
is reduced  co m pared  to e lec tro n  detection  by a factor of 0.6-0.8 . The resulting  

peak-to -to ta l ratio  for 350 keV  positrons is s 8 0 %  (s e e  Fig. 2 -1 1c).

S e c . 2 .2 .4  N a i  A n n i h i l a t io n  R a d i a t i o n  D e t e c t o r

U nam biguous identification of positrons is prov ided  by a co inc ident m e a s u re m e n t of 

th e ir back-to -back 511 keV annih ila tion  quanta  in the A nn ih ilation  Radiation  D etecto r  

(A R D ). This d etec to r consists of an array  of e igh t N al(T I) crystals, each  51 m m  th ick  

by 200 m m  long, fo rm ing a cy lin der w ith an inner d ia m e te r of 106.5 m m  (see  

Fig. 2-12). T h e  g eo m etric  solid ang le  subtended  is 70%  of 4n for y-rays em itted  

from  th e  axis at the m idpoint of th e  cy linder. Each crystal is connected  by a 43 cm
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Figure 2-11. Plot of the positron response matrix (left), and observed lineshapes (right) for incident positrons of Ee += 100, 350, 600, or 850 keV. Lower figure plots the Peak/Total-ratio ('Peak' denotes intensity in a 50 keV interval around the full-energy line.)
light pipe to a photomultiplier tube (PMT) located beyond the bucking coil of the so
lenoid. To further reduce stray magnetic fields, each PMT is wrapped in a 2 mm 
thick p-metal sleeve, and an 8 mm thick p-metal cylinder surrounds the set of eight 
phototubes. The PMT's are operated at -1400 volts. A fast time pick-off signal is 
taken from the anode, and one dynode signal is integrated in a charge-sensitive 
preamp for the energy measurement. Because of the long lightpipe, an energy res
olution of only AEy = 70 keV (FWHM) is achieved at Ey = 511 keV. The time resolution 
[Si(Li)-ARD] is Atsl5 ns (FWHM).

The detector system is heavily shielded from y- and X-radiation emerging from 
the target. A graded absorber consisting of 50 mm Pb and 2 mm each of Cu, Sn, and 
Al, placed at the front end of the cylindrical array, as shown in Fig. 2-12, attenuates 
the direct y-ray flux by ~104 at 511 keV (including the steel vacuum isolation valve
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Figure 2-12. Front and Side views of the 8-fold Annihilation Radiation Detector (ARD) Nal(TI) crystal array.
and aluminum chamber shown in Fig. 2-9 which further shadow the ARD). In-scat
tering from the spectrometer coils is reduced by a layer of 6 mm Pb, 2 mm Sn, and 
1 mm Cu wrapped around the outside of the crystal array.

The energy signals of the photons detected in prompt time coincidence with 
positrons in the Si(Li) are added together. As shown in Fig. 2-13 for a measurement 
of p decay positrons from 58Co, the sum-energy spectrum exhibits prominent peaks 
at 511 keV and 1022 keV, corresponding to the full-energy absorption of one or both 
annihiiation-quanta. Compton scattering of one or both photons in the ARD contrib
utes to a smooth continuum at energies below 400 keV. The full absorption of one, 
and Compton scattering of the second photon, leads to a similar distribution between 
600 and 900 keV. By selecting only the 1022 keV ARD sum-energy peak, the 8% 
Compton positron tail discussed above is eliminated. This, however, does not offset 
the factor of -3 lost in ARD positron identification efficiency. In practice, a sum- 
energy above 420 keV is taken to signal the arrival of a positron in the Si(Li) detec
tor. As described in [Shw85], the net ARD detection efficiency is S60%, and it is 
essentially independent of positron energy.
Sec. 2.2.5 Positron  Detection Efficiency

The positron detection efficiency of the EPOS spectrometer depends on the three in
dependent factors introduced above: the transport efficiency, the ARD annihilation
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Figure 2-13. Distribution of the sum of Nal-segment energies in the Annihilation Radiation Detector measured for positrons from S6Co P+ source. One and two 511 keV photon peaks, and Compton continua are marked. Shaded region denotes software selection for identification of positron events.

photon identification efficiency, and for positron peak detection efficiency, on the 
Si(Li) peak/total lineshape ratio,

In principle, each of these components is a function of the kinetic energy of the po
sitron, Ee + , and its emission angles, 0e + , <pe + . As mentioned above, the proba
bility of detecting at least one annihilation photon is essentially independent of 
positron energy and emission angle, and can be taken as a constant fArq = 0.60. 
The peak-to-total ratio depends in principle on the emission angle via the stop posi
tion of the positron in the Si(Li) and its entrance angle. This is contained, in an av
erage way, in Eqn. 2.34 and is assumed to depend only on energy, as shown in 
Fig. 2-11c. Almost the entire energy dependence of the positron detection efficiency 
is therefore given by the transport probability, etrans.

Sec. 2.2.5.1 Adiabatic Transport Efficiency: Two different methods are used to cal
culate the transport efficiency - a semi-analytical approach using the adiabatic ap

eckj- “ ̂rans*EARD*(p/T)e + - (2.35)
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proximation, and a ray-tracing technique which numerically integrates the equations 
of motion. The former has proven to be computationally much faster and more effi
cient, and it provides a general understanding of the effect on the transmission effi
ciency of the various individual components in the spectrometer.

The.adiabatic method involves calculating the positron transmission probability 
past each of the individual elements in the spectrometer separately. The total 
transport efficiency for a given emission angle 0Q and energy Ee+ is taken as the 
product of the efficiencies for the individual components (vacuum chamber, magnetic 
mirror, target frame, baffle, detector), where each is averaged over the relative phase 
of the orbit and over the azimuthal emission direction <p0,

These averaged efficiencies, <ej>, are calculated either geometrically or numer
ically in the following manner. At each position along the Z-axis, the orbital radius, 
pitch-angle, and pitch-length, for the appropriate magnetic field strength, are given 
by the adiabatic approximation (Eqns. 2.9-2.12). The path is described in solenoid 
coordinates by Eqn. 2.27c,

where z Q is the last position where the positron orbit crossed the solenoid axis.
This adiabatic description of the orbit is used only at the particular element un

der consideration, positioned at z,-, and the previous history of the trajectory is ig
nored. In particular, the "phase" of the orbit, i.e., where the e+ last crossed the axis, 
is not known, so we assume a uniform probability for z Q between (Zj-l)<z0<Zj. The 
efficiency, averaged over <pQ and phase, is then

r(z) = 2p0 | sin[(z-z0)n/L] |, and 
< p (z )  =  <pQ - (z-z0)n/L, (2.37)

<Ei(Ee + .0o)> = (1/L) iZj-L d2o (1/2*)fd<Po Ei(Ee + '0o - V o ) '  (2-38>

The angle-integrated energy-dependent transmission efficiency is

ee + (Ee + ) = 1/2fosin0o d0o ni <Ei>- (2.39)
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Since the detailed history of the positron is not calculated (e.g., by ray-tracing), this 
method is very fast [an entire efficiency curve ee + (Ee + ) requires only a few cpu 
seconds on an IBM 3090 computer] and was therefore used to interactively design 
and optimize each of the components of the EPOS spectrometer modifed for these 
experiments. For more accurate calculations, Eqn. 2.38 can be modifed to retain the 
dependence of transmission, <£j(Ee + ,0o,<po)> = JdzQ Ej.

M a g n e t i c  M i r r o r  F i e l d . As mentioned above, several of the components have very 
simple analytical expressions for the average efficiency, <ej>. The dependence 
of each on Ee+ and 0Q provides a very useful "feel" for the operation of this instru
ment. For example, the magnetic mirror efficiency is simply,

V a c u u m  C h a m b e r  G e o m e t r y . Transmission through the vacuum chamber is unity 
unless the radial extent of the orbit (2p) exceeds the chamber inner radius which is 
smallest, RCham = 3-9 cm’ *or ̂>59.2 cm (see Fig. 2-9). Thus,

where Bcbam is the minimum magnetic field strength (giving the maximum orbital 
radius) between Z = 59.2 cm and the detector at Z = 83.2 cm.
S p i r a l  B a f f l e . The average transmission past the spiral baffle is given by the integral 
of Eqn. 2.38 where the integrand includes the effect of the baffle blades (see Fig. 2-7) 
and the 16 mm dia. central disk.

emir  ̂̂or 0o < ̂ "9mir)’ 0 for 0o > (x-0m.r) (2.40)

Echam 1 *or 0o 0m 0 for 0O > 0jmaxmax (2.41)
with,

0max = sin-1{y2Rcham(eBcham/pc)(B0/Bcham)y2},

<Ebaf> = (1/2nL)JzbIf-Ld2o Jd(Po Ebld<Ee + ’0o-Vzo)*Edisk(Ee + '0o-zoHZ42)
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Figure 2*14. Diagram indicating average fraction of positrons stopped by passive disk (a), and Si(Li) detector (b), calculated in adiabatic approximation. Shaded portions of pitch- length L indicate relative position of trajectory, with respect to disk or front edge of detector, at which positron is stopped. Efficiency of target frame (c) calculated, as described in text, from the azimuthal range A<p swept out by the positron orbit as it passes the horizontal cross-pieces (solid line and middle figure) or the vertical sections (dashed orbit and right figure).
As shown in Fig. 2-14a, the positron is not stopped in the disk for a given phase 
zQ if r(Zbaf)> ̂disk- This limits the zQ integration to

sin’1<Rdisk/2P> < ̂zbarzô /L < ‘ sin*1(Rdisk/2P>]
that is,

edisk = 1 for t(ZbarL) + (L/n)sin-1(R/2p)]<z0<[Zbaf-L/7isin-1(R/2p)],
= 0 otherwise, or if 2p< R. (2.43)



P o s i t r o n  D e t e c t o r . The probability that a positron hits the Si(Li) detector combines the 
probability of hitting the front surface at Zdet = 83.2 cm, or of striking the cylindrical 
surface at Rdet = 5.15 mm. As indicated in Fig. 2-14b, the fraction of trajectories 
striking the front (for an idealized flat front face) is

Pfront = <2/7t) sin-1(Rdet/2p).
If the remaining portion of the pitch-length of the trajectory, L»(1-Pfront), is less than 
the length of the detector, Ldet, the detection efficiency is edet= L Otherwise,

<edet(Ee + -°o)> = Ldet/L + sin-1(Rdet/2p). (2.44)

T a r g e t  F r a m e . Finally, the chance that the positron hits the target frame, 
Phit = ̂*<Etar>]’ avera9ed over <P0. is given geometrically by the angle swept out 
by the positron A<pe + , as it passes across the cylinder of rotation of the target frame 
about the solenoid axis. Including the ttar = 0.3 mm frame thickness, the positron 
which crosses the frame boundary at radius r gives,

<etar> = 1 - (1/*)[|A<p| + ttar/r].
If the positron exits through the cylindrical surface (r = Rtar for |z|<Ztar), A<p = 
(d<p/dr)Ar, evaluated at Rtar = 2p*sin<p. This gives,

|A<p| = Ar (4p2 - Rtar2) '1/2-

If the positron exits in the direction of the axis through one of the ends of the target 
frame (|z|=Ztar for r<Rtar), then A<p = (d(p/dz)AZtar = (rt/L)AZtar. The radius is 
r = 2p*sin[(Ztar-z0)»i/L]. Combining these,

<etar> - ’ ' lARtar/(4l>2-Rtar2)'/2 + W Rtarl <2-45a)
or,

39

= 1 - {AZtarJi/L + ttar[2p«sin{(Ztar-z0)n/L}]'1}. (2.45b)
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Ee+ [keV]
Figure 2*15. Energy differential transport efficiency calculated within adiabatic approximation showing individual contributions of the magnetic mirror, chamber geometry, target frame, baffle disk, baffle blades, and Si(Li) detector as marked. Dashed line compares ray-tracing calculation.
Figure 2-15 presents the energy-dependence of the transport efficiency 

(Eqn. 2.39) using the adiabatic approximation for each of the spectrometer ele
ments. The shape of the efficiency is determined at low energies mainly by the disk 
at the center of the baffle, and at high energies (Ee+ >800 keV), by the cut-off of 
steeply emitted positrons by the inner radius of the vacuum chamber surrounding the 
Si(Li) detector. The spiral baffle blade acceptance and the magnetic mirror re
flection angle do not depend sensitively on Ee + .

Sec. 2.2.5.2 Ray-Tracing Calculations: More accurate calculations of the efficiency 
which include the full azimuthal dependence of transmission and the correct phase 
of the positron orbits along the entire trajectory are required for differential esti
mations of the positron detection efficiency, e.g., as a function of 0Q and <pQ. A 
ray-tracing code, ECPI (Efficiency Calculation by Path Integration [Lia82], see App. B 
for details), was developed by E. Liarokapis (Yale) and R. Schule (Frankfurt) which 
integrates the Lorentz equations of motion, Eqn. 2.1, and iteratively traces the path
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through the EPOS spectrometer. The equations of motion separate in cylindrical 
coordinates [God44] giving

The vector potential is obtained from the magnetic field strength along the axis 
(Eqns. 2.14,2.15) by the expansion,

Runga-Kutta method. Thereafter, for each additional step along the path, the pre
ceding four points are used to extrapolate a fifth point using a Milne Predictor-Cor- 
rector algorithm. As described in App. B, the optimal step size leads to an accuracy 
of <0.1 pm for each S0.8 mm step. The original ECPI program was modified by the 
author to properly include the spiral baffle, target frame, the full <p-dependence of 
transmission, and the modifications to the present apparatus discussed above (mag
netic field, baffle geometry, and Si(Li) detector).
Sec. 2.2.5.3 Transport Efficiency: The EPOS positron transport efficiency calculated 
with the ECPI ray-tracing program is shown in Fig. 2-16a as a function of energy. The 
points represent measurements with electron line sources with the polarity of the 
magnetic field reversed. Each source is used to trace out a large portion of the en
ergy-dependent transmission by scaling the magnetic field and noting that the simu
lated electron momentum changes adiabatically with the field strength,

Table 2-1 summarizes the places in the solenoid where positrons are stopped. As 
indicated above, the positron detection efficiency (Fig. 2-16b) is a nearly constant 
factor of 0.6 times the transport efficiency, giving a value at the plateau of 
e6+ =  20%. The positron peak efficiency, including the additional energy-depen-
than 2 larger than the 7% positron peak efficiency in the previous EPOS arrangement 
[Shw85].

d2z/dt2 =  -(e/ymc)2 Â  d A ^ / d z ,  

d2r/dt2 = -(e/ymc)2 Â  d A ^ / d r ,  

-d«p/dt = -(e/ymcJ-Â/r.
(2.46a)
(2.46b)
(2.46c)

Ajp = Sn {(-1)n [n!(n +1)!]"1 B<,2n) (r/2)2n + 1>, (2.47)
calculated to order f t . The first four steps of the trajectory are integrated with a

(2.48)

dent peak/total ratio, achieves a value at 350 keV of e£ + =  16%, a factor of more
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Figure 2*16. (a) Energy dependence of the EPOS positron transport efficiency measured with several electron conversion line sources using reversed polarity of the magnetic field. The entire range of energies is simulated by varying the field strength, as described in text, (b) Calculated total and peak positron detection efficiencies.
Figure 2-17 illustrates the transport efficiency of 350 keV positrons as a function 

of polar and azimuthal emission angles. Several features are clearly evident, such 
as detection of trajectories only for angles smaller than the critical magnetic mirror 
emission angle (Eqn. 2.17). The six-fold periodicity in <p corresponds to passage 
through the gaps in the six-bladed spiral baffle. An oscillatory structure in 
cos0o arises'-from the orbital phase at the central hub of the spiral baffle. Those 
trajectories, for which the target-baffle distance is divisible by an integral number of 
pitch-lengths, cross through the solenoid axis close to the baffle and are absorbed 
by the central hub. Orbits with a half-integral divisor, on the other hand, achieve their 
maximum solenoid radius at the baffle and have a large probability of transmis
sion. The thin horizontal gaps in detection near <p = 80° and 260° are those trajecto
ries which strike the target frame. The triangular-shaped gap at cos0Qs0 arises from 
the very steeply emitted positrons that strike the 2 mm wide stem which supports the 
target frame.

Figure 2-18 presents the relation between the positron energy, emission angle 
0O, and detection efficiency. The efficiency is shown integrated over azimuthal an
gle. The oscillations in 0Q apparent in Fig. 2-17 are clearly evident in Fig. 2-18 as 
well. The positions of the maxima, however, vary with positron energy in the same 
way as the pitch-lengths vary, i.e.. proportionally to Pe + cos(0e + ). In addition, the
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Table 2-1: Stop Positions in EPOS Spectrometer

Position\Energy 200 keV 350 keV 500 keV 800 keV 1000 keV

Detector 30.09% 33.40% 36.16% 40.11% 12.31%
Baffle Blades 23.46% 29.81% 28.38% 30.99% 25.97%
Baffle Disk 23.60% 17.82% 18.30% 12.64% 39.94%
Target Frame 13.73% 9.80% 7.96% 5.65% 4.50%
Vacuum Chamber 0.00% 0.00% 0.00% 1.49% 8.14%
Mirror 9.21% 9.26% 9.29% 9.22% 9.23%

cutoff at high energies for steep emission angles which strike the inner radius of the 
Si(Li) vacuum chamber is visible. As noted above, positrons emitted with angles 
larger than
sin8e+ > y2(eB/pc)Rcham (2.49)

are prevented from reaching the detector. Similarly the low-energy cutoff from the 
baffle hub stops positrons with emission angles flatter than
sinOe+ < V2(eB/pc)rbaf. (2.50)

The fine-structures superimposed on the gently oscillating efficiency surface corre
spond to positrons which strike the target frame.
Sec. 2.2.6 E P O S  S p ectrom eter Perform ance

It was mentioned earlier that these experiments focussed on investigating the pro
duction and characteristics of positron peaks in superheavy collisions. It is there
fore crucial to understand whether the response of the EPOS spectrometer can 
artificially produce structure in the positron energy distribution. Generally the os
cillating dependence of detection efficiency on positron energy and emission angle 
does not lead to narrow structures in the energy spectrum of positrons from a con
tinuous source. In reality, the calculated patterns of Figs. 2-17,2-18 overestimate the 
extent of the oscillatory behavior because they correspond to emission from a point 
source in an ideal spectrometer whose components are perfectly
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Figure 2-17. Transport efficiency for 350 keV positrons emitted from a point target with angles 6, <p w.r.t. the solenoid axis. Dark (light) regions denote hits (misses) in Si(Li) detector. Evident features include the six-fold periodicity of e+ detection in <p from the spiral baffle, gaps in efficiency caused by target frame at cosGsO and <p =90° and 270°, and the oscillatory structure in cos0 when, after an integral number of orbits, the positron hits the central disk of the spiral baffle.
aligned. Averaging over the typical beam-spot size (5 mm dia.) substantially 
smooths out the acceptance of Fig. 2-17.

As can be seen from the adiabatic parameterization of the positron orbit given 
by Eqn. 2.37, a finite source size, Az, Ar, is equivalent to integrating over a range of 
phases (i.e., a range of zQ) at the oscillation-producing baffle. The orbital parame
ters of a 350 keV positron, emitted at a typical angle of 9o = 70°, are Lb=10.5 cm, 
2pb = 3.16 cm, and 0b = 43.4° at the baffle position. The smearing in the phase of the 
positron trajectory due to the horizontal width of the beam spot (Az) is (Az/Lb) 
=  5%, or about 9° out of the 180° orbital period. The vertical width of the beam ef-
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Figure 2-18. Contours of constant positron detection efficiency (integrated over <p) plotted versus kinetic energy and solenoid emission angle (right), and an isomeric representation (left). Undulatory structures are produced by spiral baffle transmission, with finer structures produced by the target frame.
f9Ctive!y-.avaxages over both radial and azimuthal coordinates. The effective size of 
the variation is magnified at the baffle because the magnetic field line passing 
through an off-axis point of emission of a positron (rQ) diffuses outward in the reduced 
field region around the baffle by an extra factor (B0/Bba^)1/2 = 1.37. The appropriate 
radial spread in the orbital phase is therefore (Az0)rad = (1.37r0)(dz/dr)aVg, which 
amounts to =25° out of the 180° period. Finally, the spread in the azimuthal coor
dinate depends on the solenoid angle cp at which the positron passes through the 
baffle and is approximately (1.37rQcos<p) divided by the mean distance of the positron 
from the solenoid axis. This amounts to an S13° spread.

Together these shifts can be simulated by averaging the detection efficiency 
over a large range of initial momenta, AP/PS10%. This is equivalent to averaging 
over the corresponding energy range, AE0+ = [P/(E + 2mecJ)]*AP s 60 keV. This 
smooths out sharp features in the efficiency curve, e.g., the high-energy cutoff at 800 
keV, and produces better agreement with the measured transport efficiency (see
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I! Figure 2-19. EPOS transport probability for 300<Ee+ <400 keV, shown as a function of: polar emission angle 6 (left) w.r.t. the solenoid axis (integrated over <p), and azimuthal angle <p (right, integrated over 0).
Fig. 2-16). Figure 2-19 presents polar plots of the detection efficiency, averaged 
over 300 <Ee+ < 400 keV, as a function of the emission angles 0e + and<pe + . In 
each case, the detection probability is fairly uniform. A direct verification that the 
detection efficiency is a smooth function of the positron emission angles and energy 
is shown in Fig. 2-20. The energy distribution of positrons detected from the 
P+ decay of a S6Co source placed at the target position is smooth and structure
less. All of this clearly shows that peaks are n o t produced by the transport and de
tection efficiencies of the EPOS spectrometer.

Sec. 2.2.6.2 Positron Hit Position in Si(Li) Detector: The position along the Si(Li) 
detector where a positron actually is stopped can, in principle, slightly affect both the 
probability of detecting the 511 keV annihilation radiation in the ARD Nal crystal array 
and the charge collection in the Si(Li) detector, and thereby the measured linesh-
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Figure 2-20. Measured energy distribution of positrons from a 56Co (J+ source, illustrating smoothness of positron detection efficiency.
ape. Positron trajectories having longer pitch-length obviously have the largest 
probability of striking the rear portions of the counter. Low energy positrons, *or 
steeper emission angles, having small pitch-lengths, primarily strike the forward 
portion of the detector. Figure 2-21 presents the stop position along the Si(Li) of 
positrons of fixed energy, as calculated with the ray-tracing code. An integration over 
the dynamic positron energy spectrum shows that only 15.5% of the positrons are 
incident in the rear Si(Li) segment. However, about 4.3% of positrons striking the 
front segment outscatter and are eventually stopped in the rear crystal. When this 
type of prompt coincidence between the Si(Li) segments is recorded, their energy 
signals are added together to give the total positron kinetic energy.

Sec. 2.2.6.3 Off-Axis Detection Efficiency: As described above, the axial arrangement 
of the positron detector was motivated by the reduced efficiency of detecting posi
trons created or scattered away from the solenoid axis. In addition to verifying this 
feature quantitatively, it is necessary to study the detection efficiency for positrons 
emitted off-axis in order to understand, for example, the response of the solenoid to 
a long-lived source. This could be particularly important in understanding the width 
and intensities of the positron peaks. Moreover, one must again be certain that a 
broad distribution of emitted positron energies from a long-lived source, e.g., internal
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Figure 2-21. Histogram of the position along the Z-axis where positrons are incident in the pencil-like Si(Li) detector.
pair creation in the separated nuclei, cannot produce the narrow structures observed 
in these experiments.

Figure 2-22 shows schematically how the efficiency for detection varies for po
sitrons emitted at a distance, dj_, perpendicularly off-axis. For positron energies 
around 350 keV. the change in the transmission efficiency through the baffle for off- 
axis emission with dj_ ̂  15 mm is, in first order, rather small. This is because the 
distance d_̂ mostly simulates a change in the radial position Rbaf where the posi
tron passes through the baffle, which in turn simulates a somewhat different positron 
energy. Over this range of effective emission energies, the transport efficiency is 
rather flat in Fig. 2-16, which indicates that the baffle acceptance remains fairly con
stant. The major difference in off-axis transport efficiency is therefore the proportion 
of trajectories which strike the Si(Li) detector. As is evident from Fig. 2-22, for 
dĵ <Rdet, almost no change in efficiency is expected. For larger distances, how
ever, the orbit does not intersect the Si(Li) for all azimuthal emission angles 
<p. Noting that the distance t between the guiding center of the orbit and the sole
noid axis is

t = [d2 + p2 + 2dp«sin<p],/a, (2.51)

the probability of striking the detector is
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Figure 2-22. Sketch of a positron emitted from a source positioned d , off-axis with an orbital radius of p (upper left). Range of azimuthal emission angles tor which the positrons are detected denoted by shaded regions for two off-axis distances (lower left). Upper right shows relative detection efficiency versus off-axis distance calculated for several energies, and compared to source measurements with 364 keV i1JSn K-line (lower right).
Edet = 1 if IP-«I < Rdet and (P + *) < Rcham-

= 0 if |p-€| > Rdet or (p + t) > Rcham. (2.52)

Figure 2-22b plots the off-axis detection efficiency calculated for Ee + = 100, 350, 
600, 850 keV. Figure 2-22c compares the calculated off-axis positron efficiency for 
350 keV to a measurement with a 113Sn source (Ek" = 364 keV). The FWHM of the 
off-axis efficiency is about 10 mm, which reflects the diameter of the Si(Li) detec
tor. This represents the approximate fiducial volume of the EPOS spectrometer.
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Figure 2*23. Energy distributions of electrons detected (using reversed magnetic field polarity) from a 36CI 0' source positioned 0,10, 20, and 30 mm perpendicularly away from the solenoid axis.
Figure 2-23 presents energy spectra for electrons (detected with reversed mag

netic field polarity) from a 36CI 0” source. As the source is moved away from the 
solenoid axis, the low-energy electrons are attenuated more quickly than for higher 
energies, as is evident from Fig. 2-22b. Lineshape tailing prevents the spectrum 
near Eê < UQ0 keV from going to zero. No narrow structures emerge, however. The 
change in ee.(EeJ is a smooth function of dj_. The possibility of producing a peak 
by this type of effect is discussed further in Sec. 4.1.

The suppression of electrons by the baffle, however, does change with emission 
away from the axis. For on-axis emission the change in solenoid angle, <p, varies 
monotonically with motion in the Z-direction, and d<p/dz > 0 (for e~) is opposite that 
of the spiral baffle blades. For off-axis emission with I  >  p, the portion of the trajec
tory nearest to the axis has a reversed rotational sense, and therefore simulates the 
motion of a positron at small values of r. The suppression of electrons is therefore 
decreased. At dj_ = 10 mm, the suppression factor (Fig. 2-8) is reduced by a factor 
of ~ 10 at 350 keV, compared to the on-axis value of ~ 103.

Sec 2.2.6.4 Positron Time-of-Flight: The nature of the EPOS magnetic spectrometer 
as a transport system, rather than an analyzing spectrograph, is not optimally suited 
for direct measurements of the emission angles of the detected positrons. An ap
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proximate determination of the polar angle 0e + , however, is in principle possible by 
measuring the time-of-flight (TOF) of the positron from the target to the Si(Li) detec
tor. It might therefore be possible to extract an emission angular distribution for the 
peak positrons from their distribution of flight-times.

In a uniform field, positrons emitted toward the detector located a distance 
Zdet away from the target have a TOF given by
TOF = Zdet/u2 = Zdet/[(pc/eB) cos0e + ]. (2.53a)

In the nonuniform EPOS field, the parallel velocity depends on B(z), and the TOF must 
be integrated over the trajectory,
TOF = ̂ det dz/{(pc/eB) [1-(B(z)/Bo)sin20o]1/2}. (2.53b)

For steeply emitted positrons, cos0QsO, or positrons reflected from the magnetic 
mirror, the flight time is rather large. Figure 2-24a presents the positron TOF as a 
function of Ee+ and 0Q, as calculated with the ray-tracing code described in 
App. C. The TOF as a function of emission angle is shown for 350 keV positrons in 
Fig. 2-23b. The range in flight-time between positrons emitted at flat angles and 
those at steep angles or reflected by the mirror is from TOF - 4 ns to - 13 ns. Since 
the trajectory only strikes the positron detector when it returns to the solenoid axis, 
the TOF reflects integral multiples of the -340 ps period of a single positron orbit, 
leading to the step-like appearance in Fig. 2-24b. Figure 2-24c gives the TOF inte
grated over d(cos0Q) as a function of Ee + . The inverse dependence on momentum, 
oc1/Pe + , is evident in the increased mean TOF at low energies. For Ee+ > 800 
keV, the reduction of transmission for steep emission angles with 2p>Rcbam is ap
parent. The flatter mean detected emission angles have larger longitudinal velo
cities, with consequently smaller flight times. As discussed below, the poor 
separation of flight times for -1 <cos0Q< +0.1 makes it difficult in this set-up to dif
ferentiate positrons emitted with 0os9O° from those emitted at flatter angles, 0o-O°, 
or 180°.
Sec. 2.2.7 D o p p le r-B ro a d e n e d  Positron  L in esh ap e

A major portion of Part I of this dissertation reports the determination of the mean 
velocity of the source emitting the positron peaks by measuring the Doppler-broa-
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Figure 2*24. Calculated flight time of positrons from the target to the Si(Li) detector as a function of the energy and polar emission angle 0soj (top). Lower left shows the emission angle dependence for 350 keV positrons, and lower right presents the mean TOF versus energy, averaged over all emission directions.
dening of the positron line in the laboratory. To extract the source velocity from the 
positron linewidth, the response of the EPOS spectrometer to a moving emitter must 
be known. Moreover, an understanding of the detailed shape of the expected posi
tron peak is required simply to determine the important parameters of the positron 
lines, namely their mean energy in the rest frame of the source, the intrinsic width 
(and hence, source lifetime), and the production cross-section. This section presents 
a general derivation of the EPOS lineshape, discusses some important special cases, 
and addresses several effects which alter the laboratory linewidth, such as positron 
emission angular distribution, intrinsic width, range of emitter velocities, off-axis 
emission, and source lifetimes. Finally, the calculated lineshape is compared to a
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direct measurement of monoenergetic electron emission from a source formed in a 
HI fusion reaction.
Sec. 2.2.7.1 Coordinates: Throughout this discussion the following definitions, co
ordinate systems, and variables are used. Positron motion in the solenoid coordi
nate system (e.g., for detection efficiency) is described by the polar and azimuthal 
angles (0,<p) introduced in Sec. 2.2.1 and shown in Fig. 2-25a. In the frame S of the
emitting source, the emission direction of the positron is denoted by the polar angle • • • y and azimuthal angle d> , where z is taken in the direction of the source velocity
(see Fig. 2-25b). The x axis is in the vertical plane which passes through the
z axis (and the solenoid Y axis), oriented toward the upward half-plane. In the lab
frame, the positron is described by (y.O) relative to the coordinate system °, which
is oriented in the same way as S . The velocity of S in the lab is Pem = uem/c along
the z direction, which forms an angle (9em.<Pem) with respect to the solenoid axis.

In keeping with the convention used elsewhere in this dissertation, where 
E0+ and Pe+ denote kinetic energy and momentum, respectively, the symbol W is 
adopted here for total energy. For simplicity, the subscripts "e + " and "e-" are 
dropped. That is,

Sec. 2.2.7.2 Kinematic Relations: A positron (or electron) emitted from the source,

W* = (E* + mec2) = [P*2 + me2c4]1/2.
where me is the electron rest mass. Finally, distributions are denoted by,
d3N /dE dfl = © (E , Q  ),

* * *where d£l = d(cosvy )d<I> .

*S , moving with velocity Pem, has energy and momentum in the laboratory given by 
the Lorentz transformations,

(2.54a)
(2.54b)
(2.54c)

The laboratory polar angle with respect to the direction of motion is given by
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Figure 2-25. (A) Solenoid coordinate system used to express detection efficiencies. (B) Coordinate system of emitting source.
tany = siny [yem(cosy + Pem/P')r1. (2.54d)

where p =P /(E +m) is the velocity of the positron in S . The emitted energy and 
momentum in S are expressed in terms of the laboratory values by interchanging 
starred and unstarred quantities in Eqns. 2.54 and reversing the sign of Perrr

A distribution of positrons emitted from S is transformed to the laboratory sys
tem by

co(E,fi) = [d(E,fl)/d(E*,Q*)] cd*(E*,Q*). (2.55)

The Jacobian is found from the the Lorentz invariant quantities,

d3P/(E + m) = P2(E + m)"1dPdfl = P dEdQ = p‘dE*dQ*, (2.56)

which indicate that P‘1co(E,Q) is also a Lorentz invariant. The laboratory distribution 
is therefore given by,

co(E,Q) = (P/P*) co*(E*,Q*). (2.57)
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Sec! 2.2.7.3 Laboratory Lineshape: The spectrometer lineshape is defined as the 
energy distribution of positrons detected in the lab, dN/dE. It is obtained from 
Eqn. 2.57 by multiplying the emitted distribution by the positron detection efficiency 
and integrating over laboratory solid angle,
dN/dE = jdQ (P/P*) ©*(E*,fi*) ee + (E,0,<p). (2.58)

For a given laboratory energy bin, E is fixed in Eqn. 2.58, and the inverse of the Lor- 
entz relation 2.54a gives,
dE = -ypP d(cosy). (2.59)

The d(cosy) integration in (2.58) can therefore be replaced by an integration over 
(vPP)'1 dE between the limits

Tem̂ *Pemp) < + mec ) < Yem^ + PemP̂
That is, for cosy = +1 to cosy = -1. Substitution into Eqn. 2.58 gives the Dop
pler-broadened laboratory positron lineshape,
dN/dE = {dE* (vpP*)’1 d<t> co*(E*, Q ) ee + (E,e,<p). (2.60)
If the source is emitted with a range of laboratory velocities, the entire expression 
(2.60) must be integrated over the source velocity distribution,
dN/dE = j-d>pem»(|Sem) JdE* (tPpY1

x j2n d<i) (o*(E*,Q*)ee + (E,e,y). (2.61)

The positron detection efficiency, ee + (E,0,<p), in Eqn. 2.61 is a function of the 
laboratory energy and emission direction (expressed as a function of the polar coor
dinates 0, <p, with respect to the solenoid axis, as shown in Sec. 2.2.5). The angular 
integration in 2.61, on the other hand, is performed azimuthally around a cone of fixed 
polar angle y given by W , y = cos”'[(W-W /Yern)/yp]; coaxial about the laboratory 
direction of the emitting system. The respective solenoid angles 0, <p are given as 
a function of y, <!>, by an Euler rotation matrix, n = R*n',
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[ coseemcos(pem -Sin<pem sin0emcos(pem ]
R = I cos0emsin‘Pem C0S(Pem sin0emsin(Pem 1*[ -sin0em 0 cos0em ]

(2.62a)

with,
[sin0 cosy] [siny cos4>]

n = [sin0 siny], n' = [siny sin4>], 
[ cos0 ] [ cosy ]

(2.62b)

where 0em. <Pem. denote the direction of the emitter velocity in the laboratory. The 
specific definition of Euler angles employed in Eqn. 2.62 ensures that a null rotation, 
0em = <pem = 9, 9'ves the indentity matrix.

For certain very simple positron emission distributions and source velocities, 
the coordinate transformation can recast the <1> integration in Eqn. 2.61, using 
dO/d0dy, into an angular integral which may be performed numerically, taking ad
vantage of the near rotational symmetry of the positron detection efficiency, 
ee + (E,0,<p) = (27i)'1ee + (E,0). Calculations along these lines were performed using 
the adiabatic approximation of ee + (E,0) discussed in Sec. 2.2.5, for the lineshape 
analyses presented in [Sch83, Cow85]. More accurate evaluation of Eqn. 2.61, in
corporate-Eqn,.-2.62 and using the full EPOS detection efficiency, requires a 
Monte-Carlo approach. The calculations presented in this section were performed 
with the MCSPEC program described in App. C.
Sec. 2.2.7.4 Monoenergetic CM Emission: One very important application of the 
Doppler lineshape analysis concerns a monoenergetic positron peak emitted iso- 
tropically from the CM system, as would be expected for spontaneous positron em
ission. The velocity and positron angular distributions are given by:

Since 0em = n/2 and <pem = 0, the coordinate transformation of Eqns. 2.62 give

© (E , n  )  =  (1/4«) 5(E -E Q), 
“ (Pern) -  ^PenrfPcm)’

(2.63a)
(2.63b)

cos0 = -siny cos<D, 
tancp = tany sin<t>,



and the iineshape integral 2.61 reduces to
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dN/dE = (2yPP’r1 (1/27i)J§n dd> ee + (E,e,<p)( (2.64)
between the lab energies,

W w ‘ -PemP’ ) < (E + m) < Yem(W* + PemP*). (2-65>

For the special case of uniform detection (i.e., ee+ =1), the laboratory distribu
tion of positrons is a constant equal to (2ypP0)’̂ between the limits * *Yem(W 0±PemPô  As sh°wn by the dashed line in Fig. 2-26, the rectangular peak 
has a width of AE = 2yPPQ, and the centroid of the laboratory distribution is shifted 
from the emitted mean energy E 0 by 5E = (yem-1)W . For a 320 keV positron 
emitted from the CM system of Th + Cm at 6.0 MeV/u (uq̂ j = .056c), the lab line- 
shape has a FWHM of AE = 73.5 keV, and is centered at 321.3 keV (SE = 1.3 keV).

The EPOS detection efficiency modifies the emitted laboratory distribution 
(Eqn. 2.64) as shown by the shaded histogram in Fig. 2-26a. The characteristic dip 
in the central portion of the positron Iineshape arises due to the orientation of the 
source velocity perpendicular to the solenoid axis. The acceptance of the EPOS
spectrometer is rather broad, but it vanishes for very flat emission angles along the
solenoid axis, as shown in Fig. 2-19. Those positrons exhibiting maximum Doppler 
shift, i.e., emitted parallel or anti-parallel to travel with steep pitch angles with 
respect to the solenoid axis and are detected with large probability. Positrons ex
hibiting small Doppler shifts, however (those emitted close to the vertical plane 
through the solenoid axis), are detected with smaller efficiency because of the large 
fraction which fall within the regions of reduced transport probability. The slightly 
asymmetric shape of the positron line reflects the relativistic solid angle transforma- 
tion which sweeps the isotropically (in S ) emitted positrons to more forward angles 
in the lab so that relatively more intensity is shifted to higher energies.

A fine structure is also apparent in the laboratory positron Iineshape of 
Fig. 2-26. It is produced because for neighboring energies, the azimuthal inte
gration d<t> about the cone of constant v cuts differently across the <p-dependence 
of the spiral-baffle transmission efficiency. The oscillatory structures, of order -4
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Figure 2-26. Dashed line (top) presents the laboratory energy-differential probability distribution of 320 keV positrons emitted isotropically from the HI center-of-mass system (uCK.= 0.056c). Shaded histogram is the detected distribution, including EPOS transport efficiency and ARD annihilation photon detection probability, but excluding the resolution and tailing of the Si(Li) detector response. Lower figure includes the detector response (histogram), and compares with results of previous calculations using an adiabatic efficiency approximation (dashed curve).
keV wide, are however smaller than the energy resolution of the Si(Li) detec
tor. Figure 2-26b includes the experimental detector response.

(dN/dE)obs = Jjj° F(E.E0)*(dN/dEo) dEQ. (2.66)



The finite energy resolution smears out the narrow fine-structure, and the low-energy 
tail partly fills in the central dip, giving a more symmetric profile to the laboratory li
neshape.

Also shown in Fig. 2-26b by the dashed curve is the numerically integrated li- 
neshape-calculated within the adiabatic approximation,, which was used in the analy
sis of [Sch83, Cow85]. As mentioned above, the efficiency was assumed to be 
azimuthally symmetric, depending only on 0 and E, and the integral of Eqn. 2.64 was 
simplified by the change of coordinates,
d<I> = -sin0 • [sin2y-cos20]'1,72 d0. (2.67)

The range of integration extends from (n/2-y) < 0 < rc/2. The good agreement be
tween the adiabatic calculation and the full Monte-Carlo lineshape emphasizes the 
relative unimportance, when dealing with broad distributions, of the detailed 
0-<p-E dependence of the EPOS transport efficiency.

The width and detailed shape of the Doppler broadened lineshape is also very 
insensitive to the direction of the emitter velocity, as long as it is roughly perpendic
ular to the solenoid axis. The lineshape presented in Fig. 2-26 very nearly gives the 
profile expected for monoenergetic positron emission from the separated nuclei, with
the stipulation that the emitter velocity, or range of velocities co(Pem), which is typi-

*cally larger than adjusts the width of the lineshape, AE = 2(YP)emP , accord
ingly (see, e.g., Fig. 4-16).

In addition to the emitter velocity distribution, the other aspects of the positron 
lineshape already built into Eqn. 2.61 can affect the laboratory positron linew
idth. These include non-isotropic angular distributions for the emitted positrons, a 
distribution of emitted energies (e.g., intrinsic width due to short source lifetime), or 
off-axis emission associated with a long lifetime for the positron peak source.

Sec. 2.2.7.S Angular Distribution: If monoenergetic positrons are emitted with a 
distribution of emission angles y , from a system moving with fixed velocity Pem, 
Eqn. 2.63 becomes
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co*(E*,Q*) = (2n)‘1 5(E*-Eg) • dN*/d(cosy*). (2.68)



Since the azimuthal integration in 2.60 is over a cone of constant y for fixed labor
atory energy, dN /d(cosy ) factors out of the integral, and enters Eqn. 2.64 as a mul
tiplicative factor,
dN/dE = (YpPor1«dN*/d(cosy>(1/2ji)J§'1 d<D Ee + (E,0fq>). (2.69)

From the Lorentz transformation in Eqn. 2.54a, the lab energy E, is linearly propor- 
tional to cosy , so the net effect of an angular distribution on the Doppler-broadened 
linewidth is simply to replace the original rectangular form of Fig. 2-24a with the 
distribution versus cosy ,
dN/dE ~ dN /d(cosy ), (2.70a)

where

cosy’ = (PempV 1 * (w* ‘ Yem'1w>- (Z70b>
The maximum linewidth is therefore directly determined by the range of positron 
emission angles detected. An emission angle distribution which enhances or sup
presses positrons emitted parallel and antiparallel to the direction of uem would in
crease or decrease the linewidth, respectively.

The lineshape would be similarly affected if the acceptance of the EPOS spec
trometer were to limit the detection of maximally Doppler-shifted positrons. Figure 
2-27 addresses the possibility that the calculated Doppler-broadened lineshape may 
be in error due to incorrect assumptions about the EPOS acceptance. Figure 2-27b 
plots the positron lineshape assuming that positrons emitted at angles steeper than 
some cut-off, 0cut, with respect to the solenoid axis are not detected. This scenario 
was motivated by the presence of a magnetic bottle surrounding the target in the 1981 
field configuration [Shw85] which trapped steeply emitted positrons, and by the fact 
that positrons produced in the CMS have maximum Doppler shifts for emission an
gles perpendicular to the solenoid axis. Cut-off angles of 0cut<65° are required to 
substantially reduce the measured linewidth. The positron transport efficiency, 
shown in Fig. 2-27a calculated for 0cut in the adiabatic approximation, would how
ever also be greatly reduced because the steep angles correspond to the region of 
largest solid-angle. Source measurements, indicated by the points in Fig. 2-27a, limit 
the minimum possible 0cut to 9cut"75° in a direct, nearly model-independent fashion.

60
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Figure 2*27. Adiabatic transport efficiency (a) and Doppler-broadened positron lineshape (b) calculated for maximum detected emission angle, 0cut with respect to solenoid axis,as marked.
Sec. 2.2.7.6 Intrinsic Energy Distribution: If positrons are emitted isotropically from
S with a distribution of energies, co (E ) = dN /dE , then Eqn. 2.63 becomes,

cd*(eV) = (4k)*1 cd*(E"), 
and Eqn. 2.60 reduces to,

(2.71)

dN/dE = (2YP)"1 J dE P'-V(E') (1/2n)Jjjn d<D ee + (E,0,<p)r2n (2.72)
Equation 2.72 represents a simple convolution integral of the energy distribution 

• •
co (E ) with the energy-dependent positron lineshape given by Eqn. 2.64.

The distribution of positrons may have any form ranging from a collection of 
discrete energies, as might occur for transitions between a collection of different 
states, to the broad bell-shaped continuum of induced positrons emitted dynamically 
from the CM system. Two particularly important examples which are discussed later 
in this dissertation concern nuclear conversions and emitter lifetime. Nuclear inter
nal pair creation (IPC) transitions entail folding the Doppler-broadened laboratory li
neshape with the almost triangular spectrum of positrons given by the differential

*conversion coefficient, dp/dE (see Sec. 4.2). A source lifetime -t produces, from 
the uncertainty principle, a distribution of energies with width T = t i i , which typically 
yields a Breit-Wigner shape,



cd*(E*) = (I72n) [(E'-Eq)2 + (r/2)2]'1.
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(2.73)

Sec. 2 . 2 . 7 J  Off-Axis Lineshape: As discussed in Sec. 2.2.5, if the positrons are
emitted from a source removed perpendicularly away from the solenoid axis by a
drstanee-dĵ greater than Rde{, the detection efficiency is decreased, and in Eqn. 2.61

•ee+ is then a function of dj_, as well as E , 0, and <p. The range of azimuthal emis
sion angles, tp, intercepted by the Si(Li) is indicated in Fig. 2-22 for two off-axis dis
tances, dj_ = d(sinO). For Rdet < dj_ < (2p-Rdet), detection is limited to positrons 
emitted preferentially forward and backward, emphasizing the maximum doppler- 
shifts, as illustrated in Fig. 2-28 for a source moving in the CM direction. If 
dj_  ̂(2p-Rdet), only positrons emitted downward which spiral back through the 
detector are measured, and the lineshape becomes narrow, emphasizing the un
shifted central portion. For dj_ > (2p + Rdet), the detection probability is zero.
Sec. 2.2.7.8 Long Source Lifetimes: If the source of the positrons has a lifetime long 
enough that emission occurs off axis, then the lineshape integral 2.61 must include 
not only the proper off-axis detection efficiency, for time t, dĵ = (Pemct) sin0, but 
also the e’̂T decay-time distribution of the source,

dN/dE =  f?  dt e f t  Jd’ Uem G>(Pem) JdE* [W)emPY1
X fpnd<t> m‘ (E ',Q ‘ )£ e +  (E.e,(p.d_L -d _ Lo +  ux t). (2.74)

The exponential distribution of decay times, together with the rapid decrease in de
tection efficiency for large dj_, heavily weights the superposition of off-axis line- 
shapes in favor of those emitted near the axis. Nearly the full Doppler-broadened 
width is expected, as shown in Fig. 2-28b, where the direction of motion is taken as 
Pcm in the beam direction.

The preferential detection of positrons emitted near the axis, for a given lifetime 
t, changes if the transition emitting the positron line is populated from higher states 
characterized by a feeding time x'. The time integrand in Eqn. 2.74 becomes,
dN/dt = A0 (1 - e‘t/T ) e*t/T,

which increases the mean distance at which the positrons are emitted. For times 
> 10'9 sec, the source travels well outside of the fiducial volume of the spectrometer
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Figure 2-28. MCSPEC calculation of Doppler-broadened lineshape for 350 keV positrons emitted, from a source moving with uCM, at discrete distances off-axis (left). After folding in source lifetime (right), the detection efficiency decreases but the linewidth remains constant.
and the detection efficiency is very small. For a sufficiently long lifetime, t or t' >
10-1° sec, this effectively suppresses the detection of fast moving positron sources, 
while relatively enhancing the observation of slowly moving emitters. This "velocity 
filter" effect [Cow85, Cow86] is discussed in greater detail in Chap. 5 in the context 
of a very broad distribution of velocities for the source of the positron peaks.
Sec. 2.2.7.9 Experimental Verification: The width and shape of the Doppler-broa
dened positron peak has been verified experimentally by reversing the polarity of the 
magnetic field and measuring internal conversion electrons from 126Ba nuclei formed 
in ,2C(118Sn,4n),26Ba reactions at 5.86 MeV/u. The five lowest lying rotational states 
are listed in Table 2-2 [Sei79]. The 2 + -*0+ transition has a lifetime of 188 ps. At 
the emitter velocity, uq̂ j = 0.1013c, the 126Ba nucleus therefore travels on the order 
of =5 mm before it decays. To compare the expected lineshape to this measure
ment, the 2+ -+0+ conversions are appropriately calculated using Eqn. 2.74.

Figure 2-29a presents the measured energy distribution of electrons detected in 
coincidence with y-rays for the target positioned on the solenoid axis. The Dop
pler-shifted lobes of the K and L conversion lines for the 2 + -*0 + , 4 + ->2 + , and 
6+-»4 + transitions are clearly visible. The measured width of the 2 + -*0+ K- 
line, AEe+ = 107 ±3 keV, is in excellent agreement with the calculated FWHM of 109 
keV. The reduction of the 126Ba velocity as it loses energy traversing the target foil 
decreases this calculated value by up to 2 keV.
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Table 2-2 126Ba Internal Conversion Lines

•ffTransition t Ee_ ^Ee_

2+-»0+ 256 keV 188^30 Ps K: 218.56 keV 106.05 keV
L: 250.2 keV 114.91 keV

4+-2+ 455 keV q o+ 1 . 0y-M.i ps K: 417.56 keV 157.90 keV
L: 449.2 keV 165.57 keV

6+-4+ 622 keV 1 ,62-o’.5 Ps K: 584.56 keV 197.37 keV
L: 616.2 keV 204.63 keV

8+-»6+ 757 keV 2.14̂ ' 2 5 ps K: 719.56 keV 227.99 keV
L: 751.2 keV 235.06 keV

In order to investigate the off-axis lineshape, the target was also placed 10 mm 
downstream of the solenoid axis. The corresponding electron spectrum, in coinci
dence with y-rays, is shown in Fig. 2-29b. Each of the expected lineshapes is calcu
lated for a discrete offset, dj_ = 10 mm, plus the associated lifetime. The 2+ -+0 + 
transition converts at an average distance of dj_ = 15 mm off-axis. Its observed width 
is =10% smaller than in Fig. 2-29a, in excellent agreement with the calculated 
shape. The higher energy 4 + -»2+ line is only ̂ 2% narrower, also in agreement 
with the expectations of Eqn. 2.74. The accuracy of these Doppler-broadened posi
tron nnesnape calculations is confirmed. Its shape, and in particular its width, ap
pear to be very well understood.
Sec. 2.2.8 S u m m a ry

As a whole, the efficiency and lineshape measurements of Figs. 2-16, 2-20, and 2-29 
demonstrate that the response of the solenoid transport system and positron detector 
apparatus is very well understood, and can be accurately calculated. Several fea
tures of the EPOS spectrometer are of particular note. By using the solenoid mag
netic field as a transport system, a broad-band pass for positron transmission is 
achieved together with high efficiency. At the same time, a suppression of electrons

O .of the order of 10° is provided in the low-energy region where the flux of 
5-electrons is most intense. The oscillating structures in the angle-energy depen
dence of transport efficiency caused by the spiral baffle, are averaged out for any 
physically reasonable positron emission angle distribution. They cause no structure
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Figure 2-29. Energy distribution of electrons (transported to the e * detector with reversed magnetic field) from 5.86 MeV/u 11,Sn-»12C collisions, measured in coincidence with y-rays, with target placed on solenoid axis (a), and 10 mm downstream in beam direction (b). Lines present MCSPEC calculations of Doppler-broadened K and L internal conversion lines from 128Ba (u_.. = ,101c).--------------------------------ĈM __  _________

in the continuous distribution of 0 decay positrons, nor do they produce an observa
ble fine-structure in the Doppler-broadened positron lineshape. Positrons (or elec
trons) emitted away from the axis have a significantly reduced chance of striking the 
Si(Li) detector, and the fiducial volume of the EPOS spectrometer is therefore limited 
to an =1 cm radius perpendicularly around the solenoid axis. The Doppler-broa
dened lineshape is well understood for emission on and off the symmetry axis, and 
its dependence on emitter velocity provides a measure of the velocity of the source 
of the monoenergetic positron peaks. Finally, a rough measure of the emission an
gle of the positrons is provided by the positron TOF. Those features which are central 
to certain aspects of the interpretation of the positron lines will be discussed in more 
detail in later sections of this dissertation.

Section 2.3 Heavy-lon Detection  

Sec. 2.3.1 P h ysica l Characteristics

As mentioned in Sec. 2.1, it was found in previous experiments that determining the 
heavy-ion (HI) scattering kinematics is very important in isolating the positron peak 
in U + Cm collisions [Shw83]. In particular, the peak positrons are associated with 
binary HI scattering events whose angle-angle correlation differs slightly from that
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characteristic of elastic Rutherford collisions. For the present experiments, the an
gular resolution of the HI Parallel Plate Avalanche Counter (PPAC) detectors has been 
improved in order to exploit more fully the special nature of the peak-producing ev
ents. This should improve both the peak-to-background ratio of the positron signal 
and the study of the collision process responsible for producing the lines. With the 
~0.5° resolution achievedpthe deviations from elastic-scattering associated with nu
clear reaction energy-loss, nucleon evaporation, and mass-transfer between the col
lision partners, are in principle measurable.

Scattered projectile-like and recoiling target-like nuclei are detected in kine
matic coincidence in two gas-filled PPAC's. The PPAC's have continuous delay line 
readouts which determine the laboratory scattering angle, 0p or 0r, respective
ly. The PPAC's, provided by our Univ. of Frankfurt collaborators, were orignally 
designed by A. Gruppe [Gru85, see also Ste82], and later improved and further de
veloped by K.E. Stiebing. They are.mounted at 45° symmetrically above and below 
the beam axis and positioned 14.4 cm from the target (measured to the delay-line 
plane at 0jâ = 45°), as shown in Fig. 2-30. Precision aluminum masks define the 
angular range subtended by each detector, 2O°<0|ab<7O°. In the 1983 U + Cm ex
periments, the azimuthal acceptance was a constant -18°<cp< +18°, which was en
larged for later experiments to -28°<<p< +28° at 9|ab = 48° tapering to 
-18° < <p < +.18° at 0|ab = 20°,70°, as shown in Fig. 2-31a.

Ttae delayHine structure, which is etched onto both sides (relatively shifted to 
one another) of a copper-plated fiberglass-reinforced printed circuit sheet, is oper
ated at ground potential as an anode toward which the electron avalanche in the gas 
multiplies. Its pattern meanders back and forth along lines of constant 0jab with 
path-lengths designed to provide a constant pulse propagation time of 2.9 ns/degree. 
As shown in Fig. 2-31b, the 1.5 |im silvered Hostaflon cathode foil, held at -520 Volts, 
is placed 2 mm above the delay-line plane. Contacts of constant <p (6° wide) are 
evaporated on a second 1.5 nm anode foil placed 2 mm above the cathode. In order 
to maintain a stable cathode-anode separation (and hence constant gas amplification 
and timing response) the vacuum seal is provided by a third 3 pm aluminized Mylar 
foil. Each PPAC detector is encased in a heavy aluminum housing which is elec
trically isolated from the rest of the EPOS spectrometer.

The HI detectors are operated with £13 mbar of isobutane gas and draw <0.5 
pA at an average scattering rate of 104 Hz (i.e., ~50 kHz, instantaneous). The
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Figure 2-30. Side view of EPOS target chamber showing the position of the heavy-ion PPAC detectors and y-ray Nal(TI) detectors. The solenoid axis is perpendicular to the page._________________________________________
<p foil and cathode signals are shaped with fast timing amplifiers and have pulse rise 
times of tr = 1 ns. The two shifted delay-line segments (top and bottom surface of the 
circuit sheet) are terminated at the small lab-angle end and are read out at the large 
angle end of the detectors using matched differencing preamps (tfs3 ns). The time 
difference between the delay-line and the cathode is linearly proportional to lab an
gle. The net time resolution of At = 1 ns provides an intrinsic angular resolution of 
80|absO-5°. A =10% resolution (FWHM) HI energy measurement is made by inte
grating the charge of the cathode and delay-line signals.
Sec. 2.3.2 H e a vy -lo n  K inem atics

As discussed in App. A, a nonrelativistic description of the HI scattering kinematics 
is sufficient for the beam energies of interest in these experiments. The laboratory 
angle and kinetic energy of a projectile of mass Mp and target recoil of mass Mt are 
related for scattering through a center-of-mass angle 0pm by
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Figure 2-31. Cross-sectional view of the heavy-ion PPAC detectors (bottom). The delay-line pattern and (p-segment foil are shown at the top. The angular acceptance of the deHning masks are indicated by the dashed (for 1983) and thick (1984-1985) lines.
0Gm = n - 20t = 0p + sin’1[(Mp/Mt) sin0p] (2.75)

Et = Eo *Ep = ̂ MpM^Mp + Mtttn-cosOcM̂ . (2.76)
It was previously found [Shw85, Gru85] that the analysis of HI scattering data is sim
plified by plotting the sum of the scattering angles in the upper and lower detectors, 
I0H| = 0u + 0L’ versus their difference, A0H| = O,j-0l, which is the equivalent (to within 
a factor of J 2 ) of a rotation of the plane by 45°, indicated by Fig. 2-32a. A mirror 
symmetry is expected about A0H) = O°. For symmetric collisions, Mp = Mt, the lab 
angles 0p,0t, are each equal to one half the CM angles 0Gm,(̂m and add to a constant 
Z0H| = 9O°. If Mp>Mt, the angle-angle correlation lies below Z0H| = 9O°, and for 
Mp<Mt, I0|_||>9O°. The decreased angular range covered by the A0Hj-I0H| par
ameterization allows higher resolution binning and eliminates from the analysis pri-
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Figure 2-32. Angle-angle correlation of ions scattered into the upper and lower PPAC's in Th + Ta collisions (left). Rotated axes indicate the Z0H| and AĜ  coordinates used in the upper right. Typical Z0H1 angular resolution is 50H| = O.8°, ana the resolution of the flight-time difference between the detectors is 5t — 1 ns (lower right).
mary collisions between beam ions and low-Z elements in the target. It has the 
added-advantage that the Z0H) coordinate is directly related to the physically impor
tant Q-values and the.relative masses of the ejectiles.

The angular calibration was determined relatively to within <0.5° by the fixed 
mask acceptance of 20°-70°. It was absolutely fixed by adjusting the linear offsets 
so that the measured mean value of matches the value expected for elastic 
collisions. Figure 2-32b illustrates the typical in-beam resolution, measured with 5.8 
MeV/u 232Th incident on a sputtered ~300 pg/cm2 1*1Ta target. The resolution in the 
sum of the two scattering angles, Z0|_|| = 0(j -F 9l» is 5(Z0p||) = O.8° (FWHM). The two 
branches of the angle-angle correlation plot correspond to the projectile nucleus 
scattered into either the upper or lower PPAC, respectively.

The time-of-flight difference between the arrival of ions at the PPAC cathodes 
depends on the velocity of the ejectiles, and hence on their laboratory scattering an
gles and energies. Like the A0̂|-Z0̂| pattern, it is unique for a particular combina
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tion of HI masses. For an ion velocity û| = 2uq̂ cos0h|. the flight time to the 
PPAC is

70

tH| - d(0H|,<pH|)/uH|, (2.77)
where d(0,q>) is the distance to the PPAC detectorplane,
d(0.<p) = V2 04.4 cm)/(cos0 + sin0cos<p) (2.78)

Figure 2-32b indicates that the typical experimental time difference resolution is At 
= 1 ns.

Figure 2-33a illustrates the effect of Q-loss on the kinematic A0̂|-I0̂| pattern 
of Fig. 2-32, calculated for Th + Cm collisions. A 25 MeV loss leads to a negative 
shift in I0|_|| of 1°. The 0.8° Z0|_j| angular resolution therefore provides a 20 MeV 
resolution in Q. The width of the bow-tie pattern of the angle-angle correlation de
pends on the ejectile masses. Mass transfer between a Th projectile and Cm target 
nucleus is illustrated in Fig. 2-32b. A 1° I0̂| separation between the branches at 
|A0|_j|| = 25° corresponds to a scattered-recoil mass asymmetry of |MS-Mr| = 10 
amu. Mass drifts are therefore observable in the kinematic correlation with a reso
lution of AM~10 amu. As described in App. A, nucleon evaporation can be ex
pressed in terms of Q. The experimental resolution of AQ< 20 MeV is equivalent to 
an observable■Um+t-of 2 neutrons or 1 proton ejected from the combined system. By 
combining the HI TOF difference with the I0H|-A0Hj correlation, the kinematic 
branches of the slightly asymmetric Th + Cm system are almost completely resolved.
Sec. 2.3.3 O pera tion  in M agnetic F ie ld

In the solenoid magnetic field, the operation of the PPAC detectors is slightly modi
fied, as described in [Gru85]. Briefly, the charged heavy ions are deflected from 
their trajectories with a radius of curvature, Mvc/qB. The charge, q, of an ion de
pends on its velocity through the target backing material. The semi-empirical for
mula of [Nik68] gives the mean of the equilibrium charge distribution as
<q>/Z = [1 + (v/ZavT1/k]'k, (2.79a)

with a width,
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Figure 2-33. I0H,-A0H, scattering angle correlations calculated for Th +Cm collisions with several values of Q (top) and exit channel masses (bottom).
d = 0.5 { < q > [1 - (<q>/Z)1/k]}1/a, (2.79b)

where a = 0.45, k = 0.6, and v's3.6*10® cm/sec. Recent charge state measure
ments are given in [Mao82, Sti86]. As shown in Fig. 2-34a, the mean charge de
pends on scattering angle and varies from ~65+ at 0 = 20° to ~35+ at 70°. The
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Figure 2-34. Equilibrium ionic charge states (left) lead to a rotation of scattering angle correlation pattern (right side, solid line). Patterns for equal, velocity-independent charges for both ejectiles are shown by the dashed, dotted, and dot-dashed lines. (Reproduced from [Gru85].)
net effect is an average downward rotation of both scattered heavy-ions in the spec
trometer by about 1°.

A similar deflection of the electron avalanche inside the PPAC's, described in 
[Gru85, and Shw85], is negligible in the present arrangement because of the smaller 
cathode-anode separation (2 mm vs. 5mm) and the reversed direction of the PPAC 
electric field.

The HI deflection results in a negative angular deviation in the upper PPAC, and 
a positive shift in the lower PPAC. The magnitude of each depends on the angle, 
0U. 0y. This produces a A0H( translation and a slight clockwise rotation of the an- 
gle-angle correlation pattern, relative to the unperturbed elastic scattering pattern, 
which is shown by the solid line in Fig. 2-34b which plots the Z0|_||-A0|_|j pattern for 
equilibrium charge states in U + Cm collisions, calculated by [Gru85]. Deviations of 
the mean ionic charge state from Eqn. 2.79, either to larger values or to charges in
dependent of nuclear velocity, result in larger rotations. This is illustrated in 
Fig. 2-34b by the broken lines which assume equal, velocity-independent ionic 
charges, q̂ =q2 = 60"1", 75+ or 90 + . The average rotation for elastic collisions is 
approximately corrected for in the angular calibration. As discussed below, abnor
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mal ionic charge states may be responsible for the deviations of the positron peak 
events from the elastic scattering kinematics.

S e c tio n  2 .4  G a m m a -R a y  D e te c tio n

Gamma-rays are-detected in these experiments in coincidence with scattered Hi's, 
and simultaneously with the positron measurement, in order to search for strong nu
clear transitions which might be responsible for the positron peaks. The two 3" x 3" 
Nal detectors mounted at 45° and -135° with respect to the beam axis, are shown in 
Fig. 2-30. These were previously used to determine the continuous nuclear internal 
pair creation (IPC) background in the total positron distributions. Details of their 
operation, shielding, and lineshape response are found in [Shw85].

For the subsequent analysis (see Sec. 5.2), only the rear detector was used. It 
was positioned at 408±2 mm from the target in the 1983 and February 1984 beam- 
times, and 430±2 mm from July 1984 to the present. The peak detection efficiency, 
which is necessary in order to calculate the nuclear transition strengths required to 
produce the positron peaks by pair creation (and to compare these to the measured 
y-ray yields), is shown in Fig. 2-35 for d0 = 430 mm. Its absolute shape and magni
tude agree with the calculated efficiency given in [Hea64]. At Ey = 1270 keV, the peak 
efficiency is eP̂ s4x 10"4 and the energy resolution is AEy = 85 keV (FWHM).

S e c tio n  2 .5  E le c tro n  D e te c tio n

To search for strong non-y-ray emitting nuclear transitions (i.e., electric monopole) 
which may be a source of positron structures, internal conversion lines are sought in 
the energy distribution of electrons emitted from the heavy-ion collisions. The elec
tron detector system, provided by our Univ. of Mainz collaborators, was set up in the 
leg of the spectrometer opposite the positron counter, placed beyond the magnetic 
mirror [Beg83, Beg87]. The V  dia. (500 mm2) Si(Li) detector was centered on, and 
normal to, the solenoid axis, 94.6 cm away from the target. Its active depth of 5.5 
mm is sufficient to stop electrons of up to -3 MeV. The detector was operated at 
+ 900 Volts bias and cooled to -30° C. The resulting intrinsic energy resolution was 
-9 keV at 1 MeV with a time resolution of -10 ns. Electrons emitted at flat angles 
within 35° of the EPOS axis (145°<0e_< 180°, corresponding to 9% of 4n ) pass 
through the magnetic mirror field and are transported toward the detector. A copper 
absorber foil was placed directly in front of the detector in order stop the large flux
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Figure 2-35. Peak detection efficiency of y-rays in the backward Nal(TI) detector. Source measurements are compared to the calculated efficiency [Hea64], including absorbers.
of low energy 5-electrons. Its thickness was changed from 40.2 mg/cm2 used in 1983, 
to 20.9 mg/cm2 in February 1984, to 20 mg/cm2 for the July and September 1984 ex
periments. Energy-loss straggling in the foil degraded the electron energy resolution 
at 1 MeV to AE0_ = 26 keV (FWHM).

The electron detector response was parameterized, in the same way as for the 
pencil-like positron detector, by Eqn. 2.34. Figure 2-36 shows a fit to the K and L 
conversion lines from the 1065 keV transition in 207Bi. The peak-to-total ratio for in
cident energies above 1 MeV is nearly constant, (P/T)s0.5. An increase in expo
nential tailing below the full-energy peak arises from the straggling in the Cu 
absorber foil. Incomplete 5-electron suppression led to an additional electron pileup 
occurring with s6% probability, whose energy distribution follows the exponential 
shape of the 5-ray spectrum.

In order to limit the Doppler-broadening associated with an internal conversion 
line in the interesting energy region above 1 MeV, the emission angular acceptance 
of electrons was limited to a ~10° cone about the axis by placing a 10 cm long cy
lindrical tube baffle at 69.9 cm from the target, 12 cm beyond the position of the 
maximum of the magnetic mirror field. The tube baffle had an inner diameter of 15
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Figure 2-36. Energy spectrum of l07Bi conversion electrons measured in the 1' dia. electron Si(Li) detector. Energy resolution and Peak/Total ratio as marked.
mm, and a 5 mm wall thickness. Its operation is illustrated in Fig. 2-37. The angle 
between the electron and the emitting nucleus includes the azimuthal angular range 
of the PPAC's, ©m/e_ = ®e- + 4>HI• Folding the 0e_ acceptance of the tube baffle 
with the <t>Hj range produces a final electron peak width of s70 keV at Ee_sl400 
keV. In order to reduce the chance that 5-electrons backscatter from the tube baffle 
and pass back through the mirror field on toward the positron detector, a deep groove 
is machined in the front rim of the aluminum cylinder to trap electrons which scatter 
from the end of the tube. Electrons which scatter from the inner or outer walls of the 
baffle spiral back into that surface and are stopped with large probability.

A measurement of the detection efficiency of the electron counter and baffle 
system is shown in Fig. 2-38. The data points simulate different energies using a 
207Bi source ̂by scaling the EPOS magnetic field. The falloff of the transport effi
ciency with increasing electron kinetic energy reflects the correspondingly smaller 
range of emission angles for which the electron passes through the cylindrical baf
fle. For the idealized situation of a very long tube in a constant magnetic field, 
®tube* electrons emitted from the target (zQ = 0) on the solenoid axis are stopped if
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Figure 2-37. Illustration of how the cylindrical tube baffle absorbs electrons emitted at steep angles (>10°) with respect to the solenoid axis. (Adapted from [Beg87].)

where rtube is the inner radius of the cylindrical baffle. The orbital parameters are 
taken from Eqns. 2.9-12. The range of emission angles transmitted through the baf
fle is simply

If all electrons not stopped in the baffle are detected, the efficiency is 
ee.= V2(1-cos0max).

In the experimental arrangement, the position and length of the tube are chosen 
so that all electrons which pass through strike the Si(Li) detector and are regis
tered. The magnetic field is, however, not constant over the length of the baffle. At 
the entrance, z = -70 cm, BS5000 G, and at the exit, BS3000 G. This variation gives 
rise to the oscillatory structure apparent in Fig. 2-38. For example, if the orbit of a 
1400 keV electron reaches its maximum excursion from the solenoid axis at the en
trance of the baffle, the steepest emission angle accepted is

Tube < 2p = 2(pc/eB0)(B0/Btube)1/a sin0o, (2.80)

rt > 0O > k -sin-1[y2rtube(eB0/pc)(Btube/B0)1/2]. (2.81)
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Figure 2-38. Transport efficiency of electrons from the target to the e" Si(Li) detector as a function of electron energy. Oscillatory structure calculated with the ECPI ray-tracing program (App. B) is compared to measurements with a 207Bi source. (Reproduced from [Beg87].)
0max(B = 5OOOG) = 10-76°.

with a corresponding efficiency, Ee_ = 0.88%. On the other hand, if the orbit is limited 
by the exit end of the baffle,

emaX(B = 3000 G) = 8-32°-
yielding Ee_ = 0.53%, a factor of 0.6 times ee.(B = 5000 G).

The cutoff angle 0Q for a given energy therefore depends sensitively on exactly 
where the corresponding trajectory reaches its maximum excursion within the length 
of the baffle. Because of the flat emission angles accepted, and hence long orbital 
pitch-lengths involved, only a few orbits are traced out between the target and baffle 
and the efficiency curve retains the oscillatory phase sensitivity. From Fig. 2-37 it 
is apparent that 1000 keV electrons are limited during their 11th orbit at the entrance 
of the baffle. The valley at Ee+ = 1400 keV in Fig. 2-38 therefore corresponds to the



maximum of the 9th orbit, occurring near the exit of the tube, and of the 8th orbit at 
its entrance.

This sensitivity to the exact phase of the limiting electron trajectory at the baffle 
precludes an adiabatic calculation of the efficiency (Sec. 2.2.5). The solid line in 
Fig. 2-38 therefore shows the expected efficiency calculated with the ECPI ray-tracing 
program. The measured oscillations are somewhat smoother than calculated be
cause the finite source size effectively averages over a distribution of baffle inner 
radii.

A measurement verifying the sensitivity of the Si(Li) and cylindrical baffle de
tection geometry is shown in Fig. 2-39. The weak 0 + -*0+ (EO) transition in 238U is 
excited in collisions with 138Xe at 3.6 MeV/u. The FWHM of the ~870 keV K-line is 
s70 keV, in good agreement with that expected from the angular acceptance of the 
baffle and PPAC detectors.

S e c tio n  2 .6  T a rg e ts  

Sec. 2.6.1 C urium  Targets

One of the most important and sensitive aspects of these experiments is the stability 
of- the-targets. As mentioned above, early experiments [Shw83] indicated that pro
duction of the positron peak in U + Cm collisions may be associated with a resonant 
scattering process. To optimize peak-to-background, subsequent measurements 
required good definition of the collision energy in the CMS. The small positron peak 
cross-section simultaneously requires that sufficient target material and beam cur
rents be available for reasonable event rates. On the other hand, the good HI scat
tering angle resolution necessary for enhancing the positron peak over background 
by angle cuts suffers, because of straggling, if a target foil is too thick. To accom
modate these disparate requirements, relatively thin and uniform target foils are im
portant. Using the heaviest elements available (Cm, U, and Th) complicates the 
situation because of their natural radioactivity and, for 248Cm, the limited supply of 
isotope material. Target fabrication sometimes involved less than optimum tech
niques, which were studied and substantially improved by H. Folger over the course 
of this thesis research. Special attention to the content and quality of the targets 
gave rise to dedicated monitor systems and additional measurement programs. To

78
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Figure 2-39. Energy spectrum of electrons emitted in 3.6 MeV/u Xe + U collisions. The width of the 990 keV EO K-conversion line from 2J8U agrees with the expected Ooppler broadening. (Reproduced from [Bok84].)
provide an overview of the target situation, the various EPOS target studies and de
velopment projects are collected here and presented chronologically.

The targets employed in the 1983 experiments, aimed at reproducing and ex
tending -the results- of [Shw83], consisted of layers of curium oxide sandwiched be
tween two carbon foils. Five mg of 248Cm isotope material was borrowed from the 
U.S. Department of Energy Transplutonium Committee. The curium was processed 
at the Univ. Mainz Nuclear Chemistry lab by N. Trautmann, in collaboration with 
H. Folger, head of the GSI target lab. Cnr̂ Og compound was dissolved in a carrier 
solution and was deposited in — 200-400 pg/cm2 layers onto 140 pg/cm2 C backings 
in 5 mm dia. spots by molecular plating (see [Tra82] and [Fol84]). The target mate
rial was then covered with ~40 pg/cm2 thick C foils to reduce material loss due to 
sputtering and evaporation. With this technique, several targets (~50) were fabri
cated from the limited supply of curium. In addition to conserving Cm material, the 
5 mm spot centered on the 14x18 mm2 backing avoided situations where a misa
ligned HI beam could strike the 2 mm wide by 0.3 mm thick Al target frame. Direct 
irradiation of the frame would swamp the detectors in a flood of 8-electrons and excite 
long half-life P+ active backgrounds.
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Figure 2-40. Energy distribution of heavy ions scattered into the 50 mm2 surface barrier monitor detector at 0, b = 45° from U + Cm and U + Pb collisions. Concentrations of various elements in the target are determined by relative scattering yields. (Reproduced from [Klu84].)
Measurements using these targets, discussed in Chap. 3, indicated that the 

production of =320 keV peak positrons is largest for incident uranium beam energies 
between 6.0 and 6.2 MeV/u. Of course projectile ions traversing the target material 
lose energy. The ~350 pg/cm2 nominal Cn̂ Og thickness translates to a 0.07 
MeV/u spread in the incident beam energy. During the experiment the target con
dition was monitored in two ways. First, the average thickness of curium was 
checked by normalizing the scattering rate of U + Cm collisions into the PPAC's to the 
beam current measured in a Faraday cup in the beam stop. Second, a small surface 
barrier Si detector (50 mm2), mounted at 45° to the beam and cooled to 5° C, meas
ured the energies and relative intensities of the scattered U and recoiling Cm ions, 
as well as C and O nuclei scattered from the backing and target compound. Figure 
2-40 shows an energy spectrum of the monitor counter for a typical CrT̂ Og target in 
a 6.07 MeV/u U beam. Throughout the irradiation, the beam current was limited to 
0.5 PnA (particle-nA) to reduce thermal damage.

Rather drastic changes in the ratio of oxygen to curium content (by as much as 
a factor of 3 to 5) were observed over the course of an ~8 hr target irradiation. This 
was accompanied by the integral loss of only ~20% of the Cm in the beam- 
spot. Together with difficulties in maintaining a constant positron peak production



rate over the course of several days, despite using the same nominal 238U beam en
ergy and nominal target thickness, it seemed likely that the composition or distribu
tion of material in the targets was changing during the HI irradiation. This has 
serious implications for understanding the apparent peak excitation function. The 
energy-loss thickness (relevant for beam energy determination) of the Cm targets 
was measured by a standard Rutherford backscattering technique.
Sec. 2.6.2 Proton Backscattering M easurem ents

The Cm target thicknesses were measured after the 1983 beamtime, by M. Kluver, 
M. Begemann, and K.E. Stiebing [KIG84],1 at the Univ. Frankfurt Institut fur Kernphy- 
sik Tandem Accelerator using a 2.0 MeV proton beam collimated to 0.2 * 0.2 
mm2. The protons were scattered from the target foils through 0=165° into a Si 
surface barrier detector where they were measured with 13 keV (FWHM) resolution 
(including kinematic broadening). The maximum energy of protons backscattered 
from a pure homogeneous target of mass M»Mp is
Ep a = f*EQ, with f = [(M-Mp)/(M + Mp)]2, (2.82)

where EQ is the incident energy. For a thick target, protons which scatter from a 
layer of depth Ax lose energy AE = (dE/dx)®Ax while penetrating the target. They 
scatter with energy E' = f«[E0-(dE/dx)«Ax], and lose an additional (dE/dx)'»(Ax/cos0p) 
on the way out of the target. If (dE/dx) is approximately constant over the energy 
range of interest, the detected protons have energy
Ep = f»E0 - (dE/dx)(f + 1/cos0)Ax. (2.83)

As shown in Fig. 2-41, an ideal target with uniform layers of different elements leads 
to an energy spectrum consisting of several rectangular distributions whose widths 
linearly reflect the energy-loss throughout that layer (Ax of Eqn. 2.83). This re
lationship is verified by scattering from a uniform metalic titanium foil (Fig. 2-41c).

Figure 2-42a shows the backscattered proton energy spectrum comparing an ir
radiated molecular-plated Crr̂ Og sandwich target with an evaporated

These measurements were subsequently extended and improved by [Kra87].3
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Figure 2-41. Schematic diagram of the experimental set-up for measurements of the target thickness by proton backscattering (top). The rectangular energy distribution expected for scattering from a target with uniform layers (middle) is verified with a metallic Ti calibration foil (bottom). (Adapted from [KIU84].)
*38U target. The 12C and 160 peaks are clearly resolved, but the 248Cm target is do
minated by large tails to low proton energies. The obvious interpretation is that the 
CrT̂ Og material is nonuniformly distributed, e.g., in layers of varying thickness, each 
of which contributes to a rectangular form of different width. An alternative expla
nation, that the Cm targets may contain large levels of isotopic contaminants which 
are not individually resolved in the p backscattering measurements, was ruled out 
by the negative result of a search for characteristic X-rays not belonging to 12C, 160, 
or 248Cm following proton excitation (PIXE).

Measurements with non-irradiated foils showed that the Cm material clumps in 
some non-uniform manner as it is initially deposited on the C backing foil. The 
structure does not appear to become more uniform after HI irradiation, as shown in 
Fig. 2-43 which presents the Ep spectra for a target with beam positioned on the Cm 
spot (a) and away from the spot on the bare ,2C backing foil (b). From Eqn. 2.83, the 
12C backscatter peak should be shifted between the two spectra by an amount,
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Figure 2-42. Backscattered proton energy distributions for a CmoOo and an evaporated 2SeU target. Extensive tailing indicates a very non-uniform distribution of the curium material. (Reproduced from [Klii84].)
AEG = (1 + 1/cos0)(dE/dx)Cm2O3(Ax)Cm2o3. (2.84)

However, curve (a) shows that less than 50% of the 12C peak intensity is shifted as 
expected by energy-loss of the beam passing through the Cnr̂ Og target layer. This 
implies that the proton beam has -50% probability of encountering no
248Cm material, before first striking the 12C backing foil. Clearly, the -300 
pg/cm2 Cnr̂ Og must be distributed non-uniformly with an average thickness of > 600 
pg/cm2 covering less than half the geometric target area. The suggestion of 
Figs. 2-42,41 is that large clumps form, perhaps resembling peaks and valleys on the 
target surface. Instead of an average 0.07 MeV/u energy loss of the HI beam trav
ersing the 300 pg/cm2 targets, -0.15 MeV/u is implied by the measurements. This 
represents the limiting resolution which can be assigned to the U + Cm excitation 
function measurement.

Composition Measurements: The proton measurements also give the quantity of 
each isotope in the target by comparing the 12C, 160, and 248Cm peak intensities, for 
a given accumulated beam current, to the known scattering cross-section. For 
248Cm and other heavy elements, Rutherford scattering is sufficient, but at 2 MeV, 
protons are resonantly scattered from 12C and 180. At 0=165°, 12C(p,p')12C and



84

Cm203(p/P/) Ep = 2.0 MeV

10* -

v>-Mcroo

103 -

102 -

10’ -

—  248Cm Spot 
 12C Backing

Unshifted 
12C Peak

Shifted
Portion

, | M i ■ * +i,*,‘ i 1400 600 800 1000 1200 1400 1600Ep- [kev]

Figure 2*43. Comparison of backscattered energy spectra for protons incident on a CrruOo target (solid histogram) and on the carbon target backing (dotted). (Reproduced from [KI084].)______________________________________
160(p,p')160 cross-sections exceed (da/dn)rutb by factors of 9.6 and 3.5 respectively 
[KIG84]. Taking this into account, an X-Y scan of the collimated proton beam across 
the target surface provides a thickness profile of the beam spot. Figure 2-44 pre
sents horizontal scans across a Cm target both before (left) and after irradiation in the 
UNILAC beam. The integral thickness of 12C, 160, and 248Cm is plotted at each point, 
as well as the dE/dx thickness for 248Cm. Of particular note is the large concen
tration of 160 before, and its drastic decrease after irradiation. The 160 thickness 
expected in the CmgOg compound is only 9.7% of the Cm thickness, when expressed 
in pg/cm2. Initially then, the target has an overabundance of ~100 
pg/cm2 1sO. After irradiation it is more in line with the chemical concentration of 
Cnr̂Og. A similar ~100 pg/cm2 excess in 12C is also initially present. Sputtering 
of the thick C backing placed downstream of the CmgOg layer in the UNILAC beam 
results in a dip in the 12C yield within the beam spot. H. Folger interpreted these 
inital excesses of 12C and 160 as the presence of traces in the target of the alcohol 
carrier solution used in the molecular plating process. These contaminants would 
be driven away in-beam, leaving CmgOg in some crystalline form. Interestingly, the 
factor of 3 larger energy-loss thickness remains roughly constant throughout the HI 
irradiation.
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Figure 2-44. Yield of 12C, 180, and 24*Cm, plotted versus the horizontal position of the proton beam, in a Cnr̂Oo target before (left) and after (right) irradiation in the UNILAC beam. Concentrations of each element are given by the solid lines, energy-loss thickness of the curium layer by the dashed lines. (Reproduced from [Klu84].)
Sec. 2.6.3 D eve lop m en t Efforts

Possibilities to improve of the quality of plated curium targets were studied in a se
ries of test measurements using uranium and gadolinium (a chemical equivalent to 
curium) targets fabricated by different techniques. For example, N. Trautmann mo
dified the plating method to deposit several thinner layers of Gd2 0 3 to build up a 300 
pg/cm2 target, the idea being that perhaps a more uniform deposition could be at
tained by driving off the carrier solvent between layers. Although initially more uni
form, the layered target still lost i60 and its AE thickness increased during irradiation 
to the same level as for a target made in a single layer. Different compounds were 
also investigated, but the only positive advance was made by evaporating the Gd and 
U material directly on to the C backing foil. The evaporated U target maintained 
much better homogeneity than the plated Cm targets. For measurements of Th + Th 
and Th + U, therefore, we used ThF̂  targets evaporated in ~250 pg/cm2 layers of 
~40 pg/cm2 12C backings, and covered with 5-10 pg/cm2 layers of C evaporated over



the target spot. The flouride compound was chosen over the oxide because it 
formed more uniform layers. On the other hand, it appeared that the oxide targets 
tested lost material less rapidly in beam. It was furthermore found that without the 
thin ,2C coverings, the targets lost material from backward angle sputtering very 
quickly (as much as 30% per hour in UNILAC beam).

In order to extend its useful data-taking lifetime, we adopted a policy of condi
tioning each target very carefully in-beam. To avoid sudden thermal shocks with 
uncontrolled rearrangement of the microscopic structure, each fresh target was ini- 
tally irradiated with a very low beam current, < 0.05 PnA, for a few minutes. After 
this gentle warming period, the current was steadily increased to =1 PnA over ~10 
minutes. Throughout its irradiation, the thickness was monitored by comparing the 
HI scattering rate to the beam current. The thickness typically remained constant for 
~ 1 hour, after which it began to decrease. When the target had lost ~ 10% integral 
thickness, i.e., after 11/2 to 2 hours, it was replaced. Using higher beam currents 
significantly accelerated deterioration. For example, at ~2 PnA a ThF4 target lost 
10% in about 15 minutes.

Tantalum targets were fabricated by sputtering Ta metal onto the 12C backings, 
again in a 5 mm dia. spot. They were covered with ~5 pg/cm2 evaporated 
12C. Their in-beam stability was comparable to or better than the evaporated 
TnF4 targets.

For the most recent Th + Cm measurements which are discussed in Part II of this 
dissertation, evaporated CmFg targets were purchased from Oak Ridge National La
boratory. Although their stability seemed comparable to the ThF4 targets, only a 
limited number were available and each was therefore irradiated for a very long time 
(~ 12-20 hours). As a result, the energy-loss thickness was close to a factor of two 
larger than the nominal thickness, and the effective beam-energy dependence of the 
data is in question. Figure 2-45 presents energy spectra of protons backscattered 
from CmFg and ThF4 targets, measured at points inside and outside the irradiated 
beam spot. Although both sets of spectra exhibit narrower backscatter peaks than for 
the earlier plated targets, tailing to low energies, indicating non-uniform density dis
tributions, remains problematic with the Cm targets. The relative intensities of the 
shifted to unshifted 12C components further implies that the CmFg material again 
clumped in such a way as to leave much of the backing foil exposed. The 
ThF4 target material seems to have adequately covered the backing.
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Figure 2-45. Backscattered proton energy spectra measured at four positions on an ORNL CmF3 target (left), and a GSI ThF4 target (right), after irradiation in the UNILAC beam. (Adapted from [Sti86] and [Kra87].)
Sec. 2.6.4 S u m m a ry

The experience gained in working with heavy actinide targets over the years of the 
EPOS experiments has revealed several difficulties for maintaining target homoge
neity and stability. Of the various fabrication techniques investigated by H. Folger 
and N. Trautmann, evaporated targets of fluoride compounds appear to provide the 
most uniform layers. However, these targets appear to deteriorate rapidly and have 
lifetimes of only 1-2 PnA-hours in 238U and 232Th beams at ~6 MeV/u. The ener- 
gy-loss thickness exceeds the nominal thickness (assuming a uniform layer) by up to 
a factor of ~1.5, with small excursions to twice the ThF4 target thickness. The 
consequences of these results for measuring an excitation function of the positron 
peak are that not only is a beam energy definition better than 0.05-0.07 MeV/u very 
difficult to achieve, but the reproducibility and stability of measurements involving
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resonant scattering processes is non-trivial. The amount of target material within a 
given narrow collision-energy range depends sensitively on the thickness profile of 
the particular target, which probably changes during the measurement due to 
clumping and rapid target deterioration.

Section 2.7 Heavy-lon Beam  

Sec. 2.7.1 U N IL A C  A c ce le ra to r

The experiments described in this thesis used beams of U and Th ions accelerated 
to energies of ~6 MeV/u (1.4 GeV) by the UNILAC accelerator of the Gesellschaft fur 
Schwerionenforschung in Darmstadt, West Germany. When the investigations of 
positron production in heavy-ion collisions began in 1976, the UNILAC was the only 
machine in the world capable of accelerating beams of U to energies near the Cou
lomb barrier, as required to generate the highest possible combined nuclear charg
es. Figure 2-46 shows the layout of the accelerator and the target hall. The EPOS 
spectrometer is set up at the Z2 experiment site.

The UNILAC (UNIversal Linear Accelerator, cf. [Ang77]) is a pulsed machine (50 
Hz), delivering a ~4 ms long beam pulse every 20 ms for a net duty cycle of 
~20%. The beam particles are produced in a Penning-type positive-ion source by 
sputtering a uranium (or thorium) electrode in an argon atmosphere. The entire 
source is maintained at -300 kV potential, and /iA currents of charge 10+ ions are 
extracted and then bunched (with a 1 ns pulse width and 37 ns separation) prior to 
injection into a series of four Wideroe drift tube acceleration tanks (operated at 27.04 
MHz). The 1.4 MeV/u beam is then stripped to a higher mean charge state of 28 + 
by passage through a supersonic N2 gas jet. Two of four available Alvarez tanks 
(operated at 108 MHz) further accelerate the beam to 5.9 MeV/u. The final energy is 
tuned over a range of ±0.3 MeV/u by accelerating or decelerating the beam with 
single RF-cavity resonators.
Sec. 2.7.2 B eam  C urrent, Focus, and  D u ty -C yc le

As mentioned above, two of the experimental parameters which seem to play an im
portant role in isolating the narrow positron peaks are their correlations with incident 
projectile energy and associated heavy-ion scattering-angle kinematics. Both of 
these variables depend sensitively on the quality of the heavy-ion beam, and, as de-
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Figure 2-46. Diagram of the UNILAC accelerator (top) and experimental hall (bottom) at GSI, Darmstadt, West Germany. The EPOS spectrometer is installed at the Z2 experimental site. (Reproduced from [Ang77].)
scribed in Sec. 2.6, on the stability and thickness of the targets. As a consequence, 
over the span of the EPOS experiments the UNILAC has been progressively pushed 
to the limits of its energy resolution, stability, and duty-cycle.

As discussed in the preceding section, the actinide targets are subject to rapid 
deterioration in the heavy uranium and thorium beams. The beam current was



therefore limited, from the available -5 PnA at the exit of the UNILAC, to =1 PnA on 
target. Above this current the target material was found to evaporate very quick
ly. By operating the Penning source below its maximum current output, the life of 
the sputter electrodes was also prolonged (typically 12 to 30 hours), and the fre
quency of source changes reduced. The beam current was measured in a Faraday 
cup, which served as the EPOS beam dump, about 2 m downstream of the tar
get. The beam ions were stripped by passage through the target to s60 + . The 
electrical current was averaged with an -1 sec time constant in a current digitizer 
and then integrated in a scaler which was read out and reset with each EPOS event 
trigger. This provided a running record of the beam on target.

The beam focus on the target was measured by means of retractable diagnostic 
grids [Str86] located directly in front of the target and -60 cm behind the target in the 
beam dump. The X-Y spacial profile provided by ions hitting the 1.5 mm * 1.5 mm 
mesh of sense wires was checked during each target change. The beam dump grid 
remained in the beam continuously to provide an on-line control of the beam posi
tion. Gamma-rays emitted from the activated grid wires were shielded from the po
sitron and electron detectors by 2 cm of Pb placed around the beam dump. In order 
to maintain optimal scattering-angle resolution in the PPAC's, and to reduce the flux 
of 5-electrons emitted slightly away from the solenoid axis, the size of the beam spot 
was kept small. It could not be too small, however, or else too much energy would 
be deposited in a small area of the target, increasing deterioration. We typically fo
cussed the beam to a 3 mm high by 5 mm wide spot.

The pulsed nature of the beam is a disadvantage for a multi-coincidence exper
iment such as EPOS. Accidental background coincidences due to unrelated scat
tering events from the same beam-pulse increase with the square of the 
instantaneous counting rate, while prompt events increase only linearly with counting 
rate. With a 20% duty-cycle, the typical chance rates in the positron channel are 
-5% (at 1 PnA). Plasma oscillations in the ion source occasionally led to uneven 
extraction, sometimes with only every tenth micro-pulse having a significant number 
of beam particles. Under these conditions, an average beam current of 1 PnA led to 
very large instantaneous currents and problematic chance background rates. The 
duty-cycle was therefore monitored with oscilloscope displays of the time-structure 
of the beam current, measured by capacitive probes at the Penning ion source and 
at the output of the UNILAC. In addition, the timing signals of the PPAC's and posi
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tron detector were often checked for unusually high instantaneous rates, and the an
alyzed data inspected for large chance rates.
Sec. 2.7.3 B eam  E n e rg y  and Isotopic P urity

The energy spread of the UNILAC beam is limited by.the phase-space acceptance of 
the Wideroe and Alvarez accelerating structures. Under optimum conditions, the 
energy resolution is AE/E~0.3%, or AEsO.02 MeV/u at 6 MeV/u. We tried to main
tain this accuracy in each experiment. The UNILAC beam energy was measured by 
time-of-flight between two non-destructive capacitive phase probes. Throughout 
Part I of this thesis research, we used TOF pickoff probes separated by 3.5 m. The 
~100 ps TOF resolution allowed a determination of the mean energy to 0.02 
MeV/u. The width of the time structure of the signals induced on the probes reflects 
the spread in beam energies by their spacial dispersion over the flight path. As 
discussed below, the absolute mean beam energy was not easily reproduced be
tween experiments. As evidence accumulated for a resonance-like origin for the 
positron peak, it became necessary to better control the beam energy. Recently, 
we used probes separated by =8 m so that the readout of the mean beam energy 
was accurate to ~3 keV/u.

The beam transport line to Z2 also provided a rough magnetic momentum ana
lysis. * Or. its way to the experimental site, the beam was deflected through an arc 
of 70° by a beam-switching "kicker" magnet and by three dipole bending mag
nets. The transverse position of the beam was measured in several diagnostic grids 
located at selected points along the beam line. Together with a set of slits placed 
after the second dipole, this partially constrained the beam path, limiting the beam- 
spot size on target. Assuming stable emittance from the UNILAC, the transmitted 
beam is limited to a constant energy interval. Measurements of the beam intensity 
on target while scanning the dipole magnet currents indicated that the momentum 
acceptance was AP/P = 0.5-1%.

In a preliminary measurement just completed, satellite components having dif
ferent energies from the main 238U beam were also identified. Depending on a vari
ety of conditions, up to a few percent of the beam particles having an ionic charge 
state of other than 28+ can be accelerated in the Alvarez. Those with the same 
magnetic rigidity (ocMv/q) can be transported through the beam-line to the target. 
Percent-level satellites with energies of ~5% larger than the main beam were iden
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tified in the GSI magnetic spectrometer [Shu87j. Trace contaminations of other ele-

Oments, e.g., Mo and Zr, were also observed at the 10 ° level.
Unfortunately, the exact mean energy of the beam and its energy spread, as well 

as the sizes of the satellite components and contaminants, all depend sensitively on 
the emittance of the accelerated-beam at various points along the UNILAC. For ex
ample, by changing the aperature of slits in the injection region of the Wideroe in 
order to control the intensity of the beam on the target at Z2, the mean energy spread 
and focus of the beam at Z2 can be altered. The same is true of slightly resteering 
the beam into the Wideroe, or after the stripper region into the Alvarez. Moreover, 
as the sputter electrodes in the Penning source age, the burning mode of the plasma 
itself changes, altering the beam's spacial and momentum distribution after extrac
tion. All of these variations affect the acceleration of the ion bunches and their en
trance into the Z-branch. Although slight drifts in the transmitted beam energy and 
intensity result, they are generally <0.02 MeV/u over the lifetime of a single 
source. When a source was replaced, however, the new extraction characteristics 
altered the beam profile and energy. Shifts of up to 0.05 MeV/u were observed be
tween consutive source changes. After every source change, therefore, the beam 
energy was checked, and if necessary, re-tuned by adjusting the single cavity reso
nators. Residual variations in the spacial profile affect beam transport through the 
Z-line bending magnets, at least marginally changing the beam-on-target ener
gy. The relative concentrations of contaminant elements were also observed to vary 
by up to an order of magnitude depending on the particular source and its age.

These inherent instabilities in the UNILAC emittance limited the effective reso
lution of the beam over the course of an experiment. This was further compounded 
by the accumulation of many small steering and focussing adjustments over a several 
day run or the major retuning frequently required after repairs to UNILAC components 
which occasionally broke down during an experiment. Very different beam-paths 
through the accelerator invariably evolved during an experiment. Maintaining beam 
stability (even relatively) to 0.02 MeV/u, long enough to accumulate several thousand 
total positrons, proved to be difficult. Absolute reproducibility in beam energy from 
experiment to experiment was further limited by changes and drifts in the TOF read
out, the different initial tuning of the machine, and on one occasion, a poorly docu
mented change in the capacitive TOF probe calibrations. From a practical point of 
view, beam energies used in different experiments cannot be directly compared to



better than ~0.05 MeV/u. Over a few day period within a single run, a given mean 
energy could not be reproduced with better than =0.02 MeV/u accuracy.

S e c tio n  2 .8  D a ta  A c q u is it io n  S y s te m  

Sec. 2.8.1 Experim en ta l Electronics

The energy and timing signals from each of the detector components were stored 
eVent-by-event on magnetic tape for subsequent off-line analysis. Figure 2-47 sum
marizes the EPOS experimental electronics. (Table 2-3 lists the abbreviations used 
in Fig. 2-47.) A more complete description is given in [Shw85j. Very briefly, a 
standard fast/slow multi-parameter coincidence technique was used, employing 
commercially available NIM electronic components. The data were digitized in 
gated ADC's and TDC's which were read out by a dedicated PDP-11/45 computer 
through a CAM AC interface. Each event buffer was then transfered to the GSI IBM 
mainframe computer where an online analysis was performed and the data were 
written to high density magnetic tape. Data conversion and readout were triggered 
for positron-HI coincidence events, y-HI events, electron-HI events, Si Monitor sin
gles, and HI collisions for normalization.

For the semi-conductor and Nal detectors, the HV bias supplies, preamplifiers, 
timing filter amplifiers, constant fraction discriminators, and test pulsers were located 
at the Z2 experimental site, while main amplifiers and all logic and CAMAC elec
tronics were situated in a shielded data acquisition room which housed the PDP-11/45 
computers. Amplifier gains and timing delays were adjusted with radioactive 
sources. Of the PPAC electronics, only the preamps were situated at the spectrom
eter as all other adjustments (HV, timing delays, and CFD thresholds) were optimized 
with the beam. As indicated in Fig. 2-47, the energy output from each detector was 
amplified and fed directly into a gated ADC. The fast time outputs were amplified 
(the anode signal is taken for Nal's) and fed into constant fraction discrimina
tors. The negative NIM logic outputs were split in the data-acquisition room into a 
time signal which stopped the respective TDC, and a logic signal used for trigger 
processing. Each of these were shaped and adjusted by gate and delay genera
tors. The logic outputs of the two positron Si(Li) segments, as well as the eight ARD 
Nal crystals, were "OR"-ed to provide a single "system" logic signal.
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Figure 2-47. Block diagram of the experimental data acquisition electronics. Electronic components for the segmented detectors occur twice for the e+ Si(Li), eight times for the ARD, twice for the PPAC's, and twice for the y-ray Nal's. Gates and start signals for each ADC and TDC are shown explicitly only for the e+ Si(Li) detector. Components inside the dotted rectangle are situated at the Z2 experimental site. Abbreviations are defined in Table 2-3.
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The signals from the PPAC's had rise-times of order ~1-3 ns (cathode or delay 

respectively), with an amplitude of order 0.3 to 1 Volt depending on gas-pressure and 

HV bias. They were therefore routed directly from the timing preamps to the data 

acquisition room, where they were split in linear fanouts into timing, energy, and 

logic signals. An overlap between the CFD outputs of the cathode foils from each 

detector formed the HI coincidence logic signal. TDC stop signals were appropriately 

delayed (~300 ns) using low dead-time hybrid delay units. Gate and delay genera

tors were not used because of the large ~5-10% deadtime which would result from 

the high instantaneous counting rates ( ~ 50-100 kHz). The <p-segment signals were 

discriminated and the outputs used only to set a bit which marked the <p segment that 

fired. To ensure that the <p for the correct HI scattering was registered, this CFD was 

gated by an overlap of the event trigger and the prompt cathode logic signal. In the 

same way, charge digitizers (QDC's), which integrated the cathode and delay-line 

signal outputs, were gated by an overlap of the event trigger with the respective 

prompt PPAC timing signal.

Also read out with each event were the average beam current integrated in a 

CAMAC scaler, and in recent experiments, measures of the beam energy by TOF 

probe pick-off times. An additional bit in the event bit-pattern unit identified whether 

the 4 ms beam "macro-pulse" was present, distinguishing beam-on from beam-off 

events.

Sec. 2.8.2 CAMAC Interface and Logic Trigger

The types of events recorded by the EPOS spectrometer were chosen by an overlap 

coincidence of appropriate combinations of detector logic signals. For example, 

positron events were defined by the three-fold overlap of the Si(Li) (forward or rear 

segment), ARD (at least one of eight segments), and HI (both PPAC's) logic sig

nals. The other event types recorded were y-ray-HI coincidences with either the 

front or rear Nal detector, electron-HI coincidences, monitor detector singles (only the 

energy signal was read out), and for normalization, HI PPAC-PPAC coincidences al

one. Each logic signal was 150 ns wide providing a total 300 ns coincident resolving 

time. The delays were adjusted to provide maximum overlap for prompt coinci

dences, so a 150 ns shift of any logic signal provided an accumulation of chance co

incidences over about four beam-pulses either before or after the prompt event. The 

HI, Monitor, electron, and y-ray events, which arrive many times faster than the po

sitron events, were scaled down in rate dividers to prevent excessive dead-
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Table 2-3: Abbreviations Used in Figure 2-47

ADC A n a l o g  t o  D i g i t a l  C o n v e r t e r
CD Beam  C u r r e n t  D i g i t i z e r
CFD C o n s t a n t  F r a c t i o n  D i s c r i m i n a t o r
CO O v e r l a p  C o i n c i d e n c e  U n i t
F T A F a s t  T i m i n g  A m p l i f i e r
FO L o g i c a l  F a n - O u t
GG G a t e  a n d  D e l a y  G e n e r a t o r
HD H y b r i d  D e l a y
HV H i g h  V o l t a g e  S u p p l y
LFO L i n e a r  F a n - O u t
MA M a i n  A m p l i f i e r  ( L i n e a r  E n e r g y  S i g n a l s )
" O R " L o g i c a l  " O R "  ( F a n - I n )
PA P r e - a m p l i f i e r
PU B i t  P a t t e r n  U n i t
P u l P u l s e r
QDC C h a r g e  t o  D i g i t a l  C o n v e r t e r
SC CAMAC S c a l e r s
SD S c a l e  Dow n U n i t
TDC T i m e  t o  D i g i t a l  C o n v e r t e r
T F A T i m i n g  F i l t e r  A m p l i f i e r
5 | is D e l a y  a s  m a r k e d

time. Both the trigger coincidence box and scaledown unit were custom-built at GSI 

and provided eight event channels. The rate-divider unit accepted every 2n-th pulse 

and was vetoed by the system-wide inhibit. An "OR" of the accepted events formed 

the system trigger. Outputs from the rate-divider box were routed to a bit-pattern 

unit to identify which event types triggered the system and to rate meters. The 

non-inhibited non-scaled-down coincidence box outputs were also integrated in CA- 

MAC scalers, which were read out and written to tape for each tape file. The quo

tient of the integrated overlap coincidence rate, l^ 0 jnc. to the recorded number of 

event triggers, I'jj.jg, gives the scaledown, SD, times the live-time, 1-*dead. for a given 

event type i:

SDj#(1-Ydead) — ferine  ̂ *Hrig* (2.85)

The total number of parameters written to tape per event was approximately 45: time 

and energy signals for each of the two positron Si(Li) segments, the eight ARD Nal 

segments, the two y-ray detectors, the electron Si(Li), each PPAC delay-line and ca

thode foil, and the Si monitor counter; bit patterns for each PPAC cp-foil and for the 

event-type trigger; time signals for the beam energy probes and the UNILAC 

p-pulse; and a scaler for the integrated beam current. A Ge(Li) detector positioned



at 45° below the beam line was also operated and read out, but its data were not 

analyzed in connection with the positron production measurements and have been 

excluded from this dissertation.

The sequence of processes following each event trigger was as follows: Upon 

generation of a trigger, gates were simultaneously generated for all ADC's, QDC's, 

and bit pattern units, and start signals were sent to the TDC's. After a 300 ns delay 

to allow for the resolving time of the overlap logic coincidences, the decision elec

tronics (rate-divider box) were inhibited until the accepted event was processed. An 

event trigger was sent to CAMAC four psec after the initial overlap coincidence in 

order to allow all analog signals to fully reach their peak voltages, and a latch was 

set inhibiting the inputs to all CAMAC modules. The PDP computer then initiated di

gitalization of the ADC, QDC and TDC inputs. A fixed 100 psec conversion time was 

allowed to ensure complete processing of the 8-fold TDC and ADC 2048 channel 

range. A LAM ("Look-At-M e'j pulse was then sent to the computer, through CAMAC, 

beginning data transfer. Each event parameter required a readout time of 7 

psec. The last ADC dumped returned a ready signal which reset the inhibit latch and 

enabled further data accumulation. The entire busy time per event was the sum of 

the logic resolving time (300 ns), analog "coincidence" time (4 psec), conversion time 

(100 psec), and data transfer time (~45 events * 7 psec) for a total of s400 

psec. In order to maintain small dead times (e.g., tdeacj < 10%), the average event 

rate was limited to <50 Hz. The HI events were scaled down by a factor of ~2048, 

y-ray events by =2, electron events by ~ 8, and monitor events by ~64. Positron 

triple-coincidences arrived at an average =0.4 Hz, about half of which were chance 

events and ~25% identified as clean positron events. During a typical 7 day run in 

which ~ 15,000 positrons were measured, approximately 2*10° events of all kinds 

were recorded on ~ten 6250 bpi computer tapes. More information regarding the 

GSI On-line Data Acquisition System and computer facilities is found in [Bus83].
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Chapter 3 Data and Analysis
As discussed in Chap. 1, the first part of this dissertation research focused on 

searching for and studying the properties of positron peaks in superheavy collision 

systems. This investigation involved five separate beamtimes (each ~5 days long) 

over the period from June 1983 to September 1984. One subcritical collision and five 

supercritical systems were measured, ranging from 23xTh  + 181Ta (Zu = 163), to 

238U + 248Cm (Zu = 188), using UNILAC beams of 238U and 232Th of 5.65 to 6.24 

MeV/u. In this chapter, following a brief overview of the systems measured in each 

experiment, the reduction of the data is discussed. The continuous dynamic and 

nuclear positron energy distributions are evaluated, and the experimental results for 

the positron energy spectra under selected kinematic conditions are presented. The 

discussion which follows in Chap. 4 also includes some data measured earlier 

[Shw85] for 238U + 248Cm and 238U + 238U.

S e c tio n  3.1 E x p e rim e n ts  

Sec. 3.1.1 Systems Measured

In the first two experiments in June and Ju ly 1983, 238U + 248Cm (Zu = 188) collisions 

were studied at beam energies between 5.92 and 6.24 MeV/u. The aim of these 

measurements was first to reproduce the original narrow positron peak structure 

discovered in January 1981 [Shw83], and then to improve its statistical accura

cy. The electron detector was added to EPOS to investigate possible nuclear elec

tric monopole transition origins for the narrow positron peaks by searching for 

competing internal conversion lines. As described in Chap. 2, the EPOS detection 

efficiency was increased by a factor of ~2, and extended to below 100 keV in order 

to increase the data accumulation rate and provide sensitivity to lower energy struc

tures. The PPAC angular resolution was improved to ~0.5° in order to gather better 

information concerning the apparent rotation of the associated HI scattering kine

matics in the solenoid field.

As mentioned in Sec. 2.6, the targets were molecular plated Cnri203  layers on 

titanium and then carbon backings. Their nominal thickness (£300 pg/cm2) corre

sponds to a beam energy-loss of 0.07 MeV/u. However subsequent measurement of 

the targets by proton backscattering revealed a AE thickness of £0.15 MeV/u. The 

beam energy was originally chosen at 6.13 MeV/u to correspond to the same mean
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energy in the target (accounting for loss in the backing foil) as in the January 1981 

measurement. During the experiment we noticed an apparent dependence of peak 

production on beam energy. An excitation function measurement was therefore at

tempted with 0.02 MeV/u steps between 6.02 and 6.13 MeV/u, with additional points 

0.1 MeV/u above and below this range at 5.92 and 6.24 MeV/u. As discussed below, 

the positron peak was detected for 6.04 < Ebeam < 6.13 MeV/u. During an appa

ratus set-up period, we also measured 238U + 238U (Zu = 184) and found a narrow po

sitron peak there as well.

The next experiment, in February 1984, was intended as a search for the spon

taneous positron line in 232Th + 248Cm (Zu = 186) collisions, predicted to occur at 

= 250 keV, which should be observable assuming that the U + Cm peak is associated 

with QED vacuum decay. During an initial set-up period with U + Cm we discovered 

stability problems with the 248Cm targets, but during the Th + Cm measurement, evi

dence was found for a positron peak which appeared at an energy similar to that of 

the U + Cm structure. Because of target problems, no excitation function was at

tempted and we concentrated our search at beam energies of 6.00, 6.02, and 6.04 

MeV/u, using a total of five Cm targets of which two turned out to be extremely thin 

(~  100 ng/cm2) and were therefore discarded.- The chosen beam energy was scaled 

from the mean "resonance" energy in U + Cm ( 2  6.07 MeV/u), assuming a constant 

overlap of the nuclear surfaces. Very preliminary test measurements of Th + Th and 

T h + T a  were also attempted.

Having ruled out nuclear processes and having cast doubt on spontaneous po

sitron emission as possible explanations for the positron peaks at similar energies in 

U + U, Th + Cm, and U + Cm, the next step was to extend the systematic Z u depen

dence to lower systems. In Ju ly 1984, the 232Th + 232Th (Zu = 180) system was mea

sured at beam energies of 5.68, 5.72, 5.75, 5.78, and 5.82 MeV/u. Getting away from 

Cm targets opened the possibility of again measuring a beam energy dependence of 

peak production. Evaporated targets of ThF4, 2  250 pg/cm2 thick, were em

ployed. They exhibited good uniformity but tended to lose material at a rate of 

~ 5 %  per hour at 2 1  PnA beam currents. At the highest and lowest beam energies 

little structure was observed, while at 5.75 MeV/u, large pronounced structures were 

discovered. At 5.73 and 5.78 MeV/u, a broad enhancement at Ee + ~400 keV 

emerged which obscured the narrow line at Ee +  2  330 keV. As discussed in Part II 

of this dissertation, it was not understood until the positron-electron coincidence ex

periment was completed that this reflected the presence of more than one positron
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structure which, due to Doppler broadening, cannot be resolved. Only the 5.75 

MeV/u data are therefore presented in detail in the following discussion.

A truly subcritical system, 232Th + 181Ta (Zu = 163), was measured in September 

1984. The targets consisted of s250 pg/cm2 layers of Ta metal sputtered onto -4 0  

pg/cm2 C backings. M. Waldschmidt and K.E. Stiebing of Umv. Frankfurt assisted 

H. Folger of GSI in fabricating some of the targets. Beam energies in 0.05 MeV/u 

steps were sampled, bracketing the energy of constant nuclear overlap scaled from 

the supercritical systems. Evidence for both the =320 keV and =380 keV lines were 

found at 5.75 and 5.80 MeV/u. Very little peak data was observed in 5.85 MeV/u 

collisions. To round out the supercritical Zu dependence, 232Th + 238U (Zu = 184) 

collisions were also measured at 5.80 and 5.85 MeV/u. The UFg targets were 

s  250 pg/cm2 thick.

Table 3-1 lists the nuclide combinations measured, the average target thick

nesses, beam energies, and mean distances of closest approach in each of the sys

tems. In each case the internuclear separation was larger than the nuclear 

interaction distances of [Wil80], Rjnt -1 6  fm, and the "safe" distances of [Nee82], 

below which the reaction cross-section rapidly increases.
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Table 3-1 Collision Systems

S y s t e m I E b e a m
I

m g /c m 2 A E b e a m " m i i i N e +

U+Cm | 5 . 9 2 - 6 . 2 4 — 3 5 0 0 . 1 6 1 6 . 8 1 8 . 2 - 2 0 , 0 0 0

Th+Cm | 6 . 0 0 - 6 . 0 4 — 2 5 0 0 . 1 1 1 7 . 2 1 7 . 6 -  1 2 , 0 0 0

T h + U | 5 . 8 0 - 5 . 8 5 - 2 5 0 0 . 0 7 1 7 . 3 1 7 . 7 - 5 , 0 0 0

T h + T h | 5 . 6 8 - 5 . 8 3 - 2 7 0 0 . 0 8 1 7 . 2 1 8 . 0 -  1 5 , 0 0 0

T h + T a | 5 . 7 5 - 5 . 8 5 - 3 5 0 0 . 0 7 1 5 . 9  - 1 6 . 4 -  1 3 , 0 0 0

S ec. 3.1.2 Online Control

To ensure proper operation of the EPOS spectrometer and to maintain acceptable 

data-taking conditions, several aspects of the experiment were monitored on

line. The event-by-event data were analyzed in real time with a streamlined version 

of the main analysis program discussed in Sec. 3.2. In particular, raw spectra were



accumulated for each ADC, QDC, TDC, and pattern unit to check the operation of the 

data acquistion electronics. Energy and time spectra were generated for each de

tector for the appropriate event-type triggers to check for gain shifts or unusual 

counting rates. As noted in Sec. 2.8, the PPAC's were set up in-beam which re

quired online calibration of the HI scattering angles. During the beam time, the an- 

gle-angle correlation plot was periodically examined, as were plots of 

0|_|| vs. <pH| and 0H| vs. EHj. In addition to monitoring the PPAC's, the angular re

solution determined from the correlation plot also gave indications of the formation 

of thick clumps in the target. The target condition was also monitored by noting the 

relative scattering rates of C, O or F, and Ta, Th, U, or Cm, into the surface barrier 

detector. Its average thickness was determined by dividing the HI scattering rate 

into the PPAC's by the average beam current in the beam dump. As noted in 

Sec. 2.6, when material began to evaporate (>10-20%  loss) the targets were 

changed. The beam focus was also monitored continuously with an X-Y diagnostic 

grid in the beam stop.

The ARD Nal array was checked for uniform performance by histograming the 

yield of annihilation photons incident in each Nal crystal segment. Time-difference 

spectra between appropriate pairs of detectors (e.g., PPAC-Si(Li) and Si(Li)-ARD) 

were periodically monitored for excessive chance coincidence rates which occa

sionally arose due to a decrease in UNILAC duty cycle because of plasma oscillations 

in the Penning ion source. Usually this was first noticed by an increase of very low 

energy 5-electron events contaminating the total positron spectrum. The ARD sum 

energy spectrum then exhibited increased low energy backgrounds as well. The 

energy spectra of pulsers in the positron and electron Si(Li)'s provided online indi

cations of the degree of 5-electron pileup. As noted below, pileup seldom exceeded 

3%  in the positron, and 6%  in the electron detectors, respectively.

An online analysis running on the GSI mainframe IBM computer monitored the 

status of the incoming positron data. Total positron spectra were continually up

dated for the beam energy run, target, and magnetic tape file in progress. A three 

dimensional I0^|-A0|^|-Ee +  analyzer was accumulated and preliminary HI angle-an- 

gle cuts were periodically made to search for structure. This differential analysis 

was, of course, severely limited by the available online statistics. Interestingly, the 

shape of the total positron energy distribution proved to be a good indicator of the 

presence of peak intensity. When a shoulder in the distribution developed at ener

gies between ~250 and ~400 keV, it was usually possible to isolate a narrow posi
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tron peak in certain HI scattering regions offline. A similar online analysis for the 

other detector systems was also performed.

As noted in Sec. 2.8, the average event rate was 20-50 Hz, depending on the HI, 

y-ray, and electron event scaledowns. These were normally SDh| = 2048, SD7 = 2, 

.and SDg.. = 8. The UNILAC was typically down for source changes, energy changes, 

beam optimization, and repairs for 20-50% of each beamtime. Target changes and 

slow target warm-up added an additional ~10%  experiment down-time. The posi

tron accumulation rate during beam on target was 300-400 positrons per hour. In a 

typical 2-3 day run at a single energy, ~5000 positrons were detected. The total 

number of positrons accumulated for each system is listed in Table 3-1.

S e c tio n  3 .2  D a ta  R e d u c tio n

Because of the large quantity of data accumulated in these experiments 

( ~ 107 events per beamtime), and the relative complexity of the analysis, data re

duction is divided into several stages. In the first stage, the event-mode data were 

sorted by event type; energy, time, and angle calibrations were performed; true and 

chance coincidences were evaluated; and reduced parameter lists for subsets of the 

data (e.g., Hl-y, H l-e+, and Hl-e") were written to magnetic tape. In the second stage, 

faster individualized programs were used to study correlations between the data, 

e.g., positron energy distributions as a function of HI scattering angle. For either the 

total data or tor specific kinematic selections, the more complex ARD background 

subtraction was then performed. In a final stage, absolute spectra were constructed 

after unfolding the detector responses, normalizing to the scattered HI yield and ad

justing for scaledowns and deadtime. In order to simultaneously examine the 

y-ray and electron spectra under identical conditions as the positron events, the run 

number, target, and magnetic tape file were identified, and HI scattering data were 

included with each subset for absolute normalization. Most of the techniques and 

procedures used in the data reduction were developed by J. Schweppe and 

A. Gruppe. A very detailed description is found in [Shw85], so only selected aspects 

of the data analysis are reviewed here.

Sec. 3.2.1 Heavy-lon Data

Since the positrons, electrons, and y-rays were all measured in coincidence with 

scattered heavy ions, the PPAC data were analyzed in an identical way for all ev-
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Figure 3-1. Data analysis gates for reduction of Th + Cm Heavy-lon scattering events. 
Dashed curves indicated windows on I0 H| vs. A0HI (upper left), kinetic energy 
vs. A0h| (right), and prompt and chance windows on the TOF difference between the 
PPAC's versus A0HI (lower left).____________________________________________________

ent-type triggers. As noted previously, prompt coincidences between the PPAC ca

thode signals defined true events. The HI scattering angle was calculated for each 

detector from the difference between the delay-line and cathode TDC singles, using 

a linear calibration. The <p segment information was simply passed on to the next 

stage of the analysis as a logic bit. Figure 3-1 illustrates the coincidence gates set 

in this first stage of the analysis, using the Th + Cm system as an example. The HI 

scattering-angle distribution was constrained (Fig. 3-1a) to accept quasi-elastic colli

sions of Th projectile and Cm target atoms. This excluded all events involving 

scattering from the low-Z 12C, 160, or ,9F target atoms. Virtually no inelastic events 

(with Q > 5 0  MeV, e.g., from fission) were observed in these collisions.

The time-of-flight difference between the arrival times of the heavy-ions in the 

PPAC cathodes (t|j-f|_) depends on and is plotted versus A0^| in Fig. 3-1 b. It 

exhibits a negligible accidental background rate (<0 .05%  in neighboring beam 

pulses), which allowed the PPAC pair to be treated as a single detector unit in sub

sequent coincidence analyses with other counters. As described in [Shw85], this is



because the PPAC's sampled complementary regions of laboratory solid angle and 

nearly 100% HI coincident detection efficiency was achieved over almost the entire 

range. The HI spectra appear cleaner than in previous measurements [Shw85] be

cause thinner, lower-Z carbon target backings were used in place of titanium. This 

prevented elastically scattered projectile-backing events from triggering the PPAC's 

im kinematic coincidence. Gates on HI energy were left almost completely open 

(Figs. 3-1c,d).

Sec. 3.2.2 y-Ray and Electron Events

The y-ray and electron event types were identified by appropriate bits set in the 

event pattern word by the hardware coincidence. Since the PPAC's were treated as 

a unit, the Hl-y-ray and Hl-e" analyses used standard single coincidence tech

niques. Prompt time windows are shown in Fig. 3-2a,b (dashed polygons). The 

time-difference, formed from the upper PPAC cathode time minus the y-ray or elec

tron detector time signals, depends on A0H| because of the flight-time of the scat

tered HI to the PPAC. The gate therefore followed the contour of the prompt peak 

ensuring that no artificial scattering angle dependences were intro

duced. Accidental coincidences were removed by subtracting the data of a neigh

boring beam-pulse, using an identical contour displaced by 37 ns (dotted polygon). 

The time calibration was corrected for slow drifts by calculating the centroid of the 

prompt peak for every ~500 events and modifying the calibration to return it to 

At = C. Tb e  TOP resolution for y-ray and electron events was 4 ns and 10 ns, res

pectively. The resulting total y-ray and electron spectra are shown in 

Fig. 3-2c,d. The forward Nal intercepted neutrons emitted in the collision as well as 

y-rays. Although their longer flight-time allowed a partial separation from prompt 

y-rays with a sharp time gate, for subsequent analysis, only the rear Nal was consid

ered. PPAC-PPAC, Hl-y, and Hl-e~ data, were written to tape with reduced parame

ter lists which included the HI angles 0^0^; <PHI'Pattern bits: the PPAC TOF difference 

At^j; the HI-y(or e") TOF; y-ray (or e~) energy; and finally, a logic word which flagged 

true and chance coincidence events.

Sec. 3.2.3 Positron Events

Figure 3-3 summarizes similar timing gates used in the positron analysis. A 

PPAC-Si(Li) time difference was formed for both the front and rear segments of the 

positron detector (front segment shown in Fig. 3-3a). If both segments registered a
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Figure 3-2. Prompt (dashed) and chance (dotted) timing gates on HI vs. y-ray and elec
tron time spectra (a.c). Corresponding total energy distributions are shown in (b,d) for 
Th+Cm  collisions.

hit, their time difference was formed (Fig. 3b), and when in prompt coincidence 

(hatched region), the sum of the two energy signals was taken as Ee + . The time 

signal of the appropriate Si(Li) detector segment was used in forming time differ

ences with each of the eight ARD crystals. (If both segments fired, it was assumed 

that a positron scattered from the front to the rear segments, so the forward detector 

time pulse was used.) Figure 3-3c illustrates this distribution for one combina

tion. The width of the prompt "true" gate (marked "T") was chosen to fully accept the 

511 keV photopeak counts, while suppressing low energy (long rise time) Compton 

scattered photons. All time-difference distributions and ARD Nal energy spectra 

(e.g., Fig. 3-3d) were stabilized against time and gain drifts.

Adding the energies of the prompt ARD segments gave the characteristic sum 

spectrum of Fig. 3-3e. Comparison with the distribution obtained using 0+ sources 

(cf. Fig. 2-13) reveals that in addition to the one- and two-photon full energy peaks 

and associated Compton continua, there is a steep low energy background. The 

associated positron spectrum increases rapidly at low energies, and the PPAC-Si(Li) 

time difference exhibits the flight-time expected for low energy leptons. This indi-
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Figure 3-3. Gates for positron analysis, (a) Prompt and chance windows on Hl-e+ time 
difference spectrum, (b) time difference for front-rear Si(Li) segment coincidences, (c) 
typical Si(Li)-ARD timing spectrum for one segment with true and chance windows as 
marked, (d) energy distributions of y-rays in typical ARD segment, (e) spectrum of the sum 
of energies for ARD segments in prompt coincidence with positrons, and (0 total Th + Cm 
positron energy spectrum in coincidence with > 1 annihilation photon in ARD.

cates that these events are delta electrons which were detected in the Si(Li) in coin

cidence with y-rays from the target which were scattered into the ARD array. No 

evidence was found in the improved set-up for direct scattering of y-rays from the 

Si(Li) to the ARD, as previously discussed in [Shw85] and [Gru85]. The shaded re

gion of Fig. 3-3e denotes the window used to select positrons (420 < EARD < 1150



keV, window A in Fig. 3-4a). The total corresponding positron energy spectrum is 

shown in Fig. 3-3f.

As discussed in [Shw85], the excess in the ARD energy spectrum is described 

by an exponential which, taken together with the distribution derived from 0 + source 

measurements, provides a_good_fit to the in-beam spectrum for sum energies above 

the ~200 keV Nal constant fraction discriminator thresholds. This is shown for 

Th + Cm in Fig. 3-4a. The low energy contamination was removed by scaling the 

Si(Li) energy distribution measured in coincidence with window B (200 < EARq < 

400 keV) by the ratio of the areas of the exponential fit in windows A and B respec

tively, and subtracting this from the positron distribution of window A. Figure 3-4b 

summarizes this procedure. Superimposed on the histogram associated with window 

A is the scaled distribution for window B (hatched). Even though this correction 

amounts to only ~ 8%  of the total positron yield, it significantly improves the spectral 

shape since 5-electrons are concentrated at low energies where the positron emis

sion probability is small. All events surviving the time analysis were written to tape 

with a reduced event list which included the PPAC angles, energies, <p's, and TOF; the 

positron energy; ARD sum energy; H l-e+ TOF; and a true/chance logic flag.

Sec. 3.2.4 Background Subtraction

Chance background events under the prompt time peaks in the Hl-e+ and e +-ARD 

time difference spectra were subtracted using a 2-dimensional method described in 

[Shw85]. Each event in either the true or chance windows of both Fig. 3-3a and 

Fig. 3-3c were assigned a weight, wH( or wARq, for the corresponding time differ

ence equal to + 1 if it was a prompt event, or -1 for chance events. The weight for 

the positron event is the product of these individual weights,

we +  = WHI * WARD = ± 1 - <3-1)

The net positron spectrum therefore consists of events that appear in both prompt 

time coincidence windows, minus those in one prompt and one chance window, plus 

those in both chance gates.

As noted above, the PPAC-PPAC chance rate was negligible. The time analysis 

of Eqn. 3.1 corrects for a chance coincidence background which amounts to ~ 5 %  of 

the total positron yield in Th + Cm. As already mentioned, subtraction of the low 

energy 5-electron ARD background amounts to < 5 % . The subtracted rates for the
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Figure 3-4. ARD sum-energy spectrum (left) measured for U + Th collisions (histogram) 
compared to distribution measured with S6Co source (dashed curve). Excess exponential 
background (dotted line) in positron gate (A) is subtracted by scaling background cut (B) 
by ratio of shaded areas. Positron energy distribution (right) shown for Th + Cm collisions 
gated on ARD window A, and scaled background from window B (shaded).

other systems are listed in Table 3-2. Similar rates were found for all supercritical 

systems. (The larger e +-ARD background in the 1981 U + U experiment was due to 

the less selective positron detection system used.) For the subcritical Th + Ta sys

tem, the total positron production cross-section is smaller, so the 5-electron back

ground was relatively enhanced, amounting to - 9 % .  For each system, the 

subtracted energy distribution was inspected and found to be smooth and structure

less.

Sec. 3 .2 .5  Time-of-Flight Corrections

A recent innovation motivated by results of the positron-electron coincidence exper

iments discussed in Part II of this dissertation involved an investigation of the inten

sity of the peak as a function of the positron TOF from target to detector. If the 

lifetime of the source of the peak positrons is short ( ^  10 '9 s) and the positrons are 

emitted close the solenoid axis, the flight time then reflects the emission angle 

0O with respect to the Z-axis as discussed in Sec. 2.2.6. In order to extract such 

emission angle information, however, the Hl-e* TOF must be corrected for its sys

tematic dependence on 0B| and Ee + .

The H l-e+ time difference was formed from the upper PPAC cathode signal mi

nus the appropriate Si(Li) detector segment time. The PPAC timing includes the HI
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Table 3-2 Summary of Background Rates

S y s t e m  |

I

P P A C -P P A C H I - e + e + -A R D A R D - 8 e “

U+Cm | 0 . 2 1 8 % 4 . 5 5 % 0 . 8 3 % 2 . 6 9 %

Th+ C m  | 0 . 0 9 7 % 4 . 3 7 % 0 . 9 3 % 3 . 6 5 %

U +U  | 0 . 0 7 4 % 1 2 . 2 3 % 1 . 2 4 % 4 . 5 6 %

T h + U  | 0 . 1 1 7 % 5 . 8 6 % 1 . 0 6 % 5 . 5 3 %

T h + T h  | 0 . 1 9 6 % 5 . 5 6 % 1 . 6 8 % 6 . 7 2 %

T h + T a  | 0 . 1 0 7 % 6 . 9 4 % 1 . 0 8 % 7 . 7 4 %

flight-time from the target to the PPAC detector. This depends on ion velocity and 

PPAC distance, and hence on scattering angle, as given by Eqns. 2.77,78,

*HI = (do V 2 °H|)lcos0HI + sin0H|COS<pH|]‘ 1, (3.2)

where u^|32uq^|COs0H|, correct for elastic scattering of nearly symmetric partners, 

is used. Subtracting (tn|-te + ) from Eqn. 3.2 leaves only the TOF of the positron to 

the Si(Li) detector.

As described in Sec. 2.2.6, the positron flight time from the target depends on 

both tne momentum of the positron and its emission angle, 0Q,

le + <Pe + -eo )= Pe + ' 1Jodet« c/eB>t1 -(B/Bo)sin20o] ’/2}‘ 1 dz. (3.3)

The path length along the axis is longer than Zdet if the positron is emitted with 

0o >9O° and reflected by the mirror field. However, because of lineshape tailing in 

the Si(Li) detector, the TOF distribution measured at a given Ee +  includes contribu

tions from several other energies. The energy (momentum) dependence can there

fore not be completely compensated. Only an average correction is performed by 

subtracting from the measured distribution the mean flight-time expected as a func

tion of energy, assuming isotropic positron emission. A corrected positron TOF 
•
variable, tcorr is thereby constructed which, on the average, depends only on 0O,

•corr^o) ~ tH|l0HI,(PHI^" ^Hl^e + ^meas * < t e + (Ee + ) > * (3.4)
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< te + (Ee + )>  = tj te + (Ee + ,0O) d(cos0o)]/[J d(cos0o)]. (3.5)

The resulting distribution of tcorr depends primarily on 0Q and mirrors the 

~1/cos0o dependence shown in Fig. 2-24b. Unfortunately, with the magnetic field 

configuration used in Part I of this thesis, all positrons emitted with cos0Q <O.1 have 

tcorr" ' 13' 13 ns> P°sitrons emitted near 0o ~9O° (i.e., in the plane of HI scattering), 

therefore could not be distinguished from positrons emitted with flatter angles, 

0o >12O° (i.e., those perpendicular to the scattering plane). Shorter flight-times are 

expected for O°<0o <7O°, but the = 8  ns detector time resolution tended to obscure 

this. Very little emission angle information could be gained with the present 

set-up. As discussed in Part II, the absence of the mirror field for the positron-e- 

lectron coincidence experiment eliminated the problem of flat emission angles with 

0o >9O° arriving simultaneously with the steeply emitted positrons. Some angular 

information may, with the coincidence arrangement, be extractable.

S e c tio n  3 .3  T o ta l P o s itro n  E n e rg y  D is tr ib u tio n s

Absolute total positron production rates were determined previously by J . Schweppe 

for collisions of U + Sm, U + Pb, U + U, and U + Cm [Shw85]. As shovvn in Fig. 3-5, 

the absolute size and shape of the positron yields are in good agreement with the 

continuous distributions expected from dynamic positron production added to the 

nuclear internal pair creation contribution (dashed line). An identical analysis for the 

present data is not yet completed. However, for the subsequent investigation of the 

positron peak structures, it is only necessary to understand the shape of the contin

uum positron background and to verify that the production probability is consistent 

with theoretical expectations and with that measured previously.

The analysis leading to Fig. 3-5 is described in detail by [Shw85] and involved 

several steps. These included: correcting the measured positron and

y-ray spectra for lineshape response, detection efficiency, scaledown, and deadtime; 

normalizing each to the number of heavy-ions scattered into the corresponding PPAC 

angular range; calculating the nuclear positron IPC contribution from the corrected 

Y-ray energy distribution; and finally, comparing the theoretical dynamic, plus nu

clear, positron distributions to the corrected experimental yields. Because only the

where,
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Total Positron Production: 25° < < 65°

Ee- [ keV ]

•Figure 3-5. 'Measured absolute energy-differential positron production probabilities for 
U + Sm, U + Pb, U + U, and U + Cm collisions [Shw85]. Data are selected for 
25°< 0k.< 65°, and corrected for detector response, transport efficiency, and dead
time. Dashed curves denote nuclear positron IPC background calculated from simul
taneously measured y-rays. Solid curves include theoretical predictions of dynamic 
positron production [MuU83).

size and shape of the measured positron energy distributions are relevant to the 

analysis of peak structures in the data, the above program was abbreviated. The 

y-ray distribution was used to construct the nuclear IPC background and then the sum 

of dynamic plus nuclear contributions were corrected for the positron detection effi

ciency and lineshape and directly compared to the total observed positron energy 

distribution. This was originally performed for the Th + Ta system by J . Schweppe, 

and has been subsequently improved and extended by K. Sakaguchi for both Th + Ta 

and, from Part II of this dissertation, U + Th collisions [Sak88]. The results are briefly 

described below.



The y-ray energy distribution was first unfolded by stripping the tails of the Nal 

detector lineshape response using standard techniques. The standard deviations for 

each energy bin in the unfolded result, which are overestimated by simple propa

gation of errors, were evaluated using a Monte-Carlo technique developed (by 

J. Schweppe) which consists of the following steps. First several y-ray energy 

spectra are artificially generated by simultaneously varying the contents of each bin 

about the measured number of counts according to Poisson statistics. This simu

lates the effects of statistical fluctuations in the data. Next, each spectrum is un

folded by stripping the lineshape tails. The statistical error for each channel is then 

taken as the standard deviation of the distribution of unfolded contents for the several 

simulated spectra. Systematic errors, such as from uncertainties in the lineshape 

peak to total ratio, were estimated to be much smaller than the statistical errors de

termined by the Monte-Carlo method. The unfolded y-ray distribution was finally 

divided by the y-ray peak detection efficiency, eP^E^), given in Fig. 2-35, and multi

plied by the appropriate scaledown, SD^, given by Eqn. 2.85.

These corrections give the emitted y-ray energy distribution in the laboratory 

frame. As described in [Shw85], the lab distribution is transformed into the frame 

of the emitting nucleus by including the relativistic correction for the solid angle of 

the Nal detector and the Doppler shift of the y-ray energy, both of which assume that, 

on the average, half the observed counts come from one ejectile and half from the 

other -scattered -nucleus. This assumption was sufficient for U + Th and the other 

supercritical systems measured because the experimental y-ray distributions had a 

smooth exponential shape like that of Fig. 3-2b. However, in the Th + Ta system 

shown in Fig. 3-6, three strong y-ray lines in excess of the smooth continuum were 

observed at 1250, 1400, and 1550 keV. The PPAC angular resolution allowed full 

separation of the Th + Ta kinematics (see Fig. 2-32) and an analysis of the Doppler 

shift of these lines as a function of HI scattering angle identified the target recoil nu

cleus as the emitter of the peaks. These lines were therefore Doppler corrected for 

emission from the 18,Ta nucleus, while the underlying continuum was treated sepa

rately in the average way mentioned above.

Following the method of [Mey77], the nuclear positron contribution 

(dNe + /dEe + )nuc was calculated from the unfolded absolute y-ray yield, dN^/dE^, 

by convolution with the differential internal pair creation coefficient dP(Ey,MA.)/dEY> 

where MX represents the transition multipolarity.
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Figure 3-6. Absolute y-ray energy spectra from Th+Ta collisions, corrected for Doppler 
shifts, lineshape tailing, and peak detection efficiency. Three structures are observed 
above the smooth exponential continuum at E = 1250, 1400, and 1550 keV. The widths 
of the 1250 and 1550 keV lines are consistent with detector resolution, while the broad 
1400 keV line suggests the contribution of two or more unresolved peaks.

(dNe + /dEe +  )nuc = J“  eCi (dNy/dET).[dP(Ey,M>.)/dEe +  ] dEy (3.6)

This is equivalent to multiplying the corrected y-ray energy spectrum (e.g., of 

Fig. 3-6) by a conversion coefficient matrix, an example of which is shown in Fig. 3-7 

for electric dipole transitions in a Z = 91 nucleus (average of Th and U). The energy 

distribution of dynamically created positrons (dNe + /dEe + )dy n was obtained from 

the theoretical production probability per collision, (dP/dEe + )the, by multiplying by 

the observed number of heavy-ions scattered into the PPAC angular range and cor

recting for the HI event type scaledown,

(dNe + /dEe + )dyn -  (dP/dEe + )the • NH| • SDh ,.

(3.7)
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Figure 3-7. Positron energy-differential internal pair creation coefficient plotted in matrix 
form for transition energies between 1.0<fro<3.0 MeV. Calculated for E1 transitions in 
a Z = 91 nucleus [Shl81],

In order to compare the nuclear and atomic contributions with the measured 

positron energy spectrum, the calculated distributions first had to be corrected for a 

variety of effects. The positron energies were Doppler-shifted appropriately for 

emission from either the CMS or separated nuclei, after which the laboratory spec

trum was multiplied t>y the detection efficiency, ee + (Ee + ). Folding in the response 

of the Si(Li) detector lineshape, F(Ee +bs,E° + ) from Eqn. 2.34, and correcting for 

deadtime, the expected distribution is

(dN/dEe +  )obs = S 0 e +  - 1 Jg> F(Ee +  .E° + ).(dN/dE| + )nuc. Ee + (E| + )d B | V -

This quantity may be compared directly to the measured positron energy distribution.

The only free parameter in this entire analysis is the distribution of 

y-ray multipolarities, co(MX,Ey), which affects the shape and magnitude of the calcu

lated nuclear IPC background in Eqn. 3.6. In order to approximately remove this 

uncertainty and obtain an absolute comparison between experiment and theory, 

co(MX,Ey) was assumed to remain constant for all target-projectile combinations and 

was determined empirically from low-Zu collision systems (such as Th + Ta), where 

the positron yield is largely of nuclear origin. Figure 3-8b presents the measured
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Figure 3*8. Comparison of the calculated nuclear and dynamic positron contributions to 
the total measured Th + Ta positron energy distribution, (a) Total measured 
e+ spectrum with the predicted dynamic distribution [Reu87] (dotted curve, corrected for 
efficiency and folded with detector lineshape as described in text), (b) Measured 
e+ distribution minus calculated dynamic contribution, compared to nuclear IPC distribu
tions calculated from data of Fig. 3-6 assuming entirely E1 (dashed) or E2 (dot-dashed) 
y-ray multipolarity, (c) Empirical multipolarity distributions, fE1(Ee + ) and fro^e + j 
(fE2 = 1-fE1), determined from data as described in text, (d) Total measured Th + Ta posi
tron spectrum with nuclear IPC contribution (dashed curve) calculated using (c). Solid 
curve includes dynamic contribution. (Adapted from [Sak88].)

Th + Ta positron energy distribution, after subtracting the calculated dynamic positron 

contribution (dotted curve in Fig. 3-8a). The dashed and dot-dashed curves show 

the calculated IPC positron contribution, assuming either pure E1 or E2 multipolarity 

for the entire measured y ra y  energy spectrum, respectively. While E1 appears to 

describe the observed yield for Ee +  ^700 keV, some admixture of E2 or other X>  1 

multipolarity is required to fit the positron distribution at lower energies.

We empirically described the nuclear IPC contribution as a mixture of the cal

culated pure E1 and E2 components,
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^obs^Ee + ) ^dyri(Ee + ) + N|pQ(Ee + ),
NIPC(Ee + > = fE l(Ee + )#NE1<Ee + ) + fE2<Ee + )#NE2(Ee + )- <3-9>

where %2(Ee + ) + fE1<Ee + ) “  1- To solve for fE1<Ee + ) ’ the 9uantity

K b s ( Ee + ) - Ndyn(Ee + > '  NE2<Ee + M NE l(Ee + ) '  NE2(Ee + H was Plotted in 
Fhg. 3-8c. The simple parameterization for fE1^ e  + ) and fg2(Ee +  ̂ indicated by the 

dashed and dot-dashed lines in Fig. 3-8c, combined with Eqn. 3.9, yielded the dashed 

curve in Fig. 3-8d for the total IPC positron background. Adding the dynamic con

tribution gave the total expected positron yield (solid curve)- which agrees with the 

total measured Th + Ta positron energy distribution (histogram) [Sak88].

The validity of this technique hinges on the extrapolation of the

% l ( Ee + )^E2(Ee + ) 7"ray multipolarity parameterization to high Z u collision sys

tems. Figure 3-9 presents the results of a similar analysis for 5.81 MeV/u U + Th 

collisions measured during Part II of this dissertation. (Very little peak structure was 

discovered at this beam energy, suggesting that deviations in the total distribution 

from dynamic plus nuclear IPC contributions should be small.) The multipolarity 

distribution used in obtaining the dashed IPC background curve in Fig. 3-9 was ex

actly that derived in Fig. 3-8c for Th + Ta collisions. Adding the relatively much larger 

theoretical dynamic positron contribution gave the solid curve, whose shape and 

magnitude are in excellent agreement with the experimentally measured U + Th po

sitron yield. The positron detection efficiency used in this calculation was taken 

from Part II of this dissertation. It should be emphasized that this calculation is ab

solute, i.e., no overall normalization has been included. The only free parameter 

(namely, the y-ray multipolarity) was taken directly from the Th + Ta system.

Similar good agreement between the measured and expected total positron en

ergy distribution was also found for Th + Cm collisions and subsets of the Th + Th and 

U + Cm data presented in this chapter [Sak88]. Although the analysis of the total 

positron spectra is not yet complete, and has not yet proceded to unfold the meas

ured data and compare it d ir e c t ly to the theoretical expectations as in Fig. 3-5, it is 

clear that the previous results of [Shw85] have been substantially corroborat

ed. Moreover, it is clear that the Univ. of Frankfurt calculations of dynamic positron 

production [Rei81, Reu87], assuming Rutherford trajectories only, agree with the ob

served yields at the level of any experimental systematic errors (estimated to be 

< 10%). Most importantly, at least for the analysis presented in Sec. 3.4, the shape 

and the magnitude of the continuous dynamic and nuclear positron energy distribu
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Figure 3*9. Energy distribution of positrons measured in 5.81 MeV/u U+Th collisions 
(from Chap. 6), compared to nuclear IPC background (dashed curve), and sum of IPC and 
predicted dynamic positrons (solid curve). IPC contribution is calculated from simul
taneously measured y-rays using multipolarity distribution derived in Fig. 3-8.

tions are very well understood and can be used as a smooth background with respect 

to which we may study the appearance of narrow positron peaks.

S e c tio n  3 .4  N a rro w  P o s itro n  P e a k s

As mentioned in Chapter 1, peaks have been found in the energy distribution of po

sitrons from each of the five supercritical and the subcritical collision systems mea

sured in Part I of this dissertation. The search for these structures involved 

constructing a three dimensional A0|_||-ZO|_||-Ee + matrix, using the positron data an

alyzed as described in Sec. 3.2, out of which positron energy spectra were projected 

for chosen HI scattering angle ranges. The angle-angle parameter space was ex

plored by subdividing the data into A0|_||-Z0|_j| sections, examining the corresponding 

positron distribution, and successively concentrating the search in the regions which 

exhibit structure above the smooth dynamic positron background. Data at projectile 

energies which contain peaks in the data were added together and the entire sample 

was reanalyzed to find the HI angular condition which enhanced the size of the posi

tron line over the continuous dynamic plus nuclear IPC background.
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Figure 3*10. Energy distribution of po
sitrons measured in U + Cm collisions 
between 6.04 and 6.13 MeV/u. Lower 
spectrum presents total spectrum, 
while upper figure corresponds to a 
HI scattering angle region 
(41.5°<0h|< 56°) which prominently 
displays'-me — 330 keV. peak.

Figure 3-11. Same as Fig. 3-10 for 
Th+Cm  collisions between 6.00 and 6.04 
MeV/u. Upper figure corresponds to 
35°<0H|<57°.

Parts (b) of Figs. 3-10 to 3-15 present the total positron energy distributions used 

in the peak analysis for each of the six collision systems studied in these experi

ments. As mentioned in Sec. 3.1, most of the data for each system were used. As 

discussed in Sec. 3.4.4, U + Cm data collected below 6.02 MeV/u and at 6.24 MeV/u 

exhibited little evidence of structure, so Fig. 3-10 contains positrons collected only 

between 6.04 and 6.13 MeV/u. Figure 3-11 includes Th + Cm data between 6.00 and 

6.04 MeV/u. Figure 3-12 presents a reanalysis of 5.8 MeV/u U + U data measured in 

January 1981, and borrows from [Kid83]. Data collected between 5.80 and 5.85 

MeV/u for Th + U are included in Fig. 3-13, and Th + Th data measured at 5.75 MeV/u 

only are presented in Fig. 3-14. Figure 3-15 combines Th + Ta runs at 5.75 and 5.80

eV/u. (In this particular case, the peak was associated with different angular re- 

ons for the two beam energies, so these were individually added to obtain 

g. 3-15a.)
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Figure 3-12. Same as Fig. 3-10 for 
U + U collisions at -5 .8  MeV/u (1981). 
Upper figure corresponds to 
30° < 8h, < 35° plus 48° < 0H, < 53°.

Figure 3-13. Same as Fig. 3-10 for Th + U 
collisions at 5.80 and 5.85 MeV/u. Upper 
figure corresponds to 2O°<0H|<42°.

In most of these total spectra, deviations are visible above the smooth dynamic 

and nuclear continuum discussed in Sec. 3.3, at energies around the positron peak 

region. Part (a) of each figure presents the energy spectrum for the HI scattering 

angle window chosen to enhance the size of the positron line over the back

ground. For each system, the characteristics of the HI scattering events associated 

with the positron lines were studied by analyzing the PPAC energy signals, angle- 

angle correlation, and HI and positron TOF with a gate on the positron peak ener

gy. As discussed further in the following sections, the exit channels of the collisions 

appear to be binary and very close to elastic.

Sec. 3.4.1 Summary of Peak Characteristics

The peak-containing spectra are compared in Fig. 3-16. The striking feature in ail of 

these data is the presence of a narrow peak between 300 and 360 keV. The lines 

have similar widths of -7 5  keV, and as discussed in Sec. 3.4.5, similar cross-sec

tions. Table 3-3 lists the mean positron peak energy, width, intensity, mean beam
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Figure 3-14. Same as Fig. 3-10 for 
Th+Th collisions at 5.75 MeV/u. Upper 
figure corresponds to 20° < 0H. < 46° plus 
51°<0H1<7O°.

Th + Ta
5 . 7 8  M e V / u

Figure 3-15. Same as Fig. 3-10 for 
Th +Ta collisions at 5.75 and 5.80 MeV/u. 
Upper figure corresponds to 
45.5°<0 <52.5° for 5.75 MeV/u, plus 
52°<0H|<7O° for 5.80 MeV/u collisions.

energy, and the HI angular window for each line. The errors quoted are statistical 

only.

Each of these structures appears at the 4a to 6a level of confidence. A 

Monte-Carlo study which randomly generated positron spectra with -5 0 0  total counts 

from an underlying smooth probability distribution showed that peaks at this level of 

significance occur with much less than 1% probability. For example, out of 600 tri

als, only 3 spectra exhibited lines at any energy with a 3a deviation, and none of 

these was as large as any of the measured peaks. The compound probability of 

observing deviations around 300 keV in several independent experiments is vanish

ingly small. Including additional data from Part II of this thesis, all but the Th + Ta 

line have been observed in at least two different experiments, and Th + Ta structure 

was discovered at two beam energies. The existence of structure in this energy 

range is therefore well established on statistical grounds. This result justifies a 

more critical test which considers the possibility that a fluctuation of the continuous 

background produces a peak in this physically predetermined region. For example,
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Figure 3-16. Positron energy spectra for the six collision systems and bombarding ener
gies as indicated, from Figs. 3-10a to 3-15a, associated with HI scattering angle regions 
which prominently display the presence of the peak structures, as described in the text.

the U + Cm peak contains 69.2 ± 15.8 counts above a background of 112.8 ± 10.6. 

The 183 positrons observed in this energy range therefore would require a



Table 3-3 Peak Characteristics 

Zu Epk ^pk AEp^CFWHM) Fbeam 0U cub
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U+Cm 188 334 .2 ± 6 .  8 6 9 .2 ± 1 5 .8  7 3 .3 ± 1 2 .4  6 .04 -6 .13  ( 4 1 .5 ° -5 6 ° )
U+Cma 188 320.9 ± 5 . 4  5 0 .0 ± 1 0 .0  70 .6 ±  7.8 6.05 (2 8 ° -4 0 .5 ° )

Th+Cm 186 3 5 4 .2 ± 4 .4  8 9 .9 ± 1 6 .1  74 .5 ±  7.8 6 .00 -6 .04  (3 5 ° -5 7 #)
U+U 184 343 .7± 7.3 5 7 .1 ± 1 3 .1  70 .9 ±  9 .4  5 .8  (30 ° -35 ° )

+ (48° -53° )
U+Ub 184 312 .9± 7.8 4 5 .0 ± 1 0 .0  7 5 .1±  8.2  5 .9  ( 3 5 .5 ° -3 9 .5 ° )

+ ( 5 0 .5 ° -5 4 .5 ° )
Th+U 182 3 4 8 .9 ± 7 .1  6 3 .1 ± 1 5 .6  8 7 .6 ±  9 .6  5 .80 -5 .85  (20 ° -42 ° )
Th+Th 180 3 2 6 .8 ± 4 .5  103 .3± 20 .0  6 6 . 0 ±  7.7 5.75 (20 ° -46 ° )

+ (51° -70° )
Th+Ta 163 3 7 5 .2 ± 6 .8  9 7 .2 ± 1 7 .8  6 5 .0 ± 1 0 .1  5.75 ( 4 5 . 5 ° -5 2 .5 ° )

5.80 (52®-70°)
a) [Shw83] b) [Bok83]

6.5c deviation of the background in order to explain the peak as a statistical 

fluke. The unlikelihood of an explanation in terms of a statistical deviation is once 

again com pounded by the existence of lines in each system measured.

Sec. 3.4.2 Kinematic Cuts, Angular Distribution

The peak spectra of Fig. 3-16 were all projected out of the corresponding total posi

tron energy distribution by gating on a particular heavy-ion scattering angle region 

(listed in the last column in Table 3-3). This technique was developed in the previ

ous work of [Shw83] and [Shw85]. It relies on and is associated with several very 

important experimental observations. First and foremost is the fact that the peak 

events can be enhanced relative to the bulk of the continuous dynamic and nuclear 

background by HI angle cuts. This suggests that the peak production is correlated 

with some specific aspect of the HI collision. It was pointed out in [Shw83] that the 

particular window employed in enhancing the U + Cm line does not directly reflect a 

HI scattering angle distribution for the peak events, but rather may be associated with 

a "redistribution of the kinematic correlations" in the magnetic field. This relates to 

the second major observation that the positron peak events are often asymmetrically



distributed in their HI angle correlations on either side of A0H| = O°, about which mir

ror symmetry is expected (see Sec. 2.3).

Two types of asymmetries were observed: 1) a clockwise rotation of the peak- 

related HI events about the A0|_jj-Z0|_j| pattern characteristic of elastic scattering; and 

_ 2)-an.unequal distribution of the positron peak intensity between the negative and 

positive sides of A0|_j| = 0°, which would correspond to a preferred scattering direction 

for the projectile nucleus, either into the upper or lower PPAC in the laboratory, res

pectively. We further observed that overall, the peak-related scattering events lie 

close to the elastic kinematic branches, suggesting that the HI exit channels are 

nearly binary and are associated with small total kinetic energy loss.

With the larger data sample available from these measurements, several of 

these features have been more fully investigated than was possible in [Shw83] and 

[Shw85]. For example, while the HI scattering angle cuts employed to enhance the 

positron peak signal-to-background were very wide (usually > 10° out of the 

50° PPAC range), in many cases there were no observable peak events in the re

maining regions, indicating that the cuts in fact reflect a non-isotropic angular distri

bution. The rotation of the peak-related HI scattering angle pattern first observed in 

[Shw83] was also reproduced in three systems, and may possibly be understood in 

terms of a deviation of the heavy-ion charge states from those associated with pure 

Rutherford collisions. Although the up-down asymmetry of the peak related scat

terings is not understood, the HI cuts which enhance the peaks may be connected 

with the incident beam energy or the centroid of the positron lines. Despite the re

maining uncertainties, we have continued with our previous approach of exploiting 

the the apparent differences in the HI scattering correlations between peak and dy

namic positron events to enhance the peak signal by "cutting away" the continuous 

backgrounds, in order to more easily study the positron peak structures.

Before discussing the HI angular correlations, on the quasi-elastic nature of the 

peak-producing collisions is elaborated and the very important question of the extent 

to which the specific choice of the HI angular cut affects the measured positron peak 

characteristics is addressed.

Sec. 3.4.2.1 Elasticity of Peak-Related Collisions: In each case, the HI angular cuts 

used to enhance the peaks of Fig. 3-16 lie very close to the Rutherford scattering 

kinematics. The centroids of the angular cuts, in the Z0|_|| direction, are usually less
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than 0.5° away from the mean of the elastically scattered events. As noted in 

App. A, a 1° I0 H| shift corresponds to AQ =  25 MeV of total kinetic energy loss in the 

collision. The collisions giving rise to the positron lines therefore exhibit Q-values 

of < 15 MeV, relative to the mean of the dynamic positron producing HI collisions. In 

terms of nucleon evaporation, possibly combined with mass transfer, the calculations 

of'Sec. 2.3 imply that at most two neutrons or one proton are ejected from the com

bined system. The possible participation of very inelastic collisions (e.g., with 

|Q|>50 MeV or fission of the ejectiles) in producing the peaks was checked by pro

jecting out the positron energy distribution for the entire angular region with Ej- less 

than 2° below the elastic kinematic branches. In addition to there being very few 

total positrons («100 counts for all systems), there was no evidence of peak struc

ture. This verifies that the peak-producing collisions are therefore largely binary, 

and at most, only slightly inelastic.

Sec. 3.4.2.2 Affect of HI Cut on Peak Characteristics: Obviously, the exact angular 

region chosen to enhance the appearance of the structure is somewhat subjec

tive. It is important to note, however, that the centroids and widths of the peaks are 

not affected, within statistical uncertainties, by slightly altering the angular selections. 

Figure 3-17, for example, compares the peak in the Th + Cm system for the cut of 

Fig. 3-11 with similar spectra obtained from the same data sample by shifting the 

angular-wfndow-in different directions by 0.5° in I0|_|| and 5° in A0̂ ||. As kinematic 

regions of higher dynamic positron production cross-section are included, the relative 

size of the peak above the continuous background changes, but in each case, the 

peak remains clearly visible. Despite a variation of the peak intensity from =110 

down to S40 counts, the root mean square deviation of the centroid of the peak, 

above a fit of the smooth dynamic shape (dashed line) to the continuum background, 

remains constant to within ±3  keV. The FWHM of the peak moreover varies by only 

o ^ / A E  = 12%. The influence of the particular angular cut on the existence of a peak 

or on certain relevant parameters (mean energy and width) is obviously rather 

weak. On the other hand, the size of the signal can depend sensitively on the HI 

scattering angle region chosen.

It bears emphasis that in analyzing these data, only the unambiguous appear

ance of a narrow structure above the dynamic continuum was identified as a "peak." 

Smaller fluctuations, e.g., on the scale of those measured by [Cle84] and [Tse85] 

whose identification often relies on an accurate fit of the background curve, are also
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Figure 3-17. Array of positron spectra for Th+Cm  data, obtained by shifting the HI kine
matic "peak' window (solid polygon in upper right) by ±0.5° or 0° in the 10^ direction, 
and ±5.0° or 0° in the A0H| direction (dashed window snown for 
+ 0.5°/ + 5.0° shift). Although peak intensity varies between 30 to 110 counts, the cen
troid and width remain fairly constant independent of the HI window.

observed but are not discussed below. This introduces a bias of sorts which should 

be noted when comparing our results to those of other groups.
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Figure 3-18. Plot of I0 H| centroids (as a function of A0H|) of heavy-ion scattering events 
ascocietod-with positron energies containing the peak region (open circles) or the con
tinuous dynamic distribution (solid points), for U + Cm and Th + Cm collisions.

Sec. 3.4.2.3 Rotation of Kinematic Correlation Pattern: The selection of HI scattering 

regions which enhance the positron lines is possible here because the good HI an

gular resolution of the PPAC detectors allows us to take advantage of apparent devi

ations of the peak scattering events from pure elastic kinematics to improve the 

signal to background. As mentioned above, the slight clockwise rotation of the pat

tern of HI scattering-angle correlations found previously in the U + Cm system 

[Shw83] is reproduced in the 1983 experiments presented here, and a similar effect 

is observed in Th + Cm collisions. Figure 3-18 presents the pattern of HI angle-angle 

correlation associated with positron peak events compared to scattering which pro

duces dynamic positrons. The centroids of the HI I0 H) distribution for windows of 

A0j_|| are plotted, which are in coincidence with positrons in two energy intervals for 

U + Cm and Th + Cm collisions. Open circles denote positron energies including the 

peaks (U + Cm: 280<Ee +  <360 keV, Th + Cm: 300<Ee + <400 keV), and the solid



points are gated on the smooth dynamic and nuclear IPC positron background 

(400< Ee + < 800 keV). The A0H| ranges are each ±10° about the respective center 

which slightly smooths the curves to make the systematic dependence more clear 

(for a justification of this procedure, see Sec. 4.1.3 of [Fri74]). The pattern of the HI 

events associated with the positron peaks in these two systems appears to be rotated 

ima clockwise direction with respect to the mean scattering angle-correlation of the 

continuum positrons.

In order to compare the earlier U + Cm measurement to the present data, Figure 

3-19 removes biases arising from systematic differences in the HI scattering angle 

calibration between the several experiments by plotting the difference between the 

I 0|_ll centroids for the gate on the peak positron energies minus that for the contin

uum background (<  > -<  Z0p|*[ > ). It is evident that a similarly rotated kinematic

pattern is found in the present U + Cm measurements and in the Th + Cm and U + U 

(5.8 MeV/u) data. This effect may also be present in the U + U data of [Shw85] mea

sured at 5.9 MeV/u, as shown in Fig. 3-20 which presents the positron energy spectra 

for two selections of the HI scattering angle regions as indicated. Although no nar

row peak is clearly observed, the rotated HI window is associated with an excess of 

positrons between 300 and 400 keV. In the heaviest systems, this empirical shift 

seems to single out the peak producing scattering events as somehow different from 

normal Rutherford collisions.

A similar deviation in the HI kinematics associated with the positron peaks is 

not clearly evident in the lighter Th + U, Th + Th, or Th + Ta systems. As discussed 

below, one possible explanation for the absence of a rotation may be that thinner 

targets and backing layers were used in each of these experiments.

Sec. 3.4.2.4 Asymmetric Intensity Distributions: As mentioned above, there are ad

ditional asymmetries in the HI angular distribution of the peak events. As listed in 

Table 3-3, for example, the Th + Ta and Th + U peaks in these data are enhanced re

lative to the continuous background by choosing angular regions on the positive side 

of A0|_)| = O. An similar effect was observed in the earlier U + Cm measurement 

[Shw83J where the positron peak was most easily enhanced for a HI region with 

A0|_||<O [Shw85]. The intensity of the line, however, was approximately evenly di

vided between the two sides of the kinematic plot, as shown by the bimodal distri

bution in Fig. 3-21, which plots the number of positrons in the energy range centered 

on the peak, Ne + (280 < Ee + < 360 keV), divided by the total positron yield,

127



128

0 5

o>a>2  0 0

2 -0.5 
IN
v 05i
A

<*■ 0.0
IN
V

-0.5

T '■ ' 1 “ 1----- '-----1---- ' I
U+Cm 1981 ' 05

— r "• r | r - i '—  i » r
Th+Cm 1984 ‘

- \
I

♦ ♦ ♦ * ;
0.0 -

t  * *
■

-0.5
1 1 1 1 . _l----- ._ J _—1-----1——r ■t i I 1 i

U+Cm 1983 ‘ 0 2 U+U 1981 ‘

; t - I
♦ ♦ M '  ;

0.0 -
M  (  ■

(

-0.2
i i . i i

-40 -20
o"ftoCMO -40 -20 0 20 40

Ad [deg] Ad [deg]

Figure 3-19. Relative deviations from the dynamic background (dotted line) of the centroid 
in the Z0H) direction for peak-related HI scattering events, plotted for overlapping 
±10° wide windows in A0..,. The upper-left/lower-right clockwise rotation of peak events 
is reproduced for two U + Cm experiments and in Th + Cm and U + U collisions.

Ne + (100<Ee +  < 1000 keV), for ranges of AG^j. Despite this apparent symmetry of 

the peak intensity, only a weak line could be identified for A0H |>O presumably be

cause the Z0|_|| rotation moved the structure into a region of greater dynamic positron 

cross-seciTOTi. 1t must therefore be emphasized that the emergence of structure with 

a large size over background is primarily a function of the extent to which its HI an

gular correlation is separated from the regions of large dynamic positron intensi

ty. It should also be noted that the position in the HI scattering angle plane of the 

maximum positron peak intensity may vary between experiments. Figure 3-21b, for 

example, shows the net peak intensity versus A0H[ for the U + Cm and Th + Cm 

measurements from the present work. The values plotted are calculated from the 

number of counts in the peak positron energy region minus the expected number of 

counts in the continuous background expected from the total number of remaining 

positrons in the cut,

Nnet = Ne + (280< E e + <380 k e V )-f* [N e + (0-280)+ Ne + (400-1200)], (3.10)

where f=0.13. Both the U + Cm and Th + Cm data in the present measurements ap

pear to be centered around 0|abs450.
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Figure 3*20. Positron energy spectra exhibiting structure for 5.9 MeV/u U + U collisions 
for HI scattering angle regions rotated clockwise (a) about the elastic kinematic branch
es. Similar structure is not observed in counterclockwise rotated window 
(b). (Reproduced from [Shw85].)

Under certain conditions, the asymmetry of the positron peak intensity can be 

striking. For example, Fig. 3-22 shows that an excess of positrons is observed with 

(300 < E0 +  < 400 keV) for A0Hj >O  in Th + Th collisions at 5.73 and 5.78 

MeV/u. The solid histogram plots the positron energy distribution for A0|_||>0, and 

the dashed curve for A0^( < 0. The excess of events on the positive side of A0H) = 0 

cannot be explained by a nonuniform efficiency response of the PPAC detectors be

cause no corresponding imbalance is found in the simultaneously measured 

y-ray and electron yields as a function of A0|_||. As was also demonstrated in Sec. 2.2, 

the detection efficiency of the EPOS spectrometer is also largely azimuthally sym

metric about the solenoid axis. It has been verified by Monte-Carlo calculations that 

neither the detected intensity nor shape of either positron peaks or continuum distri

butions, emitted from an ejectile nucleus, depends on whether that nucleus is scat

tered into the upper or lower PPAC. In any case, it is clear from Figs. 3-17, 3-21, and
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Figure 3-21. Ratio of number of positrons in peak energy interval to total positrons (left, 
reproduced from [Shw85]) plotted versus A0Hl, compared to net positron peak yields 
above background from U + Cm and Th + Cm collisions.

3-22 that the intensity of the positron peaks are not necessarily evenly distributed 

over the entire angular range of the PPAC acceptance. In at least one system, 

Th + Ta, we also have an indication that the peak production shifts to smaller CM 

scattering angles with increasing beam energy.

Sec. 3.4.2.S Ionic Charge States: Viewed separately, it is tempting to treat each of 

these-dsviations from elastic scattering kinematics in the heavy-ion angle correlation 

associated with the positron peaks as a statistical clustering of events in the two-di

mensional angle-angle plane. However, certain features are obviously common to 

much of the data. Although the up-down asymmetry in the peak intensity distribu

tions is difficult to explain, the rotation of the peak-related ion-angle correlation pat

tern may be related to the physical handedness of the EPOS spectrometer introduced 

by the direction of the solenoid transport field. As discussed in Sec. 2.3.3, in the 

1872 G magnetic field at the target site, the positively charged positrons and scattered 

nuclei are deflected downwards with radius of curvature r = Pj_c/qB. One expla

nation for the rotation may therefore be a deviation from the typical charge state dis

tribution for the ions.

Charge-state measurements with very thin targets show that immediately after 

a nuclear collision, the electrons shared by the quasimolecular system are distrib

uted rougly equally between the ejectiles. Equilibrium ionic charges ([Nik68] and 

Fig. 2-34) are approached as the nuclei exit through the target material and gather
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Figure 3-22. Positron energy spectra from Th +Th collisions for heavy-ions scattered into 
A6HI>0° region (solid curve), compared to A9HI<0° (dashed histogram).________________

electrons at different rates, with probability inversely proportional to velocity. As 

noted in Sec. 2.3.3, the mean rotation of the elastically scattered heavy-ions is par

tially corrected by the PPAC angular calibration. If both scattered ions associated 

with the positron peak exhibit nearly equal, velocity-independent charges, an addi

tional rotation could be observed. As shown in Fig. 3-23, the rotation in the present 

U +  Cm measurement could be explained if q p 3 q t 360 + .

One unlikely possibility for the formation of equal, or unusually high charge 

states could involve the formation of a compound system which survives

> 10'^3 sec, long enough to exit the target foil. Upon dissociation, the heavy frag

ments would carry similar ionic charge, independent of their laboratory veloci

ty. Another scenario might involve particularly high levels of excitation of those 

scattered nuclei associated with the collisions which produce the positron peaks. A 

series of Auger cascades after the ejectiles leave the target (on the time scale of

> 10"^4 sec) could then lead to anomalously large ionic charges.

Alternatively, the peak-producing collisions could occur predominantly in thin 

layers of a very clumpy target, or in the last layer of a thick target. The peak related 

scattered ions would therefore traverse less target and backing material after the 

collision. As shown in Fig. 3-24, which plots the distribution of Pb charge states 

observed after 5° and 35° scattering from Au targets of various thicknesses [Sti86],



132

cn
o>
“O

of>
ksl

Afl [deg]

Figure 3-23. Plot of I0 H| centroids (as a function of A0H|) of heavy-ion scattering events 
associated with positron energies containing, the peak region (open circles) or the con
tinuous dynamic distribution (solid points), for U + Cm collisions. Dotted, dashed, and 
dot-dashed curves present calculations [Gru85] of expected kinematic pattern for equal, 
velocity-independent ionic charge states of 60*. 70*, and 80*.

equilibrium charges are first approached for targets > 100 pg/cm2 thick. The peak 

events would then be associated with large values of qjon, while the bulk of dynamic 

pastiron producing events -  uniformly distributed over the depth of the target mate

rial with consequently much more intensity from thick clumpy portions -  would more 

closely approach equilibrium charge states.

Within this context, the absence of an apparent rotation connected with the po

sitron peaks in the Th + U, Th + Th, and Th + Ta collisions is explained quite natural

ly. As mentioned in Sec. 3.1, the Th, U, and Ta targets were somewhat thinner and 

much more uniform than the Cm foils, and these newer targets used very thin -4 0  

pg/cm2 12C backings. In these measurements, elastically scattered ions (associ

ated with dynamic positrons) traverse on the average -1 5 0  pg/cm2 of material and 

do not yet approach the lower equilibrium charges typical of thick target measure

ments, as indicated in Fig. 3-24. The mean Rutherford collision charge state could 

be as much as 8-10 units higher at a given scattering angle, than that produced in the 

U + Cm and Th + Cm collisions. The rotation of the peak positrons, while possibly 

the same in absolute terms in all the systems measured, is then masked by the dy-
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Figure 3-24. Charge-state distributions for Pb ions scattered at an angle of 5° (left) or 
35° (right) from Au targets of various thickness as marked.

namic background in the thin target measurements which is rotated farther in the 

magnetic field and falls on top of the peak event angle-angle correlation pattern.

Although attractive, this explanation is still speculative. A satisfactory resolu

tion of'the'+M’ scattering-angle asymmetries and positron peak related kinematic ro

tation requires further measurements gathering substantially greater statistics for a 

variety of target backings and thicknesses. Given the small positron production 

cross-sections and difficulties with in-beam target deterioration, this program was not 

feasible as part of the present dissertation research. In the meantime, we have ex

ploited the empirical differences between peak producing collisions and Rutherford 

scattering in order to study the characteristics of the positron lines.

Sec. 3.4.4 Beam-Energy Dependence

As described previously [Shw83], the appearance of the narrow positron peak in 

U + Cm collisions seems to be correlated with bombarding energies between 6.0 and 

6.2 MeV/u. This corresponds, in head-on encounters, to marginally touching colli

sion partners. Figure 3-25 presents spectra from three ranges of beam energy 

measured for the U + Cm system. Identical HI scattering angle windows are used
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Figure 3-25. Beam energy dependence of production of the U+Cm  ~330 keV positron 
peak. - Left-panel "shows positron spectra for three beam energy intervals, gated on 
42°<0H|<51° which enhances the peak for 6.04-6.13 MeV/u collisions. Right presents 
relative yield of positrons with 280<Ee + <360 keV, compared to total e* production, as 
a a function of beam energy.

(41° < 0|_j| < 51°), which optimzes the positron peak for 6.04 < Ebeam <6.13 

MeV/u. As noted above, the peak angular distribution is not well known, so com

parison of similar cuts for different beam energies may have limited mean

ing. Empirically, however, no clear evidence for the positron peak was found for any 

angular region in the data measured at 5.92, 6.02, and 6.24 MeV/u. Figure 3-25b at

tempts to quantify the appearance of the line by plotting the peak intensity divided 

by scattered particle yield for smaller steps of beam energy. The solid circles pre

sent the positron yield for 280 < E0 +  < 360 keV, and the dotted curve for 400 < 

Ee + < 480 keV.

Taken at face value, the absence of positron peak intensity for 5.92 -  6.02 MeV/u 

suggests a dependence on projectile energy which exhibits a threshold-like behavior



at Ebeam ^6.02 MeV/u. The relatively small rise in dynamic positron production 

with beam energy further suggests that the peak's disappearence at 6.24 MeV/u is 

not simply due to an increase in the continuous backgrounds, but rather points to a 

resonance-like behavior bounded above by 6.24 MeV/u minus the target thick

ness. As discussed in Sec. 2.6, clumping of the Cnr^Og material produced a mean 

target energy-loss thickness of ~0.15 MeV/u. Target deterioration may also have 

been responsible for the null measurements above and below the central ener

gies. An additional run at 6.11 MeV/u measured in July, 1983, with the arget previ

ously used for the 6.13 MeV/u measurement in June 1983, also showed little 

indication of peak intensity. The target was irradiated for a cumulative ~40 hours; 

and was the only instance that a Cm target was reused. Post-irradiation studies re

vealed an especially large energy-loss thickness. This data point was therefore 

considered highly suspect and was not included in Fig. 3-25. If a nuclear scattering 

resonance is involved in this energy range, it is centered betwe6 n =6.04 to =6.07 

MeV/u.

In head-on collisions at the "resonance" energy, the deformed U and Cm nuclei, 

when oriented end-to-end, overlap by ~ 0.1 fm assuming uniformly distributed nu

clear matter. Marginal overlap suggests that nuclear contact may play some role in 

producing the peak, either by causing a time delay via resonant nuclear reactions, 

or by the onset of strong interactions. This empirical "resonant-energy" was ex

trapolated to other collision systems by calculating the nuclear overlap, 8nuc = 

Rmjn ■ (Rp + Rt). as a function of beam energy. The experimental sejarch for po

sitron structures in each combination of target and projectile nuclei was concentrated 

in those energy regions which provide similar overlap.

Using available estimates of nuclear deformation coefficients [Got72, Bem73, 

Ron81, Zum84], the maximum radii for various target and projectile nuclei (listed in 

Table 3-4) are given by

135

Rp,t -  R0 • [1 + P2y20 + P4Y40 + PeY60l (3.11)

evaluated at 0 = 0, with R0 = 1.2*A1/3 fm. 5nuc is calculated using

Rmin -  l \  + M ZpZ,e2/<ApA,E0). (3.12)
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Figure 3-26. Plot of the separation between the nuclear surfaces (calculated assuming 
uniform density and deformed shapes in the orientation of greatest overlap, as described 
in text), as a function of projectile energy.

with e2 = 1.44 MeV-fm, and EQ is the beam energy in MeV/u. Figure 3-26a plots 

curves of surface separation 5nuc versus Ebeam for the collision systems mea

sured. In Fig. 3-27, the beam energy at which the collision partners are just touch

ing (5nuc = 0) for each system is indicated by the horizontal bar. The solid points 

represent incident projectile energies at which the peaks of Fig. 3-16 are observed, 

and open circles denote those where no clear evidence for a positron peak was 

found. The half-filed points indicate energies with ambiguous results for different 

runs. The vertical bars indicate the nominal target thickness, representing the en

ergy interval spanned in each case. Due to rapid target deterioration, the actual 

energy range sampled maybe up to twice as large. Although these data do not 

constitute a systematic excitation function, the similar scaling in the beam energy for 

which the narrow lines are observed suggests that nuclear contact may play some 

role in the peak production.
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Figure 3-27. Projectile energies at which positron peaks have been unambiguously ob
served (solid points), or not observed (open circles), plotted versus combined nuclear 
charge. Vertical lines denote the energy range spanned by the nominal target thick- 
ness. Horizontal bars indicate energies for which 5nnc=0 calculated in Fig. 3-26._______

A'further indication of a projectile energy dependence is the observation that the 

positron peak production rate is not constant for all targets measured. As noted 

above, proton backscattering measurements showed that actinide targets clump and 

their composition changes on a short time scale, leading to variations in the effective

energy-loss thickness. If the positron lines were produced over a broad 

cident energies, the target thickness would play no role in the peak yield, 

would equally produce a uniform intensity signal.

rahge of in- 

All targets

that only aOn the other hand, a sharp beam-energy dependence would imply 

small portion of each target, in the proper AEbeam interval, would produce peak ev

ents. The remaining material would add only to the continuous dynamic and nuclear 

positron backgrounds. If stable conditions could be maintained with thin targets, the 

peak would in this case be considerably enhanced. Figure 3-28 presents a total po

sitron spectrum for 5.72 MeV/u Th + Th collisions (i.e., no cuts on the HI scattering 

angles) where data accumulated only with thin -2 0 0  pg/cm2 ThF4 targets have been



Table 3-4 Projectile and Target Nuclear Deformations 

N uclide RQ[fm] 02 P4  Pg R(r=0) [fm]

2 “ •Cm 7.539 0.285(14) -0 .049(60) ---- 8.582
23.u 7.437 0.226(1) 0 .052(1) - 0 . 0 1 1 ( 1 2 ) 8.741

2 3 2Th 7.374 0 . 2 0 2 ( 2 ) 0 .068(1) 0 .009(2 ) 8.805
i . i Ta 6.788 0.245 -0 .08 ---- 7.377

included. To reduce clumping, each target was irradiated for only short times ( -1  

hr). The emergence of a large peak in this total spectrum again argues for just such 

an energy dependence. Moreover, these data prove that the existence of the posi

tron peak, and its narrow width, are in no way artifacts of the kinematic analysis 

leading to the spectra of Fig. 3-16.

As was mentioned in Sec. 2.7, as the target quality was improved over the 

course of these experiments, we began to concentrate more on the stability of the 

.UNILAC beam. For measurements with thin, stable targets having energy-loss 

thicknesses as low as 0.05 MeV/u, the spread in the beam energy could affect the 

production of peak events if they are created in a resonant process. Using Monte- 

Carlo simulations, we studied the effect of production rate on the identification of line 

structures-af>d-found that a change of the peak cross-section by a factor of 2-3 could 

make these lines indistinguishable from the continuous background. A variation of 

this size in the rate could result transiently either from 1) beam energy shifts if the 

resonant energy is close to the edge of the range sampled by beam energy spread 

and target thickness, or 2) target thickness variations which change the amount of 

material within the resonant energy-loss window. Obviously this entire discussion is 

considerably complicated if the positron peaks are in any way associated with satel

lite components or contaminants in the beam.

Sec. 3.4.5 Peak Cross-Sections

A description of the observed peak intensities in terms of a production probability,

i.e., emitted positrons per scattered HI, is not particularly meaningful in this experi

ment. Because both the scattered projectile and target recoil ions are detected with 

good angular resolution, we exploit the empirical differences between Rutherford
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Figure 3-28. (a) Total positron energy distribution (20° < 0H| < 70°) for Th + Th collisions 
at 5.75 and 5.70 MeV/u, July 1985. (b) Subset of data selecting approximately the first hour 
of heavy-ion irradiation on each target.

collisions and the peak-related events. The peaks are enhanced by making cuts in 

the I0|_|| coordinate to "cut away" dynamic positron background. Where the se

lected region lies on the tail of the elastic distribution, the number of ions scattered 

into the angular window is small and the normalization gives anomalously large val

ues of Pe + . A physically more reasonable measure of the absolute size of the peak 

signals is the production cross-section. This ignores the Z0|_|| selection by nor

malizing - the-positron peak intensity to the HI yield in the entire corresponding 

A0^| interval. Quoting a cross-section also facilitates comparison with other exper

iments [Cle84, Tse85] which do not have the advantage of detecting both scattered 

ions over their full angular acceptance, and therefore cannot make similar kinematic 

cuts. For example, the 316 keV U + Cm peak of [Shw83] appears with a probability 

of P0 +  = (2.5 ± 0.5) * 10' 6 and a cross-section of doe + /dQH|3l2.9±2.5

pb/sr. The ORANGE collaboration reports [Cle84] a probability of only 

Pe +  =1.0* 10-5 for a similar peak in the U + U system, whose cross-section is =9 
pb/sr. Although these structures are produced with similar cross-sections, the extra 

factor of 2.5 in the production probability reflects the fact that the I0 H j window used 

in the U + Cm analysis includes only ~40%  of the Hi's scattered into that A0|_j| re

gion.

The production probability and cross-section of each observed peak is calcu

lated by comparing the peak intensity to the yield of scattered ions integrated over



the same AG ^ regions. The positron peak detection efficiency, + , the CMS solid 

angle of the cut, and the Rutherford cross-section, aR, combine to give the dif

ferential CM peak cross-section,

dae + /dfiH| = ( A G H | r 1[ N e  + SDe + /ePk+ ][(NH|SDH|) -1JA fl(daR/dn)]. (3.13)

These cross-sections are plotted in Fig. 3-29a, for the data of Fig. 3-16, versus Z u of 

the combined system. The error bars reflect the statistical uncertainty in the peak 

intensity only. They do not include either the uncertainty in the underlying peak 

angular distribution, or the projectile energy range sampled by the target thickness 

and beam spread.

The target thickness is potentially a very important consideration in evaluating 

the cross-section if positron peak production is resonant. Only a very limited portion 

of the target may be irradiated in the proper energy interval to create peak posi

trons. The rest produces background positrons, diluting the average measured peak 

cross-sections. Figure 3-29b plots the data of 3-29a normalized to a consistent beam 

energy spread by multiplying dae + /dfi^| by the appropriate mean target energy- 

loss thickness. The peaks appear to be produced with roughly constant cross-section 

(~10 jib/sr), with no clear systematic variation over the large range of Z u. In prin

ciple, this dependence reflects the role played by the Coulomb field in the positron 

peak production mechanism. A straightfoward experimental limit on the fall-off of 

o e +  over, the range 163 < Zu < 188 is a factor of 2 to 3. In terms of a power law 

dependence of the cross-section on Z u,

ae +  °c Zun, (3.14)

this places an upper limit on the exponent of n < 8. Production mechanisms in 

which the electric field enters the amplitude with larger powers (e.g., with Z u ~ 29 as 

expected for certain quasiatomic processes) therefore appear unlikely.

This result, based on the near constancy of dcje + /dQH|, obviously depends 

sensitively on the details of the production mechanism. If resonant, it assumes that 

the effects of target thickness and beam energy, as mentioned above, are corrected 

for in a consistent way for each of the systems. Moreover, because of peak events 

are distributed over AO^ differently from system to system, it is not even clear 

whether the differential or the total cross-section, ae +  = J4„(dae + /d£2H|), is more

140
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Z u = Zproj + Zforg

Figure 3-29. Differential positron peak production cross-sections (a), calculated for the 
heavy-ion scattering angle regions displayed in Fig. 3-16, plotted versus combined nu
clear charge. Part (b) adjusts cross-sections for energy range spanned by target thick
ness.

appropriate to describe the production process. A convenient approximation of the 

peak size provided by the empirical observation that in each collision system, the 

peak intensity amounts to 1-2% of the entire positron yield. If the peak production is 

associated in a detailed way with the UNILAC performance (e.g., distribution of beam 

energies, satellites, contaminants), the difficulty of extracting a sensible cross-section 

is compounded. However, it should be noted that a mechanism involving the 

~ 0.1- 1%  beam contaminents would require a much larger production cross-section 

(at least a~m b), and would be difficult to accomodate in light of the quasi-elastic 

nature of the observed exit channel.

In light of the uncertainties cited above, only certain of the more general fea

tures of the positron peaks should be considered as firmly established: 1) narrow 

peaks are observed in each system measured, 163 < Z u ^  188, at energies be

tween Ee +  = 310 to 380 keV. 2) They have similar widths, of order AEe +  = 70 keV 

(FWHM). And 3) the production cross-sections are on the order of dcre +  /dQ^|~ 10
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pb/sr. Although not experimentally proven, the beam energy data suggest that the 

peaks may be produced in association with nuclear contact or resonant reac

tions. The HI scattering angle-angle correlations of the peak-related events appear 

to differ from that of Rutherford scattering. More thorough conclusions await further 

systematic investigations.



Chapter 4 Discussion of Peak Origins
Several of the observations described in the preceding chapter are particularly rele

vant to an analysis of the origin of the positron peaks. Foremost among these are 

the nearly common peak energies and similar production cross-sections which ap

pear to be nearly independent of Z u. The peak lineshapes, which seem to be dom

inated by Doppler broadening, are all ~75 keV wide and suggest a common source 

created in the collision with a mean velocity of ~0.05c. Moreover, the narrow peak 

widths imply, from the uncertainty principle, that the source lifetime is t >  10’ 29 sec, 

an order of magnitude longer than the Rutherford scattering time, 

T  = 2a/u00 = 2* 10' 21 sec. In addition, the pattern of ion angle-angle correlations and 

the observation that the production rate is not constant for all beam energies suggest 

that the associated heavy-ion collision differs from simple elastic scattering.

In this chapter, several of the origins which have been hypothesized for the .positron 

peaks are discussed in light of the experimental findings. The topics include: posi

tron emitting transitions, both conventional and exotic, in the separated final state 

nuclei; a discussion of the emitting source velocity deduced from measurements of 

the positron linewidth; spontaneous positron emission from the decay of the neutral 

QED vacuum, and constraints on the peak-producing HI reaction from the collision 

kinematics; atomic interference phenomena; and conversions in a giant super-nu- 

cleus. Before assigning the peaks to a new phenomenon, however, the possibility 

of a purely instrumental origin or trivial secondary background is first addressed.

S e c tio n  4.1 In s tru m e n ta l O r ig in s

Various aspects of the EPOS spectrometer preclude the possibility that a trivial me

chanism is responsible for the positron peaks. As discussed in Chap. 2, neutral ra

diations are suppressed by the small geometric cross-section of the positron detector 

and additional absorbers, while electrons are blocked by the spiral baffle. In the 

data reduction, positrons are selected by their TOF from the target and by the coin

cident detection of 511 keV annihilation radiation. The detailed efficiency response 

of the detector system is well understood, including the energy versus emission-an- 

gle dependence of transport efficiency, the Dopper-broadened lineshape from moving 

sources, and the detection of positrons and electrons emitted off-axis.
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Figure 4*1. Time-of-Flight (lower right) and ARD energy distributions (lower left) for 
Th + Cm data associated with positron peak (upper left). Solid curves gated on 
300 < Ee + <400 keV. shaded histrograms correspond to dynamic positron distribution 
normalized to background under the peak. Dashed and dot-dashed curves indicate ex
pected flight times for a y-ray or neutron induced positron peak (including - 1 0  ns ex
perimental time resolution).

Two direct indications that the narrow peaks in the positron energy distribution 

actually represent positrons, and are not due to a background radiation, are their 

coincident detection with annihilation radiation in the ARD (ruling out electrons) and 

the target-detector TOF difference consistent with the average positron flight-time 

(precluding neutral radiations). Figures 4-1 b.c present an example of the ARD en

ergy distribution and Hl-positron TOF spectrum for events gated on the positron peak 

in Th + Cm collisions. In each plot, the solid line presents the data for energies be

tween 300 < Ee +  < 400 keV, as denoted in Fig. 4-1a, and the shaded histogram is 

an average of data at energies above and below this window, normalized to the con

tinuous background under the peak.

The ARD spectrum of Fig. 4-1b in coincidence with the peak counts exhibits 

photon peaks at 511 keV and 1022 keV, clearly signaling the annihilation of a positron 

in the fiducial region sampled by the Nal crystal array. The relative intensities of the 

one and two annihilation photon peaks and the Compton continua are in excellent
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agreement with the known distribution for positrons incident in the Si(Li), measured 

with 22Na and S6Co 0+ decay sources (see e.g., Fig. 2-13). The clear detection of 

both annihilation photons is particularly important because it rules out the possibility 

that the positron line arises from the scattering of one 511 keV photon in the Si(Li) 

detector, leaving a Compton edge at E0 + s341 keV. In principle, if the positron an

nihilates in the vacuum chamber wall or cold-finger and one annihilation photon reg

isters in the ARD while the second scatters in the Si(Li), a peak near 340 keV could 

be simulated. In experimental arrangements where the annihilation quanta are not 

measured [Cle84, Tse85, Erb86, Pec87], this effect is particularly dangerous and may 

trivially produce narrow structure near the Compton-edge energy which is misidenti- 

fied as a monoenergetic positron line. Any mechanism proposed to explain the po

sitron structure in the present experiments must therefore also explain the coincident 

detection in the ARD array of the clear 511 + 511 keV signature for positron annhi- 

lation in the Si(Li).

The Hl-positron TOF spectrum in Fig. 4-1c further indicates that the signal in the 

Si(Li) detector is produced at a time following the HI collision which mirrors the 

known ~5 to ~ 15 ns flight-time observed for the continuous distribution of dynamic 

positrons. The arrows mark the expected mean TOF if the peak were associated 

with either prompt y-rays (At = c/83 cm = 3 ns) or evaporation neutrons (At = 35 

ns, for En ~3 MeV) which interact near the positron detector. The disparity with the 

expected y-ray TOF argues against processes which involve, for example, the ex

ternal posiiron-eiectron pair conversion of y-rays near or in the Si detector material, 

the vacuum chamber walls, or the Nal crystals, with the subsequent detection of ei

ther the positron, electron, or a Compton scattered annihilation photon in the 

Si(Li). Direct measurements with intense y-ray sources placed near the target also 

showed no evidence for this y-ray induced background process.

The long neutron TOF further rules out (n .n j or similar reactions in the Si(Li) 

detector or immediate surroundings, which, with energy > 2mec2, could lead to a si

milar "positron" signal. Measurements with a strong Pu-Be neutron source placed 

outside the solenoid, ~50 cm away from the Si(Li) detector, also showed no hint of 

structure in the positron energy distribution. Direct interaction of neutral radiation 

in the Si(Li) detector is, of course, very unlikely because of its small solid angle 

(10*3 of 4n) viewed from the target. As a final test of such processes, a Cm target 

was bombarded with a 1 PnA 6.0 MeV/u 232Th beam for ~2 hours with the gate valve 

to the Si(Li) detector closed. Although at least =350 positrons would otherwise have



been detected, no positrons, defined by the standard PPAC-Si(Li)-ARD coincidence, 

were identified. (In fact, there were no hardware positron triggers.) If due to neutral 

radiations, about six peak counts should have been recorded with that integrated 

beam current. On several separate occasions, the magnetic transport field was 

switched off (for purposes of PPAC calibrations) and similarly no positron events 

were ever identified.

The TOF arguments could be mitigated if 7 or neutron radiation interacted in a 

region close to the target so that created positrons would be transported to the Si(Li), 

thereby exhibiting the usual flight-time to the detector. The probability per y-ray of 

creating an electron-positron pair in a material with thickness t, subtending solid an

gle AQ, is

Pe + e- = (Aft/4«) (otpN0/A). (4.1)

where NQ is Avogadro's constant, A is the target mass number, and p is its densi

ty. Using pair production cross-sections ct of [Sto70], a 1500 keV y-ray produces 

4 x 10'® pairs in a typical 250 pg/cm2 ThF4 sandwich target (including the Al frame), 

and 1.2 x 10' 6 pairs in the spiral baffle (which subtends 9 x 10' 3 of 4n sr). By com

parison, internal pair creation (IPC) in the target produces about 2 x 10*4 pairs per 

y-ray. Positrons produced elsewhere, e.g., in the vacuum chamber walls or PPAC's, 

are emitted off-axis and spiral back into the spectrometer wall and are thus prevented 

from reaching the detector. External pair creation (EPC) is smaller by a factor of 

-5 0  than IPC (which accounts for -2 5 %  of the positron yield in Th + Cm). It can 

therefore account for at most 0.5% of the total positron yield. Moreover, the contin

uous y-ray energy distribution leads to a broad positron spectrum of which only 

-1 5 %  of the intensity is between 300<Ee +  <400 keV. This is further distributed 

throughout the HI scattering angle range, which reduces the EPC portion in the peak 

energy region by a factor of -1 0 . The expected contribution to the positron peak 

intensity from external conversion in each of the spectra of Fig. 3-16 is therefore 

N^pQ < 1 count. Similar arguments rule out prompt neutron reactions in the target 

and baffle material as well.

The prompt relationship between the positron arrival time in the Si(Li) and the 

heavy-ion collision also precludes an explanation for the peaks involving steady-state 

backgrounds or very long source lifetimes (> 1 0 ‘ 8 sec). For example, if natural 

room backgrounds or cosmic rays were to produce monoenergetic positrons, their
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contribution would be evenly distributed in arrival time and would therefore be elim

inated from the net positron yield by the chance coincidence subtraction. Positrons 

emitted from 0+ decay of the radioactive Cm target or from material near the target 

activated by the heavy-ion beam (e.g., diagnostic grid, target frame, or PPAC's) also 

exhibit long decay times (on the order of seconds to years) and are similarly sub

tracted. Beam-off measurements of Si(Li)-ARD coincidences indicate that these 

backgrounds are detected with a ~30 Hz rate. (The PPAC-Si(Li)-ARD rate is zero.) 

Within the prompt ~20 ns Hl-positron coincidence time, ~ 6  chance coincidence 

events are expected per 10,000 total positrons (including the =20%  UNILAC duty cy

cle.) The yield for 300<Ee +  <400 keV is therefore <1 event, distributed over the 

entire PPAC angular range, per experiment. As mentioned above, this chance 

background is, on the average, properly subtracted. In any case, the energy distri

bution (which is dominated by 248Cm 0 + decay) is broad and structureless near 350 

keV.

Together with the prompt time relationship between the arrival of a signal in the 

Si(Li) detector and the detection of 511 keV photons in the ARD (see Fig. 3-3c), 

Fig. 4-1 constitutes convincing proof that the observed peak events actually repre

sent positrons, incident in the Si(Li) detector, which are emitted from or near the 

target in prompt time coincidence with the HI collision. The correlations of positron 

peak production with the HI scattering angle and projectile energy all argue against 

a simple explanation of the positron peak in terms of a pathological response of the 

EPOS soienoid to the continuous distribution of dynamic positrons. From the dis

cussion of Chap. 2.2.5, it is clear that the continuous dynamic and nuclear positron 

backgrounds do not produce narrow structure as a result of the spectrometer accep

tance. Measurements of 0+ decay sources, e.g., Fig. 2-20, exhibit smooth struc

tureless spectra. Even the Doppler broadened lineshape, which integrates the 

oscillating detection efficiency of Fig. 2-17 over a range of correlated energies and 

emission angles, shows no measurable fine structure beyond the central-dip of 

Fig. 2-26 which is understood simply from the broad features of the EPOS accep

tance. Unless dynamic positrons are emitted with a strong and unusually sharp 

correlation between energy and angle, the continuous distributions cannot produce 

peak-like structures in the data. The original monopole calculations of the Frankfurt

group showed that atomic positrons are emitted isotropically. More recent calcu-
«

lations [Gra87] indicate that there is a (1+acos0e + ) distribution between positrons 

and electrons emitted in coincidence from HI collisions, but positron emission is still 

presumably nearly isotropic with respect to the CMS motion. Various positron
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Figure 4-2. MCSPEC calculations of dynamic positron energy distributions assuming 
emission from CMS either isotropically (solid curve), or with 
to(8f,cJ 1) = |Y10|a = cosI9p +  (dashed) or |Y11|2 = sin29ft4. (dotted) angular distributions.

emission distributions have been modelled with the MCSPEC code described in 

App. C. Figure 4-2 presents Monte-Carlo simulations of dynamic positron emission 

assuming angular distributions of the form ©(cos9e + ) oc |Y^m |2 with respect to the 

beam direction. If dynamic positrons are not emitted isotropically from the CMS, 

Fig. 4-2 indicates that the absolute detection efficiency may vary by up to 

~ 2 0 % . However, as long as the distribution co(cos0e + ) is independent of, or varies 

smoothly with, Eg + , no significant structures in the positron energy distribution are 

produced.

Emission of a continuous distribution of positrons away from the solenoid axis 

also does not produce narrow structure. Figure 4-3 presents a direct measurement 

of positrons detected for various off-axis positions of a 22Na p + source. As de

scribed in Sec. 2.2.6, the detection efficiency for low energy positrons descreases 

more quickly than for higher energies, and only certain ranges of emission angles are 

accepted. For distances of =25 mm off axis, the low energies are suppressed such 

that a small enhancement near 350 keV remains. However, the detection efficiency 

also decreases by an order of magnitude compared to emission from the target. If 

off-axis emission of continuous positrons is associated with a moving source of life-
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Figure 4-3. Measured positron energy spectra for 22Na source positioned dj_=0, 10, 20, 
or 30 mm off-axis as marked.

time t >  (25 mm/uem), folding the decay probability, e 't/T, with the spectra of Fig. 4-3 

results in a broad distribution with a negligible bump near Ee + ax.

Finally it should be noted that the positron peaks have been observed over a 

period, .orisix .years, with different configurations of the EPOS spectrometer. The first 

peak was detected in U + Cm collisions with a completely different spiral baffle (22 

blades oriented at 57°), Si(Li) detector (not front sensitive), and magnetic field 

(0mjr = 137°). These combined to produce a factor of two lower detection efficiency 

and, because of the large number of baffle blades, a more uniform acceptance in 

<p. Including Part II of this thesis, measurements with the present baffle and detector 

have revealed peaks for two different magnetic field configurations. Similar peaks 

have also been observed in U + U and U + Th collisions in an apparatus using a 

completely different detection technique and beset with different instrumental back

grounds [Cle84, Tse85]. With the exception of Th + Ta, all the structures have been 

reproduced in subsequent EPOS beamtimes, and the Th + Ta peak was observed se

parately at two different beam energies. In the most recent positron-electron coin

cidence experiments, discussed in Part II of this dissertation, the s320 keV peak in 

Th + Th collisions has even been detected in the total positron distribution accumu

lated with thin targets -  independent of kinematic cuts on the HI scattering an



gles. Clearly the positron peak structures of Fig. 3-16 are not attributable to any 

known background process, nor are they connected with a trivial instrumental effect.

S e c tio n  4 .2  N u c le a r  C o n v e rs io n  P ro c e s s e s  

Sec. 4.2.1 Conversion Processes and Coefficients

The only conventional source of structure in the energy distribution of positrons from 

H| collisions is Internal Pair Creation (IPC) from transitions between excited states in 

either the scattered projectile or target recoil nuclei. As shown in Fig. 4-4, which 

summarizes the various decay modes of a nuclear transition of energy W, the energy 

spectrum of IPC positrons is broad and continuous up to a maximum value, Ee * ax = 

fa>-2mec2. The positron spectrum is roughly triangular, peaking at higher energies 

due to Coulomb suppression of low energy positron emission in the field of the 

Z s9 2  nucleus. Figure 4-5 presents the shape of the IPC distribution after correcting 

for the response of the EPOS spectrometer including Doppler-broadening associated 

with the velocity of the emitting nucleus. An IPC "peak" centered at =320 keV has 

a FWHM of S230 keV, which is far in excess of the ~70± 10 keV widths measured in 

the superheavy collision systems.

Figure 4-6a presents a quantitative comparison of the IPC positron lineshape to 

the peak at 316±10 keV observed in U + Cm collisions [Shw83]. The dashed 

background curve is determined by correcting the continuous dynamic and nuclear 

contributions for transport efficiency and detector response. It is normalized to the 

data excluding an energy region around the peak (200 < E0 +  < 400 keV). The 

positron spectrum for the individual nuclear IPC transition, corrected for Doppler 

broadening and EPOS response, is then added to the background, and its position 

and intensity was varied to maximize the log-likelihood function, equivalent to maxi

mizing

tn{L) = I j  [nj«£n(fj) -  fj], (4.2)

where nj and fj denote the number of measured and predicted positrons in the 

ith energy bin, respectively. A Pearson goodness-of-fit test within the 200 keV 

"peak" interval yields a reduced x2 of 19.92/8 d.o.f., evaluated for the best-fit transi

tion energy using Emax = 383 keV. The low statistical probability of this fit, 1.06%, 

corroborates the visual impression that the IPC lineshape is a poor match to the
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Figure 4-4. Diagram of possible electromagnetic decay modes of nuclear transitions. (A) 
Internal pair creation, (B) internal K-shell electron conversion, and (C) monoenergetic 
positron creation. (Reproduced from (Shl81 ].)

data. Similar results are obtained for each of the positron peaks presented in 

Chapter 3. It is apparent that conventional internal pair creation, an inherently 

3-body process, leads to energy distributions too broad to explain the observed po

sitron lines.

A related conversion process, Monoenergetic Positron Creation (MPC), first 

proposed by L.A. Sliv [Sli49], however, leads to a two-body final state, producing 

monoenergetic positrons. As indicated in Fig. 4-4, in MPC the electron of an inter

nally created pair is bound in an empty atomic 1s orbital. The liberated positron is 

emitted with fixed energy, Ee +  = W - 2mec2 + |EB|, i.e., shifted above by

the K-shell binding energy. This rare process has been observed following K cap

ture in decays of 205-206Bi [Bru59, Lei61, Per62, Per62b, Wie63] and 152Eu [Vas60, 

Per62c, Shi64], with total probabilities of ~ 10'8. In Hi collisions, the short K-vacancy 

lifetime, ~ 10 '17 sec, compared to typically longer nuclear transition times 

~10 ' 13 sec, and the low K-hole production probability P ^ < 1 0 % , combine to sup

press this decay mode by an additional factor of ~ 108, or in total by about 109 com

pared to y-ray emission.
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Figure 4-5. Positron energy- 
differential IPC conversion 
coefficient for E2, E1, and EO 
multipolarities (top, reproduced 
from [Shl81]), and MCSPEC 
calculation of expected laboratory 
energy distribution (shaded 
histogram, bottom) including 
Doppler- broadening and EPOS 
response, for a 1422 keV EO 
transition in the scattered 
uranium nucleus.

In the laboratory, the width of an MPC positron line is given by kinematic Dop

pler broadening associated with the velocity of the emitting nucleus. In the example 

of Fig. 4-6a, the positron peak is observed between 28° < 0^| < 40.5°, corre

sponding to a mean emitter velocity of either 0.063c or 0.093c for the projectile-like 

or target-like nucleus respectively. Figure 4-6b,c compares these possibilities with 

the data, again with transition energy and intensity taken as fit parameters. The 

X2 and corresponding probability for each possibility are: Xfast = 2.15 (P 2 = 0.035), 

and Xsiow = 1-38  (Px* = 0.21), respectively. Although the large linewidth associated 

with emission from the faster ejectile does not appear to match the data, emission 

from the slower nucleus cannot be ruled out. This rare process is therefore a pos

sible candidate explanation for the positron peaks. A comparison of the expected 

line width with the other measured positron peaks, and a detailed analysis of their 

Doppler lineshape, are presented in Sec. 4.3.

Apart from the positron peak linewidths, the suitability of IPC and MPC nuclear 

decays in describing the observed lines can be investigated by searching for the

-* 1 1 1 ■ 1-
N uclear IPC ,  

/
EO (Z=92) 
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25°<&hi<S5° 
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Figure 4-6. Maximum-likelihood fits, to the U + Cm data of [Shw83], of the lineshapes ex
pected from IPC and monoenergetic e* emission from the scattered nuclei of CM sys
tem. The peak intensity, position, and the magnitude of the continuous background 
(dashed lines) are simultaneously fit to the energy range 100 < Ee + < 1000 keV. Pearson 
X2 is quoted for a 200 keV region around the peak.

competing y-ray or Internal Conversion (IC) electron peaks which must accompany 

the positron emitting transition. The expected y-ray or electron peak intensities are 

related to the observed positron line by the relative transition mode branching ratios, 

and their respective detection efficiencies. The absolute transition rate, from



Fermi's Golden Rule, is proportional to the square of an integral of the transition op

erator times the overlap of the well-known electron or positron wavefunctions and the 

initial and final state, model-dependent nuclear wavefunctions. Most of the nuclear 

structure dependence approximately drops out by taking ratios of the competing 

transition probabilities, leaving well-defined and, for the most part, experimentally 

verified relations-of conversion coefficients.

Usually, the transition probabilities are normalized to the probability of the 

y-ray decay mode, P . The relative probability of internal pair creation is denoted 

by 0 which is the integral of the differential pair creation coefficient in Eqn. 3.6,
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P = f§max (dp/dEe + )d E e + . (4.3)

The probability of internally converting a K-shell electron (assuming a filled 1s orbital) 

is

p|C = °K * Py* (4 4)

while the transition probability for monoenergetic positron creation associated with

binding the electron in an empty K-orbital is

PMPC = ° K + * Py ‘ I4-5)

In addition, as pointed out in [Shl83], the MPC process is proportional to the number 

of K-shell vacancies, x (0 < x < 2 ), into which the created electron can be bound, while 

Internal Conversion (IC) is proportional to the number of K-electrons, (2-x), which can 

be ejected. The positron and electron emitting transition probabilities are therefore

*IPC "  P#Py ’

MPC = (x/2)ak + »P  , and

P|C = (1-x/2)oK«P Y

(4.6a)

(4.6b)

(4.6c)

Each of these conversion coefficients depends on the transition energy and multipo

larity. The shape of dp/dEe +  and the magnitudes of 0 and a|| + are shown in 

Fig. 4-7 [Shl83] for transition energies of 1340 or 1450 keV, appropriate to explain 

a 320 keV positron peak by either IPC or MPC, respectively.
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Figure 4-7. Theoretical conversion coefficients dp/dEe + , dr|/dEe + , , and for E1,
E2, M1, M2, and EO multipolarities, assuming a 320 kev positron peak is produced by IPC 
(left) or MPC (right). (Reproduced from [Shl83].)

In the special case of Electric Monopole transitions (e.g., 0 + -*0 + ), where there 

is no change in total angular momentum or parity between the initial and final nuclear 

states, nuclear decay by single photon emission is forbidden because a 

y-ray carries one unit of angular momentum. The second-order two-photon decay 

process is suppressed by order a2, and IC normally dominates the transition. 

Schluter et al. [Shl83], normalize the positron emitting transition probabilities to in

ternal conversion,

P|pC = (1-x/2)'1qP|C, and (4.7a)

PMPC “  (2/x-1)-15P|C. (4.7b)

In the following discussion, interaction with the atomic electrons is limited to the K- 

shell. IC of higher shells (usually occurring with < 10% of the neutral atom K-shell



rate) becomes important only for extreme cases when the 1s orbital is almost com

pletely ionized.

Sec. 4.2.2 Comparison with y-Ray Data

For NQ decays of a particular nuclear transition, the number of observed peak posi

trons and y-rays, given the emission probabilities Pe +  and P , are

Ne +  “  V pe + *‘ | k+ /S D e +  • a" d <4-8a>
My = N0«P yn P k / SDy , (4.8b)

where and denote the positron and y-ray peak detection efficiencies and© “ y
SDj are the event-type scaledowns including deadtime, as defined in Eqn. 2.85. If 

a peak due to a nuclear conversion were found in the positron energy distribution 

under certain kinematic conditions (e.g., HI angle cuts), the y-ray energy spectrum, 

under identical conditions, should then exhibit a conversion line having an intensity

Ny -  (tPk/SDy).(S D e +  /t Pk+ )*(Py/Pe + )*Ne +  , (4.9)

where Pe +  denotes either PjpQ or P ^ p c - The negative result of a search in the 

simultaneously measured y-ray energy spectrum for a peak of sufficient intensity to 

account for the corresponding positron line would therefore constitute evidence 

against a positron peak origin based on nuclear conversions.

In the U + Cm system reported by [Shw83], a clear positron peak is observed at 

Ee +  = 316±10 keV with Ne +  = 50±10 counts. Figure 4-8a shows the corre

sponding y-ray energy distribution for identical runs and HI scattering angle 

cuts. Inserting the appropriate efficiencies and coefficients, Eqn. 4.9 predicts 

3 5300 ± 1060 y-ray peak counts for an electric dipole (E1) IPC process. Since it is 

not a priori known which nuclide emits the positron line, a worst case is assumed 

by dividing the intensity equally between the U-like and the Cm-like ejectiles. These 

are scattered into different lab angles, with differing velocities and orientations with 

respect to the y-ray detector. The energy distribution for each is Doppler shifted by
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Figure 4-8. Simultaneously measured U + Cm y-ray energy distribution under identical 
kinematic conditions as the peak in Fig. 1-1a. Solid and dashed curves present the ab
solute y-ray intensity required to explain the e+ peak by IPC or MPC.

and broadened by the detector resolution (AE~90 keV), leading to the double
humped shape shown in Fig. 4-8. The transition energy is taken from the fit of 
Fig. 4-6a, ho =  1405 keV. The structure is not added to the continuous y-ray distribu
tion but plotted over it in absolute scale. Clearly, for E1 and all higher multipo lari
ties, the y-ray intensity required to explain the positron line in terms of IPC exceeds 
the-measured yie ld fry an order of magnitude. The IPC process is therefore ruled 
out as a possible orig in. A statistical comparison of the required y-ray line to the 
structure less measured spectrum yields a reduced-x of ~19.

Part (b) of Fig. 4-8 shows the same data assuming MPC as the positron line or
igin. The y-ray energy necessary to produce the positron peak is reduced relative  
to that of part (a) by the K-shell binding energy (Eg = 115 keV, or fto=1290 keV). The 
expected y-ray intensity is

Ny = (EPk/SDy)«(SDe + /ePk+ )»(2/xa,f + )«Ne + , (4.11)

inversely proportional to the number of K-holes. The lines are drawn in absolute 
scale for x = 1 K-hole. As mentioned above, K-vacancy production probabilities  
(P ^~10_ l) and lifetimes (x<10"13 s) consistent with existing atom ic physics data 
imply x < 10'^ , leading to an expected y-ray peak 10® larger than the measured in
tensity. In the extreme case that two K-holes are present, the plotted line is reduced



by a factor of two, but is still inconsistent w ith the data (reduced x2 =  
19). Independent of the K-vacancy probability or lifetime, IPC and MPC are therefore  
complete ly ruled out as possible explanations for the observed positron peaks for 
nuclear transition multipo larites of E1, M1 and higher.

The other supercritica l co llis ion systems exhib it s im ila rly smooth y-ray spec
tra. As discussed in Sec. 3.3, only for Th +  Ta co llis ions have significant structures  
been observed in the y-ray energy distribution. Figure 4-9 compares the analysis of 
the expected dynam ic plus nuclear continuum distribution described in Sec. 3.3 for 
the total PPAC angular range (a,b) to that for the positron peak cut of Fig. 3-15 (c.d) 
fo r 5.75 + 5.80 MeV/u Th + Ta collis ions. The y-ray energy distributions (b.d) have 
been unfolded, divided by detection effic iency (including scaledown and deadtime), 
transformed to the em itting frame, and normalized to the number of scattered ions in 
the angular region. As described in Sec. 3.3, the y-ray peaks at 1250, 1400, and 
1550 keV were Doppler corrected for em ission from 181Ta, and the underlying contin
uum was averaged for equal em ission from the Ta and Th ejectiles.

The y-ray lines are equally intense in both spectra while the positron peak is 
only observed in part (c). The curves through the positron spectra represent the  
dynam ic plus nuclear pair creation yie lds calculated by Schweppe [Shw85b] from the 
corresponding y-ray distributions. The y-ray continuum and the peaks were treated  
separately assum ing a "worst case" E1 m ultipo larity for the latter (i.e., maximum  
e+ yield). The shaded portion of the positron distribution denotes the contribution  
from the y-ray lines alone. The empirical continuum E1/E2 y-ray m ultipo larity (see 
Fig. 3-8c) was adjusted to fit the total spectrum. The multipo larity parameterization  
and absolute normalization are identical for both Figs. 4-9(a) and (c).

Clearly, neither the narrow width nor the intensity of the positron line can be 
explained by the y-ray structures. Figure 4-10 extends th is result to MPC transitions  
with an analysis s im ila r to that in Fig. 4-8. Because the source is known, the ex
pected y-ray intensity is properly Doppler shifted and the peak is not 
double-humped. The presence of the necessary y-ray peak intensity is completely 
excluded for all but E1 multipolarity. Quantitatively, at most 25±  10% of the positron 
peak area could be accounted for by an E1 nuclear conversion. This analysis 
therefore safely rules out X>  1 nuclear transitions as the orig in for the narrow posi
tron peaks fo r each of the supercritica l, as well as the subcritica l Th + Ta, systems 
measured.
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Figure 4-9. Positron and y-ray energy spectra from Th +  Ta collisions for total detected 
scattering angle rage (a,b) and kinematic region which reveals the peak of Fig. 3-15 
(c.d). Curves through the positron data represent the dynamic plus nuclear IPC yields, 
calculated from the simultaneously measured y-rays. The shaded region denotes the 
contribution from the y-ray line structures.

Sec. 4.2.3 Electron Data and EO Transitions

As noted above, for EO transitions the y-decay channel is inhibited so one must 
search for the associated internal conversion electron line which competes w ith the 
hypothetical positron em itting nuclear transition. For e ither IPC or MPC, the kinetic  
energy of the ejected K-electron is the nuclear transition energy minus the K-shell 
binding energy, Ee_ = fto-|Eg|. As discussed in Sec. 2.5, the FWHM of the expected  
electron peak is AEe_~90 keV, including the acceptance of the cylindrical baffle, the 
detector resolution, and the azimuthal range of scattered nuclei. The number of ex
pected peak electrons is

Ne. =  (eg!7SDe..).(SDe + /EPk+ )*(P |C/Pe + )*Ne + (4.12)
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Figure 4-10. y-Ray energy distribution measured simultaneously under identical kine
matic conditions as the Th + Ta positron peak, not corrected for Doppler shifts, efficien
cies, or detector response. Solid and dashed curves present the absolute 
y-ray intensity required to explain the e* peak by an IPC transition in the tantalum nu
cleus.

For both the IPC and MPC mechanisms, the IC channel represents a competing  
transition mode, so the corresponding peak intensities vary inversely w ith the num
ber of available K-vacancies:

^e-° =  Ne + *(ePlVSDe..)*(SDe + /ePk+ )«(1-x/2)/T1 (4.13)
f ^ . PC = Ne + *(EP!VSDe..)«(SDe + /ePk+ )*(2/x-1)/4. (4.14)

For the unlike ly case that two K-holes survive until the E0 transition occurs, the IC 
electron peak vanishes completely.

Figure 4-11 presents the simultaneously measured electron spectrum corre
sponding to the HI angular cut associated w ith the positron peak in U + Cm of 
Fig. 3-16 [Cow85]. Shown superimposed, not added to the data, are the IC electron  
peaks expected for an IPC or MPC positron peak orig in, plotted for x = 1 K-hole pre
sent when the transition occurs. The observed structureless spectrum places a lim it 
on the possible intensity of the competing electron peak, Ne_, determ ined by a 
X2 comparison of the underlying continuous electron spectrum (nobs(EeJ) to the ex
pected (nexp(EeJ  =  peak + continuum),
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Eg. EkeV]

Figure 4-11. Electron energy distribution from 6.04-6.13 MeV/u U + Cm collisions meas
ured simultaneously under identical kinematic conditions which produce the positron 
peak. Dashed and dotted curves present the absolute IC electron peak intensity, plotted 
for x = 1 K-hole, required to explain the e+ line by nuclear IPC or MPC transitions.

X ~  (nexp ‘  no b s ^ /nexp
=  I j  (Ne_*fj)2/(n j +  Ne_*fj). (4.15)

In Eqn. 4.15, nj denotes the contents of each Ee_ bin, fj is the spectral shape of the 
eJectrnn line (If: = 1), and Ng_ is its intensity. A llow ing an upper lim it on x2 ° f  
X2(NeJ  ^  2, provides an upper lim it on Pe. ( = Ne./N Hj) of Pe. < 10' 3 per scattered  
HI (95% C.L.), which from Eqns. 4.13,14 translates into a lower lim it on the average 
number of K-holes required during the transition (xav > 1.9 at 95% C.L.). This is 
related to vacancy production and K-hole and EO transition lifetimes by

xav = x(t =  0) xk / ('Ceo + TK>- (416)

Assum ing that the K-shell is completely stripped in the collision, x(t =  0) = 2, the K- 
hole life time must s till exceed the nuclear decay time by an order of magni
tude. Normally, K-vacancies are filled by X-ray cascades from higher shells with a
typical lifetime, -  10' 17 sec [Anh75], while the EO transition decays on a time scale, 

-1 0
tE0 sec-

In the case of extreme K-shell ionization, as required above, internal conversion  
of higher shell electrons represents an important new channel for the nuclear transi-

I



tion. It occurs at ~10%  of the neutral atom K-conversion rate, i.e., approximately  
10'3, which is just the lim it on Pe_ extracted from the data. One therefore expects 
s lightly higher deduced xav values in order to account for the measured positron  
peaks. Figure 4-12 leads to a somewhat less stringent lim it on x for the Th+Ta  
system.

Confidence Interva ls and Interpre ta tion.: The preceding re la tionship between x, the 
number of K-holes at the time of the transition, and the ratio of the K-vacancy to EO 
lifetimes, while making clear the need for extreme states of ionization to satisfy the 
MPC hypothesis, masks one of the striking features of th is decay process because it 
tac itly assumes that all HI scatterings lead to the same degree of ionization. For the 
extreme case of a complete ly stripped ion, the IC channel vanishes as illustrated by 
Fig. 4-13 which traces x dependence of various decay probabilities relative to 
PE0= MPC would then account for most of the total transition probability, and only 
a small probability for exciting this particular EO transition (P^g s  P^jpQ =  
Pe +  ~ 10'3) would be required to account for the positron peak. In principle, at 
least, excitation of the EO transition may be correlated to the production of long-living  
stripped ions, possib ly requiring an exotic co llis ion in only a small fraction of scat
tering processes.

In order to explore th is possib ility quantitatively, the exp lic it tim e dependence 
of the competing decay modes must be considered. In term s of the total EO transi
tion probability,

PE0 = p IC + PMPC + PIPC
= [1 + T| + (^-1)x /2](1-x /2)"1 p |c , (4.17)

where 2-photon decay and IC of higher shells are ignored. The individual decay 
modes are:

p ,C = PE0 d -x /2 ) [1 + i)  +  (4-1)x/2]-1 , (4.18)
PIPC = PE0 H [1 + n  + (S-1)x/2] ' 1 . (4.19)
PMPC = PE0 S I 1 + ’l + (S-1)x/2]‘ 1 . (4.20)

The number of nuclear transitions occurring per unit time is
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dNgg/dt — (pEc/TE0) e ̂ T̂ 0. (4.21)
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Figure 4-12. Same as Fig. 4-11 for Th + Ta electrons, comparing the required IC peak in
tensity associated with an I PC origin for the positron line.

and the number of available K-holes for the various processes at tim e t is

x(t) =  2PKe 't/TK. (4.22)

Assum ing a distribution of ionic charge states w ith weight Wj and corresponding K- 
shell ionization probabilities PXj and lifetimes t^ j ,  the total Internal Conversion  
electron production probability is explic itly

PIC =  z i w i io (1-PKie"t/TKi) t 1 +7i + (4-1)PKie"t/TKir 1 •
(Peo^ eo) e ‘t/TE° dt- : <4-23>

with s im ila r expressions for P ^ p c  and P|PC‘ Letting z = e‘ ^ TKi and a j =  TE (/TKi’ 
and defining the integrals

11 (pKi,0i> = Jo [1 +T1 + (^"1)pKjzr 1 dz. (4.24)

'2(PKi-a i) = fo pKizain  + Tl + (^-1)pKizr 1 dz- (4-25)

the conversion probabilites for each decay channel are given by
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Figure 4-13. Branching fractions for IC, IPC, and MPC decay modes of a 1.4 MeV E0 
transition in uranium, versus the number of K-shell vacancies present when the transition 
occurs.

P|C -  PE0 Z i Cw i*^ 11 ( ^Ki ’^ i ^ ^ t (4.26)  
PIPC = PE0 Z i tw i#n * l i ( pKi-raj)]* (4.27)
PMPC = PE0 Z i [w j#^#l2(PKi’a i]] ‘ <4-28)

To evaluated confidence levels for E0 conversions, we must firs t consider the 
attributes of a physically reasonable model. The neutral atom K-vacancy lifetime for 
Z s9 2  is t k  - 10-17 sec [Anh75], falling far short of the typical nuclear e lectric mon-

1 p 4 0opole lifetimes of t E0 ~10 '*■ - 10 10 sec. Atoms with only upper shell e lectrons  
(e.g., > M  shell) fill the 1s orbita l in <10 ' 14 sec by X-ray cascades [Mok87], This 
disparity in life time implies that all usual combinations of ionic charge state and K- 
hole lifetime, e.g., from equilibrium  calculations [N ik68], provide filled K-shells w ithin  
a fraction of the EO transition time and can be safely treated as approximately neutral 
atoms for the present analysis. Since even in highly ionized atoms the presence of 
higher shell electrons still offers a competing IC mode (which should occur on at 
least the same level as MPC), it is clear that the only scattering events that m ight
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sign ificantly contribute to the MPC or IPC positron yield, while exhibiting no IC elec
tron line (P*£< 10' 3), are those which produce essentia lly fu lly stripped ions.

A physically reasonable, though not necessarily plausible, model therefore  
consists of a charge distribution with effectively only two components: a fraction, f, 
of complete ly stripped ions, and (1-f) effectively neutral atoms (which includes all 
normal atom ic ionization processes). Under these assumptions, the transition  
probabilities become,

P,C =  PE0 C(1-0/(1 +T1) +  f ^ O . a H ^ l . a ) } ]  , (4.29)
PMPC = PE0 . (4.30)
PIPC = PE0 Id -f) r i/(1 + n ) + f * l1(1,a)] • (4.31)

Inserting the observed magnitude of the positron peak Pe +  in the U +  Cm system, 
and the upper lim it (95% C.L.) of P0_ for the existence of a corresponding K-electron 
conversion peak, provides a relationship between the necessary fraction of stripped  
ions and the K-shell lifetime relative to the transition lifetime. As shown in Fig. 4-14, 
for all levels of ionization a greatly extended K-lifetime, s till an order of magnitude 
larger than t^q, is required. The large fraction of stripped ions (f ^  1.5%), which  
given sec must survive while traversing the target foil, would have been
easily detected in previous charge-state measurements [Mao82, Sti86].

The combination of large and large f, outside the present experience of 
atom ic physics, strongly argues against this very specialized positron em ission pro
cess. Even if stripped ions were formed, it should be noted that the scattered ion 
exits through the target material and backing foil characterized by a mean tim e be
tween atom ic co llis ions of 10‘ ^7 sec. It is un like ly that a fu lly stripped ion could  
traverse ~100 pg/cm2 of material w ithout capturing several e lectrons in higher or
bitals, which would then radiatively fill the K-shell. W ithin the context of a nuclear 
orig in , the fact that positron peaks are observed with several combinations of target 
and pro jectile  nuclei further necessitates the presence of a strong EO transition of 
appropriate energy in more than one nuclide, or conversely, that one common nu
clear species is created w ith significant probability via mass transfer in all these 
co llis ion systems. Finally, the result of the positron-electron coincidence experi
ment described in Part II o f th is dissertation indicates that the positron peaks are 
accompanied by a correlated monoenergetic electron, which does not occur naturally 
in the context of IPC or MPC processes.
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Figure 4*14. 95% C.L. limits on minimum fraction of completely stripped ions produced 
in U + Cm collisions, for a given ratio of K-shell to E0 transition lifetimes, for which the 
positron peak can be explained as nuclear MPC, in light of the structureless measured 
electron spectrum.

• In -c o llu s io n , th is investigation of the possib ility of a nuclear orig in for the ob
served narrow positron peaks from superheavy co llis ions has focussed on a search 
for the y-ray and internal conversion electron decays which must accompany either 
an IPC or MPC conversion process. Comparison of the required y-ray line, based 
only on the positron peak intensity and known coversion coefficients, to the simul
taneously measured structureless photon spectrum complete ly ru les out both of 
these mechanisms for transitions w ith m ultipo larity 1. The absence of structure  
in the simultaneously measured electron spectrum provides a lower lim it on the ne
cessary ionic charge and K-hole lifetime necessary to reproduce the positron inten
sity associated with an E0 transition. The production of significant fractions (>  1.5%) 
of effectively fu lly stripped Z~90  ions at these beam energies is outside the present 
experience of atom ic physics, and the existence of very long K-vacancy lifetimes,
^  100 ps, has not been previously observed. On the basis of intensity alone, it 
therefore appears that no nuclear Internal Pair Creation or Monoenergetic Positron



Conversion process is able to account for the positron lines presented in th is d is
sertation.

S e c tio n  4.3 M e a s u re m e n t o f E m it t in g  S ys te m  V e lo c ity

As described in Chapter 1, one of the principal goals o f Part I of th is dissertation has 
been a determ ination of the velocity of the source em itting the narrow positron peaks, 
which could provide considerable information regarding the ir orig in. A central por
tion of Chapter 2 therefore was devoted to understanding the details of the Doppler 
broadened positron lineshape in the EPOS spectrometer. Its width, 
AEe + s2(yP)em Pe +  (not including detector resolution), is almost linearly propor
tional to the mean laboratory velocity of the em itter. An accurate determ ination of 
the observed positron peak widths therefore provides an independent d iscrim ination  
between the specific sources commonly under discussion involving the scattered  
nuclei or em ission from the heavy-ion CMS. Center-of-mass em ission would point 
toward a process involving the quasimolecule, for example. Spontaneous Positron 
Emission fo llow ing supercritical binding. An analysis of the widths of the positron  
peaks presented in Chap. 3, and particu larly the ir dependence on the scattering an
gle of the heavy-ions, is presented in this section.

As was indicated in Fig. 4-6, fits of the Doppler-broadened lineshape to the po
sitron ̂ peak. from  .previous U + Cm experiments [Shw83] already effectively rule out 
an Internal Pair Creation orig in, while allow ing for MPC from the slow ly moving HI 
ejectile . An even better fit to the data, however, is provided by assuming that the 
peak positrons are em itted from the CM system. As shown in Fig. 4-6d, under this  
assumption, the fit (described in Sec. 4.2.1) yields a x^ =  0-90 ar|d a statistical 
probability P^2 of 51%. A more effective discrim ination between the CM em ission  
and em ission from the slow recoiling ion can be attained in the data presented in this 
work where the line is observed over a wide range of HI scattering angles, including  
around 9|ab ~ 45° where the velocities of both recoil nuclei are unambiguously much 
larger than

Sec. 4.3.1 HI Scattering Angle Dependence of Peak Width

In addition to the generally larger ve locity of the recoiling nuclei compared to 
em ission of positrons from the separated nuclei must reflect the characteristic vari
ation of the nuclear velocity as a function of the HI scattering angle. For the nearly
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symmetric supercritical co llis ion systems, unuc depends on the cosine of the labor
atory scattering angle,

168

unuc 2uCMcos0nuc (2E (/Mpro jc ) ^2cos0nuc‘ (4.32)

On the other hand, em ission from the CM system exhibits an em itter ve locity which  
is independent of nuclear scattering angle.

Figure 4-15 plots the w idths of the positron peaks presented in Chap. 3 versus 
the mean HI scattering angle in the given kinematic window. The A0^| range of 
each HI angle cut is denoted by the horizontal bars. In order to facilita te comparison  
of the several measurements to the expected w idth of a monoenergetic positron line 
em itted from one of the scattered nuclei, the dependence of the Doppler broadening  
on the mean energy of the em itted positrons and on the masses of the co llis ion  
partners has been approximately removed. This is accomplished by d ivid ing the  
experimentally measured positron linew idth by the Doppler-broadened peak width  
expected for monoenergetic positron em ission isotropically from the center-of-mass 
system. The expected CM lineshape is calculated by the Monte-Carlo program de
scribed in App. C, using the measured peak centroid as the energy of the positrons  
in the CMS. Using th is procedure, positron peaks having different mean energies  
and observed in different co llis ion systems at different bombarding energies may be 
directly compared because both the positron momentum dependence, P0 +  , of the 
Doppler broadening, AEDop = 2(yP)em Pe + , and the dependence of pcm on the de
ta ils of the HI co llis ion, have been divided out. The ratio plotted in Fig. 4-15 there
fore provides a re lative measure of the mean laboratory velocity of the source,

which over the range of interest reduces to the non-re lativ istic lim it,

(4.33)

The curves in Fig. 4-15 present the expected linew idths for em ission from either the 
fast or slow scattered heavy-ion, normalized to the expected CM Doppler broadening,

i e - unuc/uCM = 2#cos0nuc-
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Figure 4-15. Plots of the positron peak^ widths versus the laboratory HI scattering an
gle. Widths normalized to the =2yPPe+  width predicted for emission from the CM 
system. Dashed, dotted, and dot-dashed curves compare the expected widths for mo
noenergetic e+ emission from either the projectile or recoil nucleus, or from the CMS.

The experimental linew idths of the positron peaks were extracted from the 
measured energy spectra of Fig. 3-16 in a well-defined statistica l manner. This in
volved firs t fitting the background under the peak by normalizing the continuous dy
namic plus nuclear background distribution (whose shape was determ ined in 
3ec. 3:3) to  ilns data, excluding a ~150 keV wide region centered around the mean 
peak energy. W ithin th is "peak" interval, the width was then calculated from the  
standard deviation (equal to the square root of the variance, S.D. = V 1/2) of the data 
above the background curve. The variance is defined in the usual way as the 
mean-square deviation of the positron energies about the mean energy. Including  
a correction for the bin-w idth, A, of the histogrammed data, it is given by,

V = { I [ (N j-B i)«(Er < E > )2]}/N pk + A2/ 12. (4.34)

The standard 1ct e rro r of the variance, ay, is given by

av 2 = NJ2 •  I  { (Ni +  a B2)*[{(E j- < E > ) 2-V} 2
+ A2(A2/80 + (Ej- <  E > )2/2-V/6)] }, (4.35)



where the firs t terms in the summation (top line) consist of the usual expression (see, 
e.g., [Pel82]), and the later terms involving A account for the fin ite bin size. In 
Eqns. 4.34 and 4.35, Nj, Bj, and ag denote the measured number of positrons in the  
ith energy bin, E|f the corresponding intensity of the background fit, and the fit error, 
respectively. Npk is the net number of peak positrons above background, and 
< E> is the mean peak energy.

The statistica l width defined by Eqns. 4.34 and 4.35 is d irectly related to the peak 
FWHM. For example, for the simple case of an underlying gaussian distribution, the  
peak FWHM is given by AE =  (8 tn2),/2v ’/2, or for a rectangular d istribution, AE =  
j  12 v ,/2. The re la tionship between the FWHM and variance appropriate for the 
Doppler-broadened positron lineshape, AE0 +  = 2(y0)em Pe + , is

(AEg + Joop = 3.06 x v ’/2. (4.36)

The m ultip licative constant was determ ined numerica lly from Monte-Carlo calcu
lations of the lineshape. It varies s lightly as a function of mean positron energy and 
average em itte r ve locity (by as much as ~ 4%  for the different peaks presented  
here). The experimental FWHM's for each peak listed in Table 3-3 were calculated 
with the factor appropriate for monoenergetic em ission isotropically from the CMS 
of that co llis ion system.

The ratios plotted in Fig. 4-15, A E g + ^ /A E ^ 10, do not involve the intermediate  
calculation of the FWHM as described by Eqn. 4.36. They were determ ined d irectly  
from the standard deviations extracted from the measured peak data and the ex
pected CMS lineshapes calculated for the appropriate mean positron energy and CM 
velocity (i.e., S .D .g + ^ /S .D .^ 10). For each system, the peak intensity above back
ground is well localized so the statistical w idth and its e rro r are largely insensitive to 
the size of the fit w indow, as long as it includes the entire peak intensity. In each 
case a 100 to 120 keV energy range centered around the peak was used. (For eval
uating the expected width of nuclear-em ission peaks, the window was appropriate ly  
increased as a function of scattering angle for w ider structures.) The vertical erro r 
bars for each point in Fig. 4-15 represent the 1a error in the standard deviation of the  
peak data (agp = V iV ^ a ^ ) ,  only. As noted in Fig. 3-17, the systematic erro r in
troduced by the exact choice of the HI angular cut is ra ther small, < 5% .
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As noted above, the principal advantage of using the well-defined statistical 

width of Eqn. 4.36 is that it provides an essentia lly model-independent comparison  
between data of different systems with slightly different mean peak energies and CM 
velocities. Moreover, because the lineshape is dominated by Doppler broadening 
and the detection effic iency is smooth and structureless, most of the information re
garding the details of any peak-producing process under consideration is summa
rized simply by the linewidth. For a given assumed positron em ission-angle  
distribution, in trinsic width, or source lifetime, the statistical line width is approxi
mately linearly proportional to the source velocity (yP)em , and only the overall abso
lute normalization of the calculated CM and nuclear linew idths changes.

The supercritica l peak data are separated between Figs. 4-15a and b into the  
asymmetric U + Cm and Th + Cm collis ion systems, which exhib it a crossing point in 
the scattering kinematics near 0^j =  47°, and the symmetric U + U and Th + Th, and 
nearly symmetric Th +  U systems, whose ejectile ve locities are symmetric in 
0|_ll about 45°. The two points for the U + Cm system at < 0 ^ |> s 3 4 °  and 
46° represent the measurements of [Shw83] and [Cow85], respectively. The 
Th + Cm peak data of [Cow85] are distributed over a large PPAC angular range and 
is divided into two subsets for the comparison of Fig. 4-15a. The U + U point at 
< 0|_U> =37.5° is the s310 keV peak presented in [Bok83], and the remaining data 
are taken from Fig. 3-16. Although em ission from the slow nucleus cannot be ex
cluded for positron peaks detected with 0^j <  40°, the U + Cm and Th + Cm peaks near 
45° are each ~3.2a narrower than the expected nuclear MPC linewidth. Emission 
from the fast e jectile  is ruled out throughout the angular range. Moreover, the po
sitron peak widths for all the systems cluster around approximately the width exected 
for u0m =ucm - At face value, these data indicate (independent of the intensity ar
guments of Sec. 4.2) that the separated nuclei are not the source of the narrow po
sitron peaks. W ithin statistical uncertainty, the peak w idths are independent of HI 
scattering angle, and are consistent with a source moving w ith the ve locity of the HI 
center-of-mass system.

Sec. 4.3.2 Distribution of Velocities

As discussed in Sec. 2.2.7, the EPOS linewidth depends on the details of the d is tri
bution of em itted positrons. Some of the conclusions implied by Fig. 4-15 are 
therefore model-dependent. One parameter important to nuclear em ission is the  
distribution of source velocities. For the nearly symmetric Th + Th, U + U, and Th +  U



systems presented in th is dissertation, the PPAC resolution is not adequate to sepa
rate forward from backward co llis ions (in the U + Cm system separation is also only 
partial). For a given HI angular region, both kinematic branches are therefore sam
pled and the d istinction between pro jectile -like and target-like em ission is a rtifi
cial. Instead of separating the two nuclear curves in Fig. 4-15 at a given 0^|, the peak 
in tensity probably includes both fast and slow components. For a peak-em itting  
process which is rather insensitive to the distance of closest approach, the relative  
weighting fo llows the Rutherford cross-section and most of the observed intensity  
comes from distant co llis ions, exhibiting prim arily either a fast (transition in the pro
jec tile  nucleus) or slow  (target nucleus) character. If the mechanism depends sen
s itive ly on Rq, e.g., involving Coulomb excitation or nuclear reactions, this tends to 
balance the Rutherford cross-section and an average of fast and slow  components is 
like ly observed.

Figure 4-16 shows the effect on the calculated EPOS positron linesh'ape of an 
equal adm ixture between fast and slow nuclear velocities. At each HI laboratory 
scattering angle, approximately the same effective statistica l FWHM is observed, al
ways s39%  larger than for CM em ission. The appropriate comparison in Fig. 4-15 
would then be two paralle l lines at AEpeak = 1.0 and 1.39 tim es AEcm . The weighted  
average of all the experimental data in Figs. 4-15,

< (AEpeak/AEcm )> exp = 0 96 ±  004 - <4-37)

is then a suitable test between these possib ilities. It is consistent with 
< u em > =UCM’ but rePresents a 10a deviation from (AEpeak/AEcm ) = 1.39, as ex
pected for nuclear em ission.

Sec. 4.3.3 Angular Distribution

The absolute value of the Doppler-broadened positron linew idth, and the subsequent 
determ ination of the su itab ility of the separated nuclei as em itting sources, depends 
on the angular d istribution of the em itted positrons. In order for the measured li- 
newidths to be statistica lly consistent with em ission from the separated nuclei, the 
absolute nuclear linew idth must be AEnuc < 1.05«AEcm (90% C.L. from Eqn. 4.37), 
or about 25% narrower than 1.39«AEcm . As mentioned in Sec. 2.2.7, for monoen
ergetic em ission (appropriate for nuclear MPC), the laboratory energy distribution is 
proportional to
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Figure 4-16. Doppler-broadened positron lineshapes calculated for monoenergetic posi
tron emission from a nucleus scattered at a laboratory angle of 25°, 24°, or 
65° (top). Lower figure presents expected line profile assuming equal admixtures at 
each lab angle of projectiie and recoil nucleus emission. The statistical peak width then 
equals 1.39*AEri0|. independent of 0H|.____________________________________________

dN/dEe +  oc dN /dcos0e + I (4.38)

with cos0g+ = P '1[(Ee +  + m)/y - (Eg+ + m)]. Only those distributions which sup
press em ission in the forward and backward directions (large Doppler shifts) effec-
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Figure 4-17. Doppler-broadened positron lineshape calculated for monoenergetic emis
sion /rom the scattered nuclei (left).. Dashed curve represents isotropic, solid shows 
sin20e . , and dotted presents sin40e + emission angle distributions for the positron 
w.r.t. tne nuclear velocity. (B) presents y-ray angular distributions from E1 (dotted and 
dashed) and E2 (solid) transitions in high-spin limit (reproduced from [Pel82]).

tive ly reduce the linew idth. Figure 4-17a illustrates the effect of different em ission  
angle d istribu tions dN /dcos0e +  °c |Y£m |2 for m = £ = 0,1,2, w ith respect to the 
em itter velocity. For both m = £ =  1 (solid) and m = £ = 2 (dotted) d istributions, the li
newidth is narrower than for isotropic positron em ission (dashed curve). For m =  0 
( £ = 1,2), forward and backward em ission are favored and the statistica l w idth of the 
lineshape is actually increased as compared to isotropic em ission.

It is evident from Fig. 4-17a that for pure Y£m distributions, the expected nu
clear w idth can be consistent w ith the measured data. It should be noted however 
that after the co llis ion, the heavy nuclei are generally not polarized or strongly  
aligned, so a broad range of orientations must be averaged over. The measured  
em ission angle d istributions in known nuclear conversions are nearly isotropic (ex
actly isotropic for EO transitions). This fo llows from the y-ray angular d istribution  
which can in general be expressed [Pel82] by the expansion,

dN /dcos0e +  = I ° ^  = o a£ p£(cos0), (4.39)

where, for parity conservation, only even values of £ contribute. The coefficients  
â> depend on the transition multipo larity and nuclear alignment, but they are gener
ally dom inated by the leading £ = 0 term, aQ£ l .



Figure 4-17b shows that the y-ray angular d istributions for stretched E1 and E2 
transitions, common in HI co llisions, are so broad that no decrease in the positron

m
linew idth is expected. Moreover, co(Ĝ ) must be multip lied by the so-called particle  
parameters [Bie53, Chu64] to obtain co(0e + ), which tends to further smooth out the 
angular correlation.

An interesting sem i-classical argument provides an order of magnitude estimate  
of the re lative importance of the various t components in the expansion 4.39. The 
positron wave function which enters the desciption of the em ission process, e 'k#r, 
can be expanded in the long wavelength lim it,

e ik«r =  i +  jk«r . y2(k * ij2  .... (4.40)

The successive terms entering (4.40) are analogous to the higher angular momentum  
values t in (4.39). An estimate of the maximum contributing exponent of (k«r) or 
value of t, and the relative importance of each succeeding term, is given by the 
maximum classical angular momentum which can be carried away by the positron  
when it is em itted from the maximum radius of the system,

C  - pe + *Rem * ‘max'1 <4.41)
For a 350 keV positron (Pe + =692 keV/c),

‘ max -  3 .5x10 ' 3 Rem , (4.42)

with R0m expressed in fm (tc =  197.3 MeV-fm).

Table 4-1 lists this sem iclassical estimate of t max for em ission from the sepa
rated nuclei, the quasi-molecular system, or from an outer-shell atom ic ef
fect. Because of parity conservation, even values of t contribute successively with 
a magnitude relative to the previous term  of (p»r/7^2 = €^,ax- Unless the leading 
t  =  0 component is quantum mechanically forbidden, the angular d istribution of posi
trons, em itted from either a nucleus or from the quasi-molecule, must be nearly iso- 
trop ic since 1 = 2 terms enter with magnitudes of 10 to 10 , 
respectively. Because of the very broad range of momenta available for atomic 
em ission, one expects that several components contribute to the angular d istribution, 
tending to smear out the well-defined corre lations which could arise for fa irly low
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t's. In princip le, the € =  0 term  could be forbidden, or a suitable distribution of a^'s 
may lead to a narrow em ission angle distribution. It should again be noted, how
ever, that experimentally we integrate over many of the physical degrees of freedom  
(positron polarization and em ission direction, source velocity and orientation, and the 
momentum and spin of the associated electron discovered in Part II of this d isserta
tion) so that even a narrow em ission angle d istribution should not usually lead to 
peak width noticably smaller than the maximum possible Doppler broadening,
2 ypp;+ .

It therefore seems un like ly that a conventional pair creation mechanism in the 
separated nuclei can explain the positron peak widths. Of course the IPC and MPC 
processes already appear to be ruled out on the basis of the intensity arguments of 
Sec. 4.2. It cannot be entire ly excluded, however, that some unknown process as
sociated w ith the scattered nuclei, which preferentia lly em its positrons perpendicular 
to the ir d irection of motion, is the source of the narrow peaks.

Sec. 4.3.4 Nuclear Level Lifetime

As discussed in Sec. 2.2.7, if the source of positrons is more than ~20 mm away 
from the solenoid axis, the Doppler-broadened lineshape w idth is also reduced be
cause of the axial geometry of the positron detector. Low-lying nuclear levels oc
casionally have lifetimes >100 ps so off-axis em ission is not impossib le for high 
energy positron-em itting transitions. Figure 4-18 repeats Fig. 2-28 which plots the 
EPOS lineshape for various off-axis distances dQ, and source lifetimes, Tem , assum
ing ^ e m ^ c M 1 use *bese peak shapes for em ission from a nucleus of ve locity
unuc with a level life time ° f  Tnuc  the aPPr°P r iate CMS lifetime is t em =  
(unuc/uCM)Tnuc. For a typical nuclear velocity, unuc/c~0 .10 , and lifetime, t> 2 0 0  ps, 
a reasonable fraction of the positrons are em itted more than 2 cm off axis. Because 
of the rapid fall-off of detection efficiency with dQ, a convolution with em ission time  
(hence dQ) yields lineshapes weighted heavily w ith the maximum width, as indicated  
in Fig. 4-18b. This obviously does not provide for narrow nuclear em ission peaks 
of the order of Eqn. 4.37.

In princip le, the different ve locities associated with scattered fast and slow nuc
lei would change the equal adm ixture assumed in Fig. 4-16. For example w ith a 
transition lifetime 'tnuc> 1 ns, em ission from the slow ejectiles would be detected  
with greater probability than that from the fast e jectiles, and the average nuclear peak 
width would converge to the "reco il-like" curve in Fig. 4-15. Nuclear em ission is still
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Table 4-1 Semi-Classical Estimate of I max

Emitter Rem t,max

Nucleus ( 238U) 

Quasimolecule 
Atom

1.2*A1 /3 S 7 .5  fm

<rl s >/2 = 120 fm 

rBohrs 53000 fm

0.42

0.026

186

substantia lly ruled out by the data at 0|_||=45° and by the intensity arguments of 
Sec. 4.2.

fed from a very long-lived higher state, so that the positrons are firs t em itted w ith the 
nucleus is off-axis. From Fig. 4-18a, a distance of at least dQs20  mm is required. A 
correspondingly long feeding time of Tfeecj — 1 ns >s necessary to ensure that the 
transition does not em it positrons for do = uj_t< 20  mm.

Sec. 4.3.5 Intrinsic Width

From the preceding discussion, it is clear that on the basis of the linew idth alone, 
em ission of positrons from the separated nuclei is substantia lly excluded as a source 
for the observed narrow peaks, unless the positrons are em itted preferentia lly per
pendicular to the direction of motion or from a state which is populated with a very 
long feeding time. Conventional IPC and the rare MPC pair conversions do not meet 
these criteria and are largely precluded based on the intensity arguments of 
Sec. 4.2. In fact, nuclear processes involving off-axis em ission have a smaller po
sitron detection efficiency, so the required size of the competing y-ray line would be 
even larger than shown in Figs. 4-8,4-9. The IC electron line, however, may be at
tenuated for a state fed with t >  1 ns, because of the smaller fiducial volume of e lec
tron detection due to the cylindrical baffle (Ar0_ ~  5-10 mm). The lim its extracted  
from th is lineshape analysis also provide constra ints on the required characteristics  
of unknown exotic peak producing processes.

For isotropic em ission close to the solenoid axis (a condition w ith appears rea
sonable in the absence of evidence to the contrary), Fig. 4-15 implies that the peak 
positrons are em itted from a souce moving w ith a velocity < 0.06c which is inde-

The positron linew idth for a nuclear transition couid be smaller if the decay is
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Figure 4-18. Doppler-broadened lineshape calculated for an emitter (moving with uCM) 
located a distance dQ perpendicularly off-axis (top). Long emitter lifetimes (bottom) re
duce the efficiency but not the effective linewidth.

pendent of HI scattering angle. One obvious possib ility is that the peaks are em itted  
from the CM system. If this is the case, it is interesting to determ ine the in trinsic  
width of the lines in order to estimate the life time of the compound system. Figure 
4-19 presents the Doppler-broadened lineshape assum ing a Lorentzian distribution  
of em itted positron energies w ith different w idths f  (FWHM), associated w ith a
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Figure 4-19. Doppler-broadened positron lineshape for P_M calculated assuming an in
trinsic Breit-Wigner distribution having FWHM T (left). Relative increase of the statis
tically determined width versus T (right), evaluated at 1/2, 1/5, or 1/10 max.

source lifetime of t  =  AT. For small T, the central portion of the lineshape tends to 
fill in s low ly until, at r~A E0, the entire laboratory d istribution is sign ificantly broa
dened. As illustrated in Fig. 4-19b, the measured peak FWHM (AEe + ) which one 
determ ines statistica lly from the data by Eqns. 4.34 and 4.36, would depend on how 
wide an energy range is considered because of the broad ta ils (evident in Fig. 4-19a) 
which accompany a large in trinsic width. Tails on the experimental peaks could be 
reasonably identified above the smooth background at a height of -2 5 %  of the peak 
maximum. For comparison to the peak FWHM's (Eqn. 4.36) extracted from the 
measured data, the calculated widths of Fig. 4-19 should be evaluated at -1 /4  
max. The expected statistical FWHM is then approximately,

AE0 +  3  [(AEq)2 + r 2] ’/2, (4.43)

where AE0 s2(YP)em Pe + is the FWHM for a monoenergetic line.

The weighted average of the data of Fig. 4-15 gives an upper lim it on the posi
tron linew idth of AEe + /AEcm < 1.04 at a 95% confidence level (Eqn. 4.37), which 
implies from Fig. 4-19b that I7AEcm < 0.2. That is, T ^ 1 5  keV (95% C.L.), which 
requires that the CM system must live for t> 4 « 1 0 ' 29 sec. Previously [Shw83}, we 
obtained an upper lim it (FHWM < 40 keV, 95% C.L.) on the in trinsic width of a po
sitron line em itted from the CM system for the U + Cm data of Fig. 4-6. This was



determ ined by including a gaussian in trinsic peak shape before correcting for Dop
p ler broadening and detector lineshape response in the maximum likelihood fits de
scribed in Sec. 4.2.1. Using a Lorentzian in trinsic distribution gave an upper lim it 
of r < 2 5  keV (95% C.L.), comparable to that determ ined here for the average of all 
the peak data.

Of course, the measured width of the lines could be dominated by a large 
T associated w ith sign ificantly smaller source velocities. In the lim iting case of 
em ission from rest in the lab, uem = 0, AEe + — 75 keV (FWHM), or
t  =  Ee +  s  9 * i o *21 sec. It should be noted that th is short source life time is 
marginally longer than the HI co llis ion time. It is very difficu lt to imagine how a 
source created in the co llis ion, as is clearly indicated by the TOF arguments of 
Sec. 4.1, could come to rest in the target before decaying, especia lly since the travel 
tim e to the next atom in the target is ~10 ' 17 sec. If a stationary source in the lab 
is somehow excited by the beam ions, the short observed lifetime makes it d ifficu lt 
to attribute the positron em itting process to atom ic mechanisms (which are charac
terized by a typical tim e scale ^  10"17 sec) or nuclear transitions (with times  
>10 - 15 sec). Based on the arguments presented in this section, it would appear 
that the source of the positron peaks is e ither the CM system, or a secondary object 
traveling in the laboratory w ith a mean velocity whose magnitude is approximately  
equal to uqm- The consequences of a secondary source on the Doppler-broadened  
positron lineshape is addressed in more detail in Chapter 5.

S e c tio n  4 .4  S p o n ta n e o u s  P o s it ro n  E m is s io n  

Sec. 4.4.1 Application to U  +  C m  Data.

Due in part to the inab ility of instrumental or nuclear mechanisms to explain the lines, 
and to the correspondence between the mean em itter ve locity and spontaneous 
positron em ission has been w idely discussed as a possible explanation for the nar
row positron lines observed in superheavy collis ions. As described in Chap. 1, the  
search for this process o rig ina lly motivated these experiments, but the short co llis ion  
tim es involved implied that no clear signature should be observed. Serious specu
lation [Rei81b, MuU83, Grn83b, MGI84, Hes84] was fueled prim arily by the unexpected  
discovery of the narrow peak in the U +  Cm system [Shw83] whose energy of 316 ±  10 
keV agrees w ith the predicted 1sa binding energy for U and Cm nuclei separated by 
= 17 fm, approximately the distance of closest approach in 6.05 MeV/u co llis ions. As
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noted above, the narrow width of the positron line implies a source lifetime of 
t > 5 * 1 0 ' 29 sec, requiring, in th is context, the formation of a long-lived compound  
nuclear system, which in itse lf would be of great interest to nuclear physics.

The theoretical formalism  of dynamic and spontaneous positron production has 
-been discussed many tim es and w ill not be repeated here. Many of the quantitative  
contributions in the literature were made by the Univ. Frankfurt theory group under 
the direction of W. Greiner. For theoretical details, the reader is therefore referred 
to the review of Reinhardt and Greiner [Grn85], and the many excellent references in 
[Grn83] and [Grn87]. Other calculations along these lines have been made by 
[Tom82, Tom82b, Tom83, Bot85, H ir86]. Only those aspects of the Frankfurt treat
ment germain to the present analysis of the positron peak structures are discussed 
below.

As mentioned in Chap. 1, only a broad, smooth d istribution of energies is ex
pected for positron em ission from supercritical co llis ions. No monoenergetic spon
taneous positron signal is anticipated mainly because of the short time during which 
the 1sa orbita l is supercritica lly bound (tc r = 2 *  10'2  ̂ s). Due to the much longer 
spontaneous decay tim e ( tSp = 7>T.js = 10- ^9 s), very few of the 1sa vacancies, 
which are produced with probability P^sa~5%  along the incoming path of the HI 
tra jectory, have a chance to decay. Moreover, the energy d istribution of the spon
taneous positrons is spread over AEe + 3 / / tC(.3  300 keV by the uncerta inty relation. 
Spontaneous vacuum decay can therefore form narrow peaks only if the co llis ion time  
is substantially prolonged. For tcr approaching t Sp, both the decay probability of 
the 1sa vacancy increases, and the width of the resulting line becomes narrower.

Following a suggesting by [Raf78], Reinhardt et al. [Rei81b] calculated the effect 
on the positron energy distribution of a fixed nuclear delay time, T, occuring at the 
distance of closest approach between the heavy ions. Using firs t order time-depen
dent perturbation theory they obtained,

dPe +  /dEe +  ~ P1sa(t =  0)® (r1SCT/2«T2)«[sin(x)/x]2, (4.44)

where x = (Ee + -E^sa)T/2A As shown in Fig. 4-20, in subcritical co llis ion systems 
(left side) this results in an oscilla tory pattern in the positron energy which has a pe
riod AE = h/T. As discussed in Sec. 4.5, the oscilla tions are quickly averaged out for
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Figure 4-20. Predicted positron energy distributions for subcritical U + Pb (left) and su
percritical U + U systems (right), calculated for discrete nuclear contact times, 
T. (Reproduced from [Shm83].)

a d istribution of delay times, and the resulting smooth spectrum is not easily d is tin 
guishable from dynam ic positron production.

In supercritica l co llis ions (right), however, the spontaneous component emerges  
above the fluctuating continuum, and a peak-like structure develops which has a 
width, AE0 +  = 5.567/T [Rei81b]. As shown in Fig. 4-21, the magnitude of the 
spontaneous component, given by

Pe +POn‘ '  P lso«  = 0) * r 1soT"> (4.45)

increases almost linearly with T, and quickly dom inates the total positron production  
cross-section. U. M uller et al. [M0U83] demonstrated that the U + Cm peak of 
[Shw83] could be fit w ith in this schematic model, by assum ing a fixed tim e delay of
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Figure 4-21. Production probability of positrons from pure s y2 or py2 states shown for 
various systems as a function of nuclear delay time. Dynamic production slightly de
creases with T, while spontaneous 1so decay increases almost linearly. (Reproduced 
from [MuU83].)_________________________________________________________________

T = 6 .5 M 0 t20 sec, as shown in Fig. 4-22. Because of the correspondingly large 
production probability, such a di-nuclear complex (living for ~30 times the Rutherford 
co llis ion time) must be formed in only ~ 2  out of every 1000 HI co llisions, i.e., with a 
reaction cross-section of a n ~30 mb. S im ilar results have also been obtained by 
other groups [Tom83, Bot85].

The formation of superheavy compound systems w ith lifetimes long enough to 
produce visib le spontaneous positron peaks has never been independently observed  
experimentally, nor was it generally considered possible with mb cross-sec
tions. Motivated by the existence of the narrow positron peaks presented in [Shw83, 
Cle84, Cow85, and Tse85] and Chap. 3, however, several models for form ing a 
"pocket" in the HI scattering potential, which could possibly produce long-lived di- 
nuclear resonances, have been investigated theoretically. These include the use of 
double-folding models [Rho83, Str83, Hes84], fo ld ing-models plus a liquid-drop po
tentia l at small separations [Sei85], proxim ity potentia ls [Sei84, Mal85], and energy-
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Figure 4-22. A fit by the Frankfurt group of spontaneous positron emission to the EPOS 
peak observed in U + Cm collisions. A fixed nuclear sticking time of 6.5 * 10-20 is as
sumed to occur in 1.75 out of 103 collisions. (Reproduced from [MuU83].)

density formalisms [Man86, Fin86, Fae87]. Quantum mechanical treatments of the 
interaction between nuclear resonances and spontaneous positron creation have also 
been performed [Hei83a,b, Hei84a,b]. As of th is writing, the present state-of-the-art 
theories involving a sem i-m icroscopic descrip tion of the HI environment [Kat86], or 
Hartree-Fock and shell-model calculations [Nei86], however, are pessim istic about 
the formation of potential pockets at beam energies relevant to th is experiment 
[Obe86].

Sec. 4.4.2 Z  Dependence

Assum ing for the sake of argument that pockets exist in the nuclear scattering po
tentia l so that spontaneous positrons may be em itted with sufficient probability to be 
experimentally detected, the energy of the bound 1sa state, and hence the liberated  
monoenergetic positron, depends on the strength of the Coulomb field. For static
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Figure 4-23. Expected energy of the spontaneous positron peak versus intemuclear sep
aration for U+Cm, U + U, and U+Th collisions. Calculations include finite nuclear size, 
assuming normal nuclear density, and are presented for inclusion (right) or exclusion 
(left) of electron screening. (Reproduced from [Rei81b].)

configurations of the di-nuclear complex, the positron peak energy is expected to 
vary as E0 +  ~ Z U26 [Rei81b], i.e., changing by £30 keV with each unit of Z between 
180<ZU < 188. By the same token, the 1s binding energy depends sensitive ly on the 
nuclear charge distribution and on electron screening effects. Figure 4-23 presents 
the expected spontaneous positron peak energies as a function of the intemuclear 
distance R, tor several systems [Rei81b]. Parts a and b compare the calculations  
without and with electron screening.

The experimentally observed positron peak energies (of Fig. 3-16) for each 
system are plotted in Fig. 4-24 versus the combined nuclear charge [Cow85]. The 
nearly flat dependence on Zu obviously contradicts the stra ightforward theoretical 
predictions of spontaneous vacuum decay, represented by the lines in 
Fig. 4-24. Line (a) indicates the predicted spontaneous positron peak energy for the 
anticipated situation of a di-nuclear system fixed at an intemuclear separation of 17 
fm, the average distance of closest approach achieved in head-on co llis ions at the 
experimental beam energies. Electron screening is included. For systems lighter 
than U +  Cm, the data clearly disagree with the QED calculations. For example, the 
predicted line energies in each system [MGI86] are Ee +  £315 keV (U + Cm), £250  
keV (Th + Cm), £170 keV (U + U), £  115 keV (U +  Th), and £60  keV (Th + Th). Instead
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Figure 4-24. Mean energies of positron peaks presented in Fig. 3-16 as a function of 
Zu. Curves present calculations of the expected spontaneous positron energies for 
emission Jrom .static complexes with internuclear separations fixed at R = 17 fm (a), or 
from a spherical configuration (b.c). Electron screening is included in (a) and (b), but a 
stripped compound system is assumed in (c).

of such a sloping dependence on Zu, a fit to the experimental peak positions is in
dependent of combined charge, and the ir mean energy is Ee +  =336 ± 6  keV.

From Fig. 4-23 it is evident that more spherical nuclear charge d istribu tions (i.e., 
R-*0) lead to higher spontaneous positron peak energies. Line (b) of Fig. 4-24 il
lustrates a lim iting case assuming a screened configuration where the entire nuclear 
charge is uniform ly distributed throughout a sphere whose radius is chosen to main
tain normal nuclear density, R(ZU) oc RQ(Ap + A j) ^ 3. This configuration corre
sponds to the well-known supercritical charge threshold of Zcr =  173 (at which  
E^sa = 2mec2). The role played by electron screening is indicated by line (c) which  
presents the peak position for a spherical super-nucleus complete ly stripped of 
atom ic electrons.



Any accommodation of the measured peak energies w ith in the context of spon
taneous positron em ission must clearly involve systematic changes in the di-nuclear 
charge distribution, or in the degree of atom ic ionization, which track with Zu in such 
a way as to maintain a constant 1sa binding energy [Cow85]. Since atom ic ioniza
tion processes appear to be theoretically understood, and only extreme states of 
ionization (e.g., < 10 remaining atomic electrons [Wei79]) lead to significant increases 
in E^S)J, it appears that the Th + Th system already represents an effectively sub-cri
tical combined nuclear charge. S im ilarly, the positron peak in Th + Ta, with Zu = 163 
well below the supercritica l threshold, is very d ifficu lt to incorporate into any model 
involving spontaneous decay.

Sec. 4.4.3 Isomeric Configurations

The Frankfurt theory, group has investigated various mechanisms by which the di- 
nuclear charge configuration could scale w ith Zu in such a way as to produce a 
nearly constant peak energy. The magnitude of the variation required is illustrated  
in Fig. 4-25 [MGU86] which compares the expected positron distributions for quasi
static configurations with the nuclear centers separated by a constant -1 6 .5  fm (left 
panel) to the measured positron peaks (right). The required compound system  
shape for each Zu is shown schematically w ith the experimental spectra. The in
set of Fig. 4-26 sketches the nuclear scattering potential required to lead to such a 
di-nuclear system in U + U co llis ions [Shm86]. Instead of an increasing Coulomb 
potential beyond the hypothesized pocket at s  16 fm, [Grn83b] suggested that a shape 
isomer may exist at small internuclear distance (sim ilar to fission isomers in actinide  
nuclei located at the m inimum with in the double-humped fission barrier, see e.g., 
[Met80]). A double peaked positron spectrum, corresponding to the two values of 
Rm jn for the different configurations, could in princip le be produced (Fig. 4-26). In 
order to describe the Th + Th line at =335 keV in terms of spontaneous positron  
em ission, however, de Reus et al. [Reu87] point out that a spherical Zu = 180 com
plex must be compressed -5 0 %  above the normal nuclear density (po =  0.138 
fm '3). The Th + Ta advantageously system stripped of electrons would still require  
a compound nuclear radius of S3 fm, having a density pS 17pQ.

Calculations by J. Maruhn et al. [cf. MGI86] were unsuccessful in constructing  
such isomers (which require a 180 MeV decrease of the interaction potential for 
spherical configurations) by extrapolating accepted nuclear physics to superheavy 
Z = 184 and A = 480 systems. A modification of the mass formula to include the re-
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Figure 4-25. Calculated positron energy spectra illustrating the position and magnitude 
expected for the spontaneous peak (left) assuming that a similar static di-nuclear complex 
is formed at R~16 fm for each system. Insets in the measured data (right) show the di- 
nuclear configurations necessary to produced a spontaneous positron line at the ob
served peak energy. (Reproduced from [Mull86].)

quired binding in the superheavy domain [Sei85b] was able to obtain a good fit to the 
body of conventional nuclear physics data below Z =  100 by reversing the sign of the 
surface contribution to nuclear compressib ility . The authors suggested that this  
could involve a dissolution of the individual nucleon quark bags in superheavy nuclei 
[Vas85] w ith crucial implications for the search for the quark-gluon plasma phase
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Independent of the measured positron peaks, the kinematics of the HI scattering  

provide an experimental constraint for the Frankfurt hypothesis of condensed and 
compressed superheavy compound systems. In particular, it is d ifficu lt to under
stand how two heavy nuclei enter into a nearly spherical conglomeration and then 
separate, w ith almost no loss of kinetic energy, into a nearly symmetric binary exit 
channel. As discussed in Chap. 3, the positron peaks are associated with HI co lli
sions which differ from Rutherford scattering by a mean Q-loss of less than 20 
MeV. This places a lim it on the number of evaporated nucleons of < 2n or 1p. Within 
the lim its of the PPAC angular resolution, the ex it channel masses appear identical 
to the entrance channel, placing a lim it on possible mass drift of AM <  10 nu
cleons. In the fu lly resolved Th+  Ta collis ions, AM < 5 amu. Although detection  
effic iency remains high for 3-body events, no evidence is found for fission of either 
heavy partner. Based on all the kinematic parameters experimenta lly determ ined, 
the peak-related co llis ion process appears to be quasi-elastic.

It seems very unlike ly that a compound system could be formed w ith small in
ternuclear separation, and hence large density overlap, neck formation, or fusion, 
w ithout transfering large amounts of kinetic energy to the exit products. Such con
figura tions are typical of deep inelastic co llis ions and, unless the hypothesized en
trance channel is very gentle, imply a comparative ly violent nuclear 
environment. The positron data, on the other hand, indicate that the HI e jectiles  
associated w ith peak events have excitation energies below the ~ 6  MeV threshold  
(in 2MU) for fission and nucleon evaporation. It therefore appears improbable that a 
nuclear mechanism exists by which E.jsa changes with Zu so as to produce nearly 
constant spontaneous positron peak energies throughout the measured range.

Sec. 4.4.4 C o m m o n  Super-Nucleus

A different explanation for the nearly constant measured positron peak energies  
w ith in the context of spontaneous vacuum decay involves the formation, in each col
lis ion system, of a single common nuclear complex. This obviously would entail the 
em ission of several nuclear charges in form ing, e.g., a Zu = 180 complex in U + Cm 
(Zu = 188) co llis ions. Of course the formation time of the common nucleus must be 
short compared to the spontaneous decay time, t Sp ~ 10'19 sec, so charged frag
ments, fo r which em ission is suppressed by the Coulomb barrier, must be ejected  
with rather large energies. Energy carried away from the combined system, both 
kinetic energy of the evaporation products and the difference in binding energy be-



tween parents and daughters, adds to an effective Q-value for the reaction which 
must be compared to the observed lim it of |Q| < 20  MeV, derived from the scattering  
angle correlation associated with positron peak events.

The laboratory HI scattering angles are determ ined by the vector sum of the CM 
velocity and the velocity (hence kinetic energy) of the heavy fragments in the CM 
frame. Defining Q as the final available HI kinetic energy minus that in itia lly avail
able (Q < 0  is dissipative), conservation of energy and nucleon number gives

Q = (AMHj - Im j - Ztj) , with
AMH| =  (M1 +  M2)j - (M^ + M j)f . (4.46)

where M denotes the mass excess of each heavy fragment (mass excess M =  ex
perimental mass - A*931.51 MeV/c2, see [Mye77]), and mj and tj are the mass ex-

icess and kinetic energy of the evaporation products. Because mn 3 8 MeV is lost in 
binding energy for each ejected neutron (m p37.3 MeV per proton), nucleons must 
be em itted in bound clusters to achieve small Q values. An alpha particle, for ex
ample, costs the combined system only mQ = 2.425 MeV. The difference in mass 
between entrance and exit heavy ions is generally not very large. For example, 
23®U + 248Cm -» 238U + 244Pu + a, corresponds to AM = 8.13 MeV
[Mye77]. Including ma gives a total Q = (5.7-tQ) MeV.

The large kinetic energy required by the ejected cluster to tunnel through the . 
Coulomb barrier represents the major contribution to the reaction Q value. For a 
given potential V(r), the decay probability is given, in analogy with one-particle  
a-decay theory (see, e.g., [Seg77]), by the WKB barrier penetration factor e‘ 2^  times 
a repetition frequency (v/RQ)

X =  (uj/R0) exp[-2lh (2Mjt i-V(r))1/2 dr] (4.47)

The integration extends from the radius of contact, RQ = R ^  + Ra, to the outer turning  
point where 2Mjtj =  V(R'). The Coulomb potential barrie r against a decay Va(r), is 
shown in Fig. 4-27 for em ission (a) perpendicularly from the neck of a dumbbell 
shaped di-nuclear complex, (b) from its end along the internuclear axis, or (c) from a 
spherical configuration. Fast em ission, t cjecay h 1/X < 10' 19 sec, requ ires ki
netic energies just below the maximum of the potential, tQ 3  30 MeV for the example  
indicated in Fig. 4-27. Proton em ission requires t p 3 l5  MeV. Taking into account
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the average AMH(, each a partic le therefore costs a net Q a = -25 MeV, a proton  
QpS-22 MeV, or a neutron (assuming a Maxwellian energy d istribution with 
< t n > -2 .5  MeV) Qn =-9 MeV.

If the evaporation products are emitted, on the average, isotropica lly in the CM 
frame, the mean velocity of the CM of the remaining heavy ions equals The
momenta of the heavy fragments are reduced, thus leading to smaller lab scattering 
angles. As discussed in App. A, Q = -25 MeV corresponds to a shift in Z0H( of 
-1°. The effect on the HI scattering angle kinematics of neutron and a particle 
em ission is shown in Fig. 4-28. Evaporation of three neutrons, or one proton shifts 
I0|_ll by -1 ° .  W ithin th is very simple model, one may already rule out the possibility  
that the U + Cm peak is related to a Z* =186 complex (i.e., U + Cm —*[186] +  a). The
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Figure 4-28. Kinematic plots of the HI AOH|-I0 HJ correlation patterns for neutron evapo
ration (top) or a particle emission (bottom) following U + Cm collisions. Energetically 
most favorable exit channel nuclei are assumed.

required 4 a's (or, e.g., 160 ) em itted in going from U + Cm to Th + Th (Zu = 180) would 
require Q£-100 MeV with a mean £4° downward shift of the kinematic branches. If 
the evaporation products are em itted in the direction of u^M ’ then the velocity of the 
remaining HI complex is reduced and almost no shift in 1 0 ^  occurs. On the other 
hand, em ission in the backward direction increases the HI decreasing I0 ^ |  by



up to 7° for 4a em ission. The spread in the resulting kinematic correlation pattern for 
isotropic em ission should therefore be on the order of A(Z0|_||)~2° (FWHM). This is 
obviously not observed in the HI angular corre lations associated w ith the positron  
peaks of Fig. 3-16.

Finally it should be noted that the required kinetic energy for the fast em ission  
of the given fragment depends only weakly on deta ils of the model. The probability  
of form ing an a particle (or appropriate heavier cluster) and the repetition frequency 
(uj/RQ) are both dwarfed by the WKB barrier penetration factor. For any fast decay, 
the required kinetic energy is w ith in a few MeV of the potential maximum, 
t j~ V max. Since the positron peaks observed in supercritica l co llis ions appear to 
be associated with nearly symmetric, re la tive ly stable final state nuclei where the 
nuclear mass excesses vary slow ly with Z and A, the mass excess calculation  
(AM-Zmj) generally amounts to 1-2 MeV per proton in the cluster. The inescapable  
conclusion, therefore, is that unless the evaporation products are focussed in a very 
tigh t cone about the beam direction, the fast em ission of an a partic le or more than 
1 proton or 2 neutrons, associated with the narrow positron peaks, is ruled out based 
on the quasi-e lastic nature of the observed HI angle-angle correlations. No common 
super-nucleus is formed in these collis ions. (This model would s till also require  
above normal nuclear density for a common super-nucleus of Z u < 182.)

Sec. 4.4.5 Side Structures

From the above discussion, it is clear that spontaneous positron em ission is unable 
to suitably describe the narrow positron peaks in the effectively subcritica l Th + Th 
or Th+Ta  systems. It has been pointed in [Grn83, MuU83, and M0I84] that an inter
play between spontaneous positron production and the nuclear motion can lead to 
additional structures in the positron spectrum. For example, [MGU83] discusses the 
effect that a periodic radial oscilla tion of the di-nuclear separation has on the energy  
distribution of spontaneously em itted positrons. Parameterizing R(t) as

R(t) =  R0 [1 - a0sin(2nvt)] (4.48)

w ith amplitude and frequency v, a second positron peak develops at an energy, 
Ee _|_ = E^S(J ±  hv, for long contact times. An example in U + U co llis ions is shown 
in Fig. 4-29. A s im ila r mechanism involving the direct transfer from a nuclear tran
sition in the compound system to the spontaneous positron leads to very s im ila r re-
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Figure 4-29. Spontaneous positron energy distributions modified by radial vibrations in 
U + U di-nuclear system, as described in text. Fequencies of fro = 511 keV (left) and 
fro =  255 keV (right) are considered. (Reproduced from [MuU83].)

suits. In both cases, structures rem iniscent of Raman or anti-Stokes lines from  
molecular physics can, in principle, appear.

In the case of low-Zu co llisions, this opens the possib ility that a physica lly rea
sonable di-nuclear charge configuration (e.g., with Rg=17 fm), could exhib it oscilla
tory motion and produce a positron peak above 300 keV. The expected 60 keV 
Th + Th spontaneous line could be boosted to 330 keV by a freqency of hv =  270 
keV. If the dom inant radial frequency in each supercritica l system scales appropri
ately with Zu, the measured positron lines in Th + U and U + U could also be explained 
by these side-band structures. In Th +  Cm co llisions, however, the EPOS detection 
efficiency is sufficiently large at Ee +  =250 keV to have observed the associated un
shifted spontaneous positron peak. Of course, th is type of model still is unable to 
satisfactorily explain peaks in systems far below the supercritica l charge threshold, 
Zcr =  173, such as Th + Ta. Finally, it should be mentioned that none of these mech
anisms involving spontaneous positron em ission accommodates, in a natural way, 
the observation discussed in Part II of this dissertation that a monoenergetic electron  
line is associated with the narrow positron peaks.
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Sec. 4.5.1 Prolonged Nuclear Contact

As noted above, prolonged nuclear contact is the essential ingredient in producing a 
narrow spontaneous positron peak in superheavy collis ions. In addition to the en
hancement in vacuum decay, however, Fig. 4-20 showed that for d iscrete delay 
times, T, oscilla tions develop in the dynam ic positron d istribution for both subcritical 
and supercritica l values of Zu. One might imagine that a suitable superposition of 
various nuclear contact times could therefore produce a narrow peak near 350 keV 
in all the co llis ion systems.

The oscilla tory structure is a quantum interference effect which can be qualita
tive ly understood most simply with firs t order time-dependent perturbation theo
ry. The amplitude for exciting an electron from a state in the negative energy 
continuum at Ej to a bound or positive energy state at Ef is given by,

a i_>f(t =  -oott=  +oo) =  J.+ 00 <i\dlft\\> e xpK i/^ jf^E j-E j) d t'] dt. (4.49)

As described, e.g., in [Rei81b], the dynam ic positron transition matrix element is 
proportional to

< f|o /o t| i>  -  (dR/dt) < f|5V /oR |i> . (4.50)

During tim e T when the nuclei are assumed to remain at a fixed separation, RQ,
(dR/dt) =  0 and the dynam ic production is zero. For nearly quasi-e lastic co llis ions,
the excitation amplitudes are symmetric for the in-coming and out-going paths of the

«
tra jectory a(0, +  oo) = a(-oo,0) , and the delay-time T then introduces an extra phase 
between these components,

a j_>f(t =  -oo ,t=+oo ) = a ^ -o o .O )  + exp[i(Ef-E j)T /^»a i_>f(T, + oo). (4.51)

The production probability includes a quantum mechanical interference term ,

Section 4.5 Other Effects

dPe + /dEe +  ~  la i - f l 2 ~  la l2M + cos{(Er Ej)T/A}], (4.52)



which produces modulations with the period AE =  2n//T, exhibited in Fig. 4-20. A 
more complete derivation which involves the coupled-channel formalism  of [Rei81b] 
yields s im ila r results.

The difficu lty of this interpretation for the observed positron peaks is that for a
d istribution of delay-times, f(T), the oscilla tions from transitions to subcritica lly bound
orbita ls are smeared out very quickly. This is shown in Fig. 4-30a,b for a gaussian
distribution of delay-times centered at < T >  = 1.5 * 1O'20sec with a width 

912 .5 *10  sec. The subcritical positron spectrum, calculated w ith in the coupled 
channel formalism , becomes complete ly smooth, while in supercritica l co llis ions the 
spontaneous peak emerges as described in Sec. 4.4. Figure 4-30c,d presents 
dpe + /dEe +  expected for U + Cm co llis ions assuming e ither a fixed delay time, 
T = tfr (thin lines), or an exponential d istribution, f(t) ~ exp(-TI7?) (thick curves), 
which would be appropriate for a Breit-W igner nuclear resonance of width T. Once 
again, no structure is expected.

Since the energy of the measured positron peaks does not vary systematically
w ith Zu as expected for spontaneous positron em ission, the nuclear contact times for

-9 0the supercritica l systems must also be short enough (e.g., < T >  «10 tu  sec from  
Fig. 4-20) so that the 1sa resonance decay peak does not develop and dom inate the 
spectrum. The periods of oscillation associated with this time scale, however, are 
AEe +  >"500 keV, which are too broad to produce narrow structures only ~80 keV 
wide. Since the tim e scale necessary to produce narrow peaks would lead to a large 
spontaneous positron component, and physically reasonable delay-time distributions  
smear out the underlying dynam ically produced oscillations, it appears that atom ic 
interference caused by prolonged nuclear contact cannot explain the measured po
sitron data.

Sec. 4.5.2 Multi-Electron Transitions

Lichten and Robatino [Lic85a] have pointed out that multi-e lectron transitions during 
a quasi-elastic co llis ion involving Rutherford tra jectories may be important for posi
tron em ission and could in principle produce structure in the positron energy d is tri
bution. They argue that the multip le application of the one-body electron excitation  
operator, used in the Frankfurt coupled-channel formalism  [Rei85b and refs, therein] 
and which appears in Eqn. 4.49, cannot describe certain types of two-electron tran
sitions which have been previously observed [Lic85b].
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Figure 4-30. Influence of a distribution of contact times on the positron energy spect
rum. Gaussian distribution of sticking times assumed for Pb + Pb and U + U collisions 
(top, reproduced from [MQU83]), and U + Cm spectra (bottom, reproduced from [Rei83]) 
for discrete (thin lines) and exponential distributions (thick curves).

Two-electron transitions could involve spontaneous or dynam ic (induced) posi
tron production. An example of the former is indicated in Fig. 4-31a which plots the  
binding energy associated with multiple-vacancy configurations of the quasi-molecu- 
lar 1sa and 2p72CT states. According to [Lic85a], a double vacancy in the 1s shell
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Figure 4-31. Binding energy of several multi-electron configurations of U + U quasimole
cular orbitals (left). Model calculation of interference pattern generated in U + U colli
sions (right) assuming dynamic positron emission localized at R£R  jn and RS500 fm 
along the Rutherford trajectory, compared to data of [Bok83]. (Reproduced from (Lic85j.)

could decay spontaneously by the simultaneous transitions of an electron from the 
2s orbita l plus and electron from the negative energy continuum. The positron is li
berated with energy, Ee +  = 2(E^S) - E2S - 2mec2, and the double vacancy associ
ated w ith this channel is supercritica lly bound, (2E1s-E2S > 2m0c2) for larger 
in temuclear separations (Rcr = 150 fm) than the 1sa state alone. The longer period 
of critica l binding, tc r~ 10’ 29s, however should not d irectly lead to narrow spontan
eous positron peaks because the change in the binding energy with inter-nuclear 
separation R, distributes the created positrons over a large energy interval.

The result of a model calculation [Lic85a] involving a two-electron transition with 
induced positron creation which leads to an oscilla tory structure in the positron en
ergy distribution is shown in Fig. 4-31b. Lichten and Robatino consider induced 
creation by electron excitiations from the negative continuum to the 2pyz orbita l, 
coupled with transitions between the 2py2 and 2pg/2 levels. The amplitude for in
duced positron production involving the 2py2 level is concentrated for intemuclear 
separations R near the distance of closest approach, Rmjn. In addition to this, an 
avoided crossing at RQ£500 fm causes a very large transition matrix element be
tween the 2py2 and 2pg/2 orbita ls which produces vacancies in the 2pyz shell which  
can be filed by induced em ission from the negative continuum. [Lic85a] suggests 
that positron production is therefore also concentrated at R = 500 fm. The oscilla tions



in Fig. 4-31 b arise from the interference between positron creation at R = 500 fm and 
R =  Rm jn s2 0  fm. The appropriate tim e interval between positron em ission at these  
positions is AT = (R0-Rm jn)/u^|, where u^| =  0.11c. The associated modulations in 
the positron energy d istribution have a period

AEe +  = huH)/(R-Rm jn) s  250 keV, (4.52)

approximately that of the structure observed in the pre lim inary U +  U spectrum pre
sented in [Bok83].

Several additional points must be considered before accepting th is as the orig in  
for the peaks presented above. First, although weak oscilla tory structures at higher 
positron energies have been observed from tim e to time in the experimental data, 
they do not seem to be associated with the narrow peaks discussed in Chap. 4 which  
are much larger and which seem to be distinguished from the bulk of dynam ic posi
trons by the ir HI angle-angle correlation. In addition, the two-e lectron excitation am
plitude from the 2py2 to 2p3/2 states discussed by [Lic85a] must be added 
coherently to all other multi-e lectron transitions involving the 2pya level, as well as 
to the amplitudes of all firs t order excitations from the negative continuum to the  
2py2 orbita l, which tends to smooth out the oscilla tions [Rei85b]. Perhaps more 
importantly, the suggestion by [Lic85a, Lic85b] that the sing le body operator used 
wfth itie  m olecu lar-orb ita l basis by the Frankfurt group breaks down in the transition  
region between quasi-molecular and separated-atom behavior must be thoroughly  
investigated because it could have many far-reaching consequences in understand
ing these and other HI atom ic physics experiments.

Sec. 4.5.3 Sudden Rearrangement of Atomic Shells

The method of producing oscilla tory structure suggested by [Lic85a] has recently  
been reintroduced by de Reus et al. [Reu87] using a different mechanism for con
centrating positron production at large R. Although they claim  that multi-e lectron  
effects are treated properly in the ir coupled channel formalism , the Frankfurt group  
suggests that a sudden rearrangement of the atom ic orb ita ls could occur at 
Ro ~1000 fm, which would introduce a discontinu ity in the potentia l fe lt by the inner 
shell electrons, either by a change in the total ionization state of the complex, or in 
the electron screening which enters self-consistently in the two-centered Coulomb  
potentia l [Reu84].
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The transition matrix element for exciting electrons from the negative continuum  
(liberating positrons) is very large at R0 by virtue of its dependence on oVIdR (see 
Eqn. 4.50). The period of oscillation is once again given by Eqn. 4.52. In principle, 
a suitable combination of sudden jumps in the electron potential could be constructed  
to produce a single narrow peak. The calculations of [Reu87] indicate that unna
tu ra lly large changes in V(R) are required [A V ~ 0.1 •V(Rm jn)], which moreover affect 
the electron ionization probabilities Pe_(R). A further analysis of th is process in 
[Reu87b] indicates that the positron data presented in this work cannot be explained  
by th is process w ithout contradicting established experimental Pe_(R) data. This 
process does, however, produce correlated electrons, and w ill be discussed again in 
Chap. 7.

Sec. 4.5.4 Conversions in Super-Nucleus

A non-atomic mechanism associated with the HI center-of-mass involves nuclear 
transitions in a long-lived compound system. It is motivated by the fa ilure of con
ventional nuclear decays to explain the measured positron peaks because of the 
large expected linew idths proportional to the nuclear velocity, and the presence of 
large competing y-ray and internal conversion (IC) electron decay modes. Transi
tions between nuclear levels of a long-lived compound system alleviate these diffi
cu lties because (1) the em itter ve locity is 0^ ^ ,  and (2) the re la tiv is tic increase of 
etectrorf-den9<ty at the orig in decreases the y-ray branching ratio. In supercritica l 
systems, the presence of the 1so orbita l in the negative continuum alters the result
ing positron spectra from nuclear conversions. Figure 4-32 presents the positron  
distribution resulting from a 2 MeV IPC transition in a spherical U +  U nuclear com
plex. The sharp cusp corresponds to the 1sa resonance energy. The re la tiv isti- 
cally enhanced M1 conversion coefficient (up to 102) is five orders of magnitude larger 
than in Z = 92, and completely dominates over y-ray decay. Fast IPC transitions in 
a d i-nuclear complex therefore contribute positron intensity at the usual spontaneous 
peak energy, but cannot be detected in the simultaneously measured y-ray energy 
distribution. On the other hand, the peak energy varies in the usual way with 
Zu29 and cannot be easily accommodated to the measured positron line energies.

Monoenergetic positron creation in a super-nucleus is also increased by orders  
of magnitude over Z = 92 because of the increased localization of atom ic orb ita ls in 
which the created electron is bound. In order to explain the nearly constant line 
energy w ithout invoking a di-nuclear structure which a priori scales properly with
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Figure 4-32. IPC positron energy distributions expected for various multipolarities in a 
Z = 184 nucleus (right). Peak structure corresponds to 1sa resonance embedded in ne
gative Dirac continuum (left). (Reproduced from [Shl86].)

Zu , [Shl86] suggested that MPC probably would involve very sim ilar nuclear transi
tions (fro~2 MeV) in each system, with capture of the electron into the M shell where  
the  bidding e<aergy is fa irly constant versus Zu. Figure 4-33 illustrates schematically  
the resulting spectra for subcritical Pb +  Cm and supercritica l U + Cm collisions. In 
order to obtain an observable MPC peak, the combined system must be formed in 
31%  of HI co llis ions, with a lifetime longer than the atom ic transition times, 10'1® to 
10- 17 sec [Shl86]. In addition to the stationary peak associated w ith MPC into the 
3s shell, capture in the 1s, 2s, and 2p orbita ls occurs with even larger probability, 
leading to large side-peaks which have not been unambiguously observed in these 
experiments. Furthermore, the long di-nuclear lifetimes imply that in supercritica l 
systems, spontaneous positron em ission should exceed MPC by a factor of ~30  
[Sof86]. Particularly because of the predicted observable presence of spontaneous 
em ission in both the IPC and MPC processes, it appears unlike ly that nuclear con
versions in a long-lived di-nuclear complex adequately describes the narrow positron  
peaks presented in Fig. 3-16.
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Figure 4-33. Model calculation of monoenergetic positron creation transitions involving 
capture of the electron into 3s, 2s, 2p, or 1s quasi-atomic orbitals in Pb+Cm and U + Cm 
collisions. (Reproduced from [Sof86].)

S e c tio n  4 .6  S u m m a ry  o f H yp o th e s iz e d  O r ig in s

From the discussions of th is chapter, it appears that the narrow positron peaks ob
served in U + Cm, Th + Cm, U + U, U + Th, Th + Th, and Th + Ta co llis ions cannot be 
easily explained by any of several effects considered. The response of the EPOS 
spectrometer to positrons and other radiations, as well as the dependence of peak 
production on details of the HI co llis ion, convincingly rule out instrumental or back
ground origins. The absence of competing y-ray or internal conversion electron  
lines under kinematic conditions identical to those which enhance the positron peak 
s im ila rly preclude orig ins involving the conventional internal pair creation or exotic  
monoenergetic positron creation transitions in the separated nuclei. An analysis of 
the width of the positron lines moreover argues against a source whose ve locity de
pends on the nuclear scattering angle, but suggests that the mean laboratory velocity  
of the em itter is < u em > < 0.06c.
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Although spontaneous positron em ission is able to fit the peak in the U + Cm 

system by postulating the formation a long liv ing nuclear molecule, it fa ils to re
produce the nearly constant energy of the peaks over a w ide range of Zu from 163 
to 188. Attempts to accommodate spontaneous theory to the experimental energies  
requires implausible assumptions regarding the ionic charge d istribution of the di- 
nuclear complex, and, for the effectively subcritica l Th + Th and Th + Ta systems, 
sign ificantly increased nuclear densities. Interference effects in the combined qua- 
si-atom ic system s im ila rly have difficu lty in fitting the data w ithout arb itrary assump
tions about the distribution of nuclear contact times or multi-e lectron transitions  
including d iscontinuities in the e lectronic potential. Nuclear transitions in the giant 
combined systems again reflect the Z u dependent binding energies of the atom ic  
orb ita ls and the 1sc resonance state, in contradiction with the observed data. Any 
scenario involving prolonged nuclear contact further is constrained by the small ob
served Q-loss and nearly symmetric binary HI exit channel associated with the posi
tron peak events.



P a r t  II: P o s i t r o n - E l e c t r o n  C o i n c i d e n c e  

M e a s u r e m e n t s
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C h a p t e r  5  E x p e r i m e n t a l  D e s i g n

S e c t io n  5.1 In t ro d u c t io n

The inab ility of instrumental, nuclear, or atom ic processes to explain the narrow po
sitron peaks observed in superheavy co llis ions described in Part I of th is dissertation  
led us to consider other unorthodox possib ilities. The very s im ila r mean energies 
of all the lines suggested a single source common to all the co llis ion systems, and 
the narrow peak w idths suggested the possib ility that the positrons are em itted in a 
two-body final state. One obvious possib ility for the source of the peaks is the two- 
body decay of a previously undetected neutral partic le-like object into a positron and 
electron pair. The search for the monoenergetic electron which must accompany 
the narrow positron peak therefore motivated the experiments described in Part II of 
th is dissertation. Following a brie f introduction and discussion of some pre lim inary  
considerations, th is chapter describes the modifications to the EPOS spectrometer 
required for these measurements and an analysis of its performance. Chapter 6 
presents the experimental results, and Chap. 7 discusses several possible interpre
tations of the data.

We firs t began to discuss partic le-like orig ins for the positron peaks in the Spring 
of 1984 when the Th +  Cm peak was discovered. In August 1984, after extending the 
Zu-dependence measurement down to Th + Th (Zu = 180), serious work began on the 
design of an apparatus for the coincident detection of positrons and electrons. (The 
firs t public mention of a possible new particle was by J.S. Greenberg, Nashville, Oc
tober 1984.) Some of the characteristics of the proposed neutral object, X°, which  
have a bearing on the experiment, are already determ ined by the existing data. To 
decay into a positron-electron pair where E0 +  3 340 keV, the total energy of the ob
ject must be MX31.7 MeV/c2. It could be formed either d irectly in the co llis ion, or 
in competition w ith the conventional decay of an excited state in the exit nuclei or 
compound system. If such an object exists, its lifetime is bounded on the one hand 
by the positron peak widths, t x > tfAEe +  ~10 ' 19 sec, and on the other by the fiducial 
volume of the EPOS spectrometer, t x < (~  1 cm)/ux ~ 10'® sec.

In principle, the decay partner could also be a Y-ray or neutrino, implying a 
charged object <p+ w ith mass M ^—I.S MeV/c2, or a heavier object, e.g., pion or nu
clear fragment, which decays to a positron plus other heavy object. This experiment
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focussed, however, on searching for a monoenergetic electron, at an energy 
Ee.~ E e + , appearing in coincidence w ith the positron line.

During the early stages of this experiment, before results were published in 
[Cow86], several theoretical papers discussed various versions of a partic le-like in
terpretation for the positron.peak-data.. For example, Schafer et aL.[Sha84] consid
ered the effect of a strong external e lectric fie ld on the Higgs vacuum and calculated 
that, in analogy with QED, a negatively charged Goldstone boson could be created to 
partia lly shield a supercritical nuclear charge. An accompanying positive ly charged 
"vacuum excita tion" is then freed to decay to e +v. Balantekin et al. [Bal85], and in
dependently Schafer et al. [Sha85], discussed the possib ility that the positron peaks 
are due to the e +e_ decay of an elementary particle. Of spin-parity assignments 
0 ± , 1± , [Sha85] rules out all but a pseudoscalar partic le as contradicting high pre
cision QED data. Balantekin et al. [Bal85] identify the O’  particle as a short-lived  
(t =  1.3x 10’ 13 sec) pseudoscalar axion [Wei78, Wil78], which should accompany the 
U(1) Peccei-Quinn symmetry [Pec77] postulated to remove the CP-violation predicted 
to occur in strong interactions by Quantum Chromodynamics. Although previous 
searches for the axion in nuclear transitions [Cal79], beam-dump experiments [Fai80], 
and heavy quarkonium decays [Edw82] had been negative, this mass-lifetime combi
nation could have evaded detection [Muk86].

A very different mechanism to explain the narrow positron peaks was proposed 
by Wong [Won86]. He suggests that a loosely bound (e+e “ e+) complex could be 
formed in the HI co llis ion, which subsequently decays into e+y with Ee + =340  
keV. Later calculations [Chu86] showed, however, that the branching ratio for 
( e * e - e +) - » e +Y,  as compared to the dom inant ( e + e _e +) - » e +YY,  is o r | ly 

~ 4 x 10’ 11. Approximately 10® b/sr production cross-sections would be required to 
fit the measured positron peak intensities. Other more serious models based on 
composite objects with internal structure [Won86, Bat86, MGI86, Gei87, Won87] have 
been proposed since the coincidence results were published. These are discussed  
in Chap. 7.

A rather novel process was proposed by Chodos and W ijewardhana [Cho86] to 
explain the lower energy positron peaks observed in [Tse85, Kon87] as well as those 
presented in th is work [Cow85]. They suggest that a particle of mass just greater 
than 2mec2 is produced in the collis ion, M xc2 = 2mec2, which receives energy from  
the rotating compound system. It is then "spun-off" from the combined system with
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discrete energies in increments of the HI rotational frequency, fta. Since very little  
transverse momentum is imparted to the positron from the two-body decay of the 
light object at the mass threshold, the positron peak w idths are given by the CM 
motion only. Multip le peaks in the positron spectrum may be explained with 
f r o - 100 keV.

Neither the (e+e” e+) nor the Mx ~2m ec2 processes outlined above lead to de
tectable monoenergetic electrons em itted in coincidence w ith positrons, although  
both can, at least in princip le, explain the observed narrow positron peak widths. On 
the other hand, while the production and e+e " decay of a neutral object w ith  
Mx ~1.7 MeV/c2 provides a very natural explanation for the positron peaks, the cal
cu lations of [Bal85], [Cho86], and more recently, [M u l86] and [Rei86a], indicate that 
the axion, or other light partic le which is created in the strong co llis iona l e lectro
magnetic field, is em itted w ith velocities much larger than u^M- The positron peaks 
are therefore expected to be much w ider than the measured - 8 0  keV. This is also 
true if production competes w ith nuclear decays since all transitions above the 
Aa = Mxc2 threshold produce X°'s with fin ite kinetic energies. An important consid
eration before searching for the accompanying electron is therefore whether it is 
possible for such a broad range of em ission ve locities to produce a narrow positron  
peak.

In addressing th is question, we firs t note from Sec. 2.2.7 that the Doppler broa- 
dening of positrons isotrop ica lly em itted with energy from a system traveling
with ve locity 0, produces an energy distribution in the lab which resembles a rectan
gle of width 2y0P c, centered at an energy (E + mec2) = y(E* +  mec2). For creation
and decay of an object X°, the Doppler broadening is proportional to the laboratory

lahsource velocity, (yP)em = Px /M xc. The most useful form of the source velocity  
distribu tion in the lineshape integral (Eqn. 2.74) is therefore in terms of the laboratory  
momentum of the source, co(Px,Qx) =  dNx/dPxd f ix. For illustration, the case of an 
X° created in the CMS of a heavy-ion co llis ion (e.g., Th + Cm at 6.02 MeV/u, 
UCM =  -056c)> w ith a constant d istribution of ve locities from Px =  0 to 0X = 1, is con
sidered.

Combining the Lorentz invariant quantity, d3P/(E + m ec2) =  constant, with  
d3P = P2dPd£3 shows that [(E +  mec2)/P2]*<o(P) is also Lorentz invariant. The labor
atory distribution of X° momenta is therefore related to its d istribu tion in the cen- 
ter-of-mass system by
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co(Px,Q) = (PX2W*/PX2WX) ©*(PX,Q*). (5.1)
209

The energy of the X° object in the CM is given by the Lorentz transformation,

Wx “  Y cm ^ x  * PcmPxcos0x]- I3-2)

For th is example, after integrating over the em ission direction of the X° in the lab,

o>(Px) =  J dQx (PX2W*/PX2WX) w '(Px,fi*),

and using (from Eqn. 2.59), d(cos0x) =  -dWx/[(y|J)ernPx], and the identity dW =  
(P*/W*)dP*,

co(Px) =  (Px/2ypWx) j Pp .t w*(P*)/P* •  dP*. (5.3)

The lim its of integration are, 

p ±  =  Y(PX ±  PWX). (5.4)

For th is particu lar choice of em itter distribution, dN /d(£d fix = (4n)"1, 

co(Pj =  (dN /d p> (d (ydP *) =  Mx2/W*3, (5.5)

and Eqn. 5.3 is,

co(px) =  (Mx2Px)/[2(YP)cmWx] JPp .t (P*(Px2 + Mx2)3/ 2r 1 dP^. (5.6)

As shown in Fig. 5-1a, the laboratory momentum distribution is smooth except 
for a sharp Jacobian peak at Pxab = PcM wb'cb reflects the singularity, 1/PX, in the 
integrand of Eqn. 5.6 and corresponds to the boost of s low ly em itted partic les up to 
the CM velocity.

The associated positron energy spectrum is calculated by superimposing ap
propria te ly shifted and broadened laboratory liiieshapes, weighted by the momentum  
distribution of Fig. 5-1a. As seen in Fig. 5-1b, the concentration of X° ve locities in 
the Jacobian peak leads to a narrow positron peak with a width of ^  100 keV, only
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Figure 5-1. (a) Laboratory momentum distribution of a 1.8 MeV/c2 object emitted iso- 
tropically from the CM system with a constant velocity distribution from ux = 0 to c. The 
Jacobian peak at u—. produces a narrow line in the e+ energy spectrum (b), which has 
a width <100 keV (FWHM).

~ 10% larger than that expected for a fixed lab velocity equal to 
UCM [Cow85]. Neutral objects created with larger ve locities produce much w ider 
positron d istributions shifted to higher energy. These form the broad continuum  
contribution of positron energies beneath the narrow peak.

Although the CM velocity d istribution considered is not physically expected, this 
example demonstrates schematically that, despite a large range of em itted momenta, 
the peaks in the positron spectrum of heavy-ion co llis ions could be consistent with 
X° creation if sufficient probability exists for the source to be created with low

X' The ta iling to high energy from fast objects would be hard to differentiate from
the contribution of nuclear and dynamic positrons.

As discussed in Sec. 2.2.7, if the X° lifetime is greater than ~10*^9 sec, many 
of the high-momentum objects escape the ~ 2  cm fiducial volume of the EPOS spec
trom eter before decaying. This ve locity filte r effect (see Sec. 2.2.6 and [Cow85, 
Cow86]) reduces detection of the high energy positron component and enhances the 
appearance of a narrow peak. It is illustrated quantita tive ly in Fig. 5-2 where the 
momentum distribution co(Px) =  constant is assumed for the emitted  
X° particles. Although no peak is apparent for short life times where the decays are 
centered near the solenoid axis, for t x >  10'^9 sec a narrow positron peak emerges
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Figure 5-2. MCSPEC calculations of positron energy spectra from the two-body decay of 
a neutral object created isotropically in the CMS with a constant distribution of momenta 
(10s X°'s generated per simulation). Curves reflect different assumed X° lifetimes as 
marked.

because of the suppressed detection effic iency for high ve locity X°'s decaying  
off-axis. Based on these considerations, it is in princip le possible that the em ission  
of a monoenergetic positron in the two-body decay of a partic le-like object is con
sistent with the observation of narrow positron peaks from superheavy collis ions.

Sec. 5.1.2 Expected Signature

The experimental signature for the two-body decay of a neutral object is the back-to- 
back em ission of equal energy positrons and electrons in the rest frame of the em it
ter. If the source lives long enough to move away from the influence of the Coulomb 
fie ld of the heavy ions, the mean positron and electron energies w ill be approximately 
equal in the lab (e.g., |Ee + -Ee_ |<20 keV requires r > 2 * 1 0 4 fm, or 
t x > 10'^ 8 sec). In the laboratory system, the kinetic energy distributions of the po
sitron and electron w ill of course be Doppler broadened, and the opening angle be
tween the ir momentum vectors reduced from 180°. The ideal experiment would 
involve measuring the energy and angle of the co incidently em itted positrons and 
electrons, reconstructing the ir center-of-mass, and searching for resonances in the 
invariant e+e~ mass spectrum.
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As described in the next section, the salient aspects of such an experiment can 

be carried out w ith a modified version of the EPOS spectrometer based on the 
prem ise that the source is slow ly moving. The re la tive ly small em itter ve locities  
(ue m < 0.1c) deduced from the narrow positron peaks imply that the positron-electron  
opening angle in the laboratory remains large, 0e + e_” 9O°. This property can be 
exploited by redistributing the solenoid magnetic fie ld to separate the EPOS spec
trom eter into two solenoid detection systems, transporting positrons to one side and 
electrons to the other. Detection of back-to-back, re lative to isotropically em itted  
positrons and electrons, is thus enhanced. A search is then made for monoener
getic electron peaks which are coincident with the previously observed narrow posi
tron structures.

Although only a very approximate measurement of the positron and electron  
em ission angles is provided by the ir time-of-flight (TOF), high resolution e + and 
e~ energy measurement substantially determ ines the positron-electron kinemat
ics. In the lab, the positron and electron energies are given by the Lorentz trans
formations,

By adding the total energy of the coincident positron and electron, the em ission-angle

Since p and y refer here to the laboratory ve locity of the source, Eqn. 5.8 gives the 
total laboratory energy of the neutral object which is very nearly its rest mass for a 
considerable range of small X° momenta. A characteristic signature of a two-body  
final state is then a sharp peak in the distribution of the sum of positron and electron  
energies, whose width (determ ined prim arily by intrinsic detector resolution) is 
sm aller than the Doppler-broadened energy distribution of the individual co incident 
positron and electron peaks, as illustrated in Fig. 5-3.

If the positron peaks are associated with a pair of charge conjugate partic les  
(e.g., <p + <p* or (e+e~e+) and (e~e+e- )), no such cancellation of the Doppler shifts oc-

w e ' i b =  yx( w ; +  + pxp ; + co se ;+ ) ,  
W |.b -  Tx<VV +  PxP^.cos6‘ .) .

(5.7a)
(5.7b)

dependent parts of the ir Doppler shifts cancel (since Pa +  =  Pg_ and 
0e. =  n-0e + ), yielding

(5.8)



Figure 5-3. Correlation of measured positron versus electron energies from the two-body 
decay of a neutral object, and projections of the coincidence yield on the Ee +  , Ee_, 
eT. = Ep +  and EA = Ep +  -Eft. axes.___________________________________________

curs. Identifying the decay electron which corresponds to the conjugate-partner 
decay positron is even more d ifficu lt because the kinetic energies of the positive and 
negatively charged parents w ill be shifted in opposite d irections by the influence of 
the Coulomb fie ld of the heavy ions. The associated electron should have a mean 
energy lower than the positron, and is therefore further obscured by the large back
ground of low energy 5-electrons. Different broadenings from the uncorrelated parent 
source velocities further complicates identification because the large intensity of the  
ta ils of each energy d istribution reduces the ratio of peak electron to peak positron  
coincidences. W ithin the Chodos model mentioned above, Mx 3 2mec2, the positron  
and electron are em itted in almost the same laboratory d irection and therefore have 
very little  chance of being detected in the opposite sides of the EPOS solenoid. Of 
the various particle-related processes described previously, on ly the two-body decay 
of a neutral particle has a plausible chance of being identified.
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Figure 5-4. A perspective drawing of the EPOS spectrometer (upper panel), a schematic 
view (middle), and the magnetic field configuration (lower panel). Polar coordinates, 
with + Z  along the solenoid axis and +X in the beam direction (noted in upper panel), 
are used to describe transport efficiency.
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S e c tio n  5.2 EPOS S p e c tro m e te r  

Sec. 5.2.1 Overview

In order to search for correlated positron and electron em ission, the EPOS spec
trom eter was modified to increase the detection efficiency of electrons in coincidence  
with positrons. As shown in Fig. 5-4, the electron detector has been replaced and 
the pancake co ils rearranged to produce a nearly uniform magnetic field configura
tion. The spectrometer is thereby divided into two essentia lly independent transport 
systems, one to detect positrons (Z >0 ) and the other electrons (Z <0 ).

For the first measurement in June/July 1985, the detection of scattered heavy- 
ions and y ra ys  remained unchanged from that described in Chapter 2. In subse
quent experiments (February/March and June 1986), a larger set of heavy-ion PPAC 
detectors was installed, shown in Fig. 5-5. The new counters subtend an angular 
range of 25° < 0^| < 65° in theta, and -68° < < + 68° in phi. In order to
achieve th is ~2.5 gain in solid angle, the PPAC's were positioned somewhat closer 
to the target, which decreased the in trinsic polar angle resolution from s0.5° to 
- 1.2°.

The positron detector and spiral baffle were unchanged from the configuration  
described in Sec. 2.2 although the ARD Nal crystal array was positioned S1 cm clo
ser tn the target in order to improve the positron identification efficiency. In ex
change, the 5 cm Pb shie ld ing in front of the ARD was reduced to 4 cm, and the 
suppression of s500 keV photons direct from the target is reduced from 104 to 
= 2 *  103. The low-energy exponential background was slightly reduced relative to 
the previous measurements, and accounts for only 5.3% of the N ^^  1 positron-ARD  
intensity.

In order to avoid a magnetic bottle around the target site, a small magnetic 
m irror was retained on the electron side corresponding to 0m jr = n-68°. Together 
with an alum inum sheet baffle placed next to the target to suppress low-energy  
8-electrons, this lim its the maximum em ission angle for which positrons are trans
ported toward the Si(Li) detector to 0e + axsl1O °. As shown in Fig. 5-6a, the posi
tron detection efficiency (including eAr q )  reaches a maximum of s12%  (a 40% 
reduction from Part I). The calculated effic iency is once again in good agreement 
with source measurements throughout the interesting range.
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Figure 5-5. Diagram of the large area PPAC detectors used in 1986-87 coincidence mea
surements. Azimuthal angular range is -68°<<p<68° in 12° bins, with a 
58HI~1.2° polar angle resolution. __________________________________________

Sec. 5.2.2 Electron Detection

Sec. 5.2.2.1 5-Electron Suppression: As mentioned in Chapter 2, a very high flux of 
low-energy 5-electrons is one of the dominant features of superheavy co llis ion sys
tems. Dealing with this situation presents the principal difficu lty in carrying out co
incidence measurements of e lectrons with positrons. In addition to the usual 
problems of measuring with high counting rates while maintaining good energy res
olution, the presence of a high m ultip lic ity of 6-electrons, together with high effi
ciency, compounds the problem of detecting 5-electrons simultaneously with the 
interesting monoenergetic electron signal. Because of the very steep exponential 
character of the 5-electron energy d istribution, th is problem was addressed by main
taining high detection effic iency above the interesting energy range of Ee_>300 keV, 
while striv ing for a very sharp cut-off in detection effic iency below this thres
hold. The method chosen employed a geometry s im ilar to that used previously by 
Backe et al. [Bac83]. It adds a further feature to exclude the low energy part of the 
spectrum.
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Figure 5-6: Energy dependence of e+ and e" detection efficiencies (left). Dashed, dotted 
curves calculated with ECPI (App. B), ce + includes 60% detection efficiency of Nal array. 
Measured transport efficiency for e+ or e ' emission off-axis (right). Upstream and 
downstream e~ detectors are plotted separately.

Electrons are detected in two planar Si(Li) detectors (32x65 mm‘  x 3 mm 
thick) which are vertica lly oriented parallel to the solenoid axis at a distance of 112 
cm (to ~  119 cm) from the target. As shown in Fig. 5-7, the counters face each other 
and are removed a distance t =  9 mm from the axis. The detector positioned up
stream along the beam direction is displaced upward and the other symmetrica lly  
downward from the axis. Their active surfaces "overlap" in the vertical d irection by 
± 4  mm on e ither side of the solenoid axis. The horizontal separation, t, is chosen 
so that low-energy 5-electrons having orbita l radii,

2p = 2(pc/eB) sin0e.,

smaller than t = 9 mm may then spiral between the counters unhindered. Detection 
is thereby suppressed for low electron energies (small PeJ  and flat em ission angles 
with respect to the solenoid axis (i.e., 0e_ near 180°). Figure 5-7d illustrates the de
tection efficiency around th is low energy threshold, showing that e lectrons em itted  
with Pe.<  C(eB/2c)/sinOe_ are not detected.

S imply increasing the inter-detector separation to exclude the entire range of 
undesired 5-electron energies, however, leads to a smooth decrease in effic iency  
(i.e., for steeper em ission angles) for the interesting energy range as well. A com
plementary, second-stage, low-energy suppression consists of a small sheet of alu-
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Figure 5-7. Suppression of intense low-energy 5-electron flux by: 1) Off-axis arrangement 
of the 32 x 65 mm2 (3 mm thick) Si(Li) detectors (middle-right). Low-energy electrons 
emitted at flat angles spiral between the counters. Positrons of opposite orbital helicity 
have a reduced probability ( x 0.25) for detection. 2) A sheet baffle (middle-left) absorbs 
low-energy electrons emitted at steep angles (i.e., short pitch lengths).

m inum (10 mm x 20 mm x 1 mm) placed beside the target. Its edges are 
positioned at Z =  -31 mm and Z =  -11 mm from the center of the beam spot, respec
tive ly. This "sheet" baffle is suspended between two 0.150 mm th ick Cu-Be w ires
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(running in grooves along the two vertical edges) which are attached to brass sup
ports - 1 0  cm above and below the solenoid axis.

Low energy electrons which are em itted at angles steep enough such that their 
orbita l radii are sufficient to reach the off-axis Si(Li) detectors (i.e., sin0e_ >  
y2%(eB/pc)) have correspondingly shorter pitch-lengths, given by

Lq =  2n(Pe_c/eB)cos0e_.

Those with LQ shorter than the length of the sheet baffle, 11 = 31 mm, are stopped in 
the baffle, leading to a suppression of electrons for Pe_<T](eB/2rcc)/cos0e_ (see 
Fig. 5-7d). This complements the 1/sin0e_ dependence provided by the off-axis 
displacement of the detectors. A small magnetic m irror fie ld was constructed on the 
electron side of the spectrometer to avoid the formation of a magnetic bottle around 
the target site. This further lim its the range of em ission angles for which the elec
trons are transported to the electron detectors to 0e_> [K-0m jr] =  112°. The 
sheet-baffle length, q, was chosen as the pitch-length of a 300 keV electron em itted  
at 112° (LQ = 31 mm). The detection efficiency for "in te resting" electron events 
above Ee_>300 keV is therefore not significantly reduced by the sheet baffle.

The spectrometer acceptance as a function of electron energy and em ission- 
angle was optim ized by choosing the sheet baffle dimensions and detector geometry  
which best suppress the detection of e lectrons with Ee_<300 keV, while simultane
ously optim izing the detection efficiency for Ee_>300 keV. The transport efficiency  
was calculated, during the design stage, by a hybrid adiabatic ray-tracing Monte- 
Carlo technique [Cow85a] which traced the electron orbits only in the target region  
and and near the detectors, using the adiabatic gyration radius and pitch-angle cal
culated from Eqns. 2.9-2.12. The phase relationship between target and detector 
orbits for a given em itted electron energy and angle was ignored, as described in 
Sec. 2.2.5. Full ray-tracing calculations with the ECPI program described in App. B, 
verified that th is approach is extremely accurate.

Sec. 5.2.2.2 Detector Characteristics: Each of the electron detector Si(Li) crystals is 
divided into two 32.5 mm x 32.0 mm active segments, as shown in Fig. 5-8. The 
halves share a common ground contact (40 pg/cm2 Au), but are read out by separate 
preamplifiers providing a total of four tim e and energy signals. The = 3mm active 
depth stops electrons with energy up to 1.8 MeV. Each detector is covered w ith a
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Figure 5-8. Diagram of one electron detector showing the orientation of the subdivided 
Si(Li) crystal within the detector housing and the light-tight aluminum covering foil.

light-tight 3 mg/cm2 (10 pm) Al foil, and cooled to -30° C (in 1985 experiment). This 

provided an energy resolution of ^3 0  keV (FWHM) at Ee_ = 350 keV. For subsequent 

measurements (1986) the counters were cooled with LN2 and achieved an =10 keV 

energy resolution. The detectors were operated at +200 V bias and exhibited a At 

s  4 ns time resolution (FWHM) measured versus the PPAC start signals. The line

shape response to electrons incident in the counters is parameterized as in 

Eqn. 2.34. Figure 5-9a presents fits to conversion electron lines from a 207Bi source. 

Backscattering from the counters leads to a peak-to-total ratio at 350 keV of s6 0 % , 

as shown by the solid curve in Fig. 5-9b. Energy-loss straggling in the Al foil was 

small and did not significantly add to the electron tailing. Since it was mounted =1 

mm directly above the crystal surface, the relatively large mean angular deviation 

from multiple scattering, <80e_> ~30°, did not affect the detection efficiency.

The counters present a small geometric cross-section to the target (1.9 * 10' 4 of 

4n sr) reducing the intercepted flux of direct y-rays and neutrons. Although the de

tector casings and cooling apparatus (consisting of a plastic mount 3.2 cm radius by 

15 mm wide, and a 3 mm thick by 1.5 cm * 1.5 cm copper angle "heat-sink" to which
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Figure 5-9. Response of the electron Si(Li) detectors to 207Bi electron source 
(top). Dotted and dashed curves show lineshape fits (Eqn. 2.34) to K and L conversion 
lines from the 570 and 1064 keV transitions, respectively. At Eg_ = 300 keV, the energy 
resolution is =30 keV (FWHM). Lower figure plots the Peak/Total ratio from the line
shape response alone (solid line). Dashed curve includes 5-electron pileup (see 
Fig. 5-10). ("Peak" denotes intensity in a 50 keV interval around the full-energy line.)

q
each detector is attached) subtend a much larger solid angle (~ 2 *  10 ° of 4n sr), the 

increased probability for inscattering of y-rays is still negligible. To reduce electron 

scattering in the detector region, the space around the solenoid axis, out to a radius 

of 3.2 cm, was kept clear of material (except of course for the Si(Li) detectors them



selves), and the end flange of the spectrometer was equipped with a cone-shaped 

aluminum baffle to trap electrons which spiral past the counters.

Sec. S.2.2.3 Performance In-Beam: Under typical in-beam conditions (1 PnA on a 

-3 0 0  pg/cm2 target), the instantaneous counting rate in the individual detector seg

ments was £ 100 kHz. As discussed below, the rate of accidental coincidences, be

tween Hi's in the PPAC's and electrons from other beam pulses which are subtracted 

from the prompt H l-e -  data, was £10% . We checked the influence of the high 

counting rate on the detector energy resolution by measuring the K-conversion lines 

of a 207Bi source accumulated simultaneously with beam incident on a 300 

pg/cm2 gold target. For instantaneous rates as high as 300 kHz, no shift in the am

plification or degradation in electron energy resolution occurred. During actual 

measurement conditions, the beam current was limited to 1 PnA (Re_£l00 kHz) be

cause of target deterioration problems discussed in Sec. 2.6. The segments of each 

detector furthest from the target received only about 10%  of the counting rate of the 

forward segments.

For the particular detection geometry used, about 20% of the measured posi

trons (from U + Th collisions) were detected in coincidence with electrons. The av

erage multiplicity of electrons emitted in each collision, M, was deduced from the 

electron counting rate divided by the mean electron detection efficiency which is 

weighted over the 5-electron energy distribution,

M £ Re. / < e6_> , (5.9)

< ee- > = [ftdPe-/dEe -)#ee-<Ee-) dEe- W pe-/dEe-> dEed = 5 % -

Inserting R0_ £ Re + e_/Re +  = 20% yields an average multiplicity of M -4  elec

trons per collision, integrated for Ee_> 100 keV.

The pile-up rate, i.e., the probability of observing two or more electrons in a 

single detector segment, was determined from the rate of coincidences between the 

two forward electron detector segments. Since each forward detector (upstream 

and downstream along the beam direction) accounts for about one-half of the total 

detection efficiency, ee_, the coincident rate between them (divided by the singles 

electron rate) should approximately equal the chance that a second electron is inci

dent in one segment. Assuming that m  electrons are emitted in a given collision, 

one therefore expects that the relative probability of detecting a second electron is

222
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Figure 5-10. Analysis of electron pileup. Left: Time difference spectrum of electron 
events coincident in both the upstream and downstream (w.r.t. the beam direction) Si(Li) 
detectors. Prompt events from the high multiplicity of electrons in each collision produce 
dashed energy spectrum (right). Chance events arriving after the prompt electron pro
duce distribution shifted to lower energies (dot-dashed), as described in the text.

approximately V2(m -1)<Ee_ > . Including a Poisson distribution of m  emitted elec

trons (given an average multiplicty, M) yields a pileup rate of

Pileup = Xm (mMe 'M/m!) y2(m -1)<Ee_> s  8% , (5.10)

tfrre'to 1he•'multiplicity of prompt electrons from the same collision. Figure 5-10a 

presents the time-difference spectrum between the forward segments. The prompt 

coincident rate between them is 10.2%  of the electron counting rate in each segment 

alone, in accordance with Eqn. 5.10. The energy distribution of the pileup electrons 

simply reflects the shape of the total 8-electron spectrum (corrected for the detection 

efficiency and lineshape tailing) as indicated by the dotted "prompt" curve in 

Fig. 5-10b.

An additional =10%  pileup in the energy signal arises from chance coinci

dences between the primary electron and electrons from subsequent beam puls

es. These events constitute the smooth continuum of 

upstream-segment/downstream-segment coincidences under the prompt peak in 

Fig. 5-10a. They can not be distinguished from the prompt electron when both 

electrons are incident in the same detector segment, however, because only the first 

time pulse is accepted as the electron stop signal in the TD C 's and no hardware



pileup-rejection circuitry was employed. If the chance event arrives before the 

prompt electron (i.e., from an earlier beam pulse), only its time signal is recorded, 

and since it is not prompt, the event is discarded. For this reason, the magnitude 

of the chance pileup rate is calculated from Fig. 5-10a by integrating the background 

starting at the prompt peak and extending to later times. The 9.9% rate measured for 

U + T h  collisions by this method was quantitatively verified by integrating the pileup 

tails of a test pulser energy signal which was externally triggered on close HI colli

sions using high-energy (>  1 MeV) y-rays detected in the Nal crystal (see Sec. 2.4).

The physical energy distribution of chance pileup events also reflects the 

8-electron spectrum. In the gated ADC's, however, the measured energies are dis

torted because the semi-gaussian shaped amplifier signal from a chance electron is 

shifted in time relative to the prompt pulse. For much later chance events, only the 

tail of the pulse adds to the prompt signal, altering the maximum signal voltage dur

ing the s0.5 nsec ADC gate. The chance pileup electron energy spectrum is there

fore shifted to lower energies, as indicated by the dot-dashed "chance" curve in 

Fig. 5-10b. The total pileup energy distribution, denoted by the solid curve, adds to 

the measured energy of any given prompt electron with about 20% probability. The 

electron lineshape of Fig. 5-9 must be folded with this pileup contribution (inde

pendent of incident energy) to give the effective in-beam electron detector res

ponse. As indicated by the dashed curve in Fig. 5-9b, the effective lineshape 

peak-to-total ratio (defined as the relative number of events within a 50 keV window 

about the incident energy) is decreased by the pileup tailing to ~47%  at E0_ = 35O 

keV.

Sec. 5.2.3 Experimental Electronics

Figure 5-11 summarizes the experimental electronics for the planar pair of Si(Li) de

tectors. Two sets of constant fraction discriminators were used to provide two trig

ger levels. The low-energy threshold, set to Ee_~80 keV, generated the TDC stop 

signals and was used for various ratemeters and scalers. A Hl-electron coincidence 

event-type triggered with this low threshold was used to measure the detailed shape 

of the 5-electron energy distribution, but because of the high counting rate, it was 

operated with a large scaledown (SD|0W s  1024). The high-energy threshold, 

Ee_>500 keV, was used only for a separate Hl-electron trigger which operated with 

a small scaledown ( S D ^ ^  = 32) in order to search for high-energy internal con-
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Figure 5-11. Data acquisition electronics for four-fold electron Si(Li) detectors, showing 
low and high energy logic thresholds which are included as separate event-types in the 
hardware trigger. (Compare Fig. 2-47.)

version lines. The Hl-positron-electron coincidences were recorded as a subset of 

the Hl-positron events and required no separate trigger.

A final positron-electron trigger alone, i.e., without the PPAC coincidence, was 

also included in order to obtain higher e+/e“ statistics in case the heavy-ion coinci

dence proved to be unnecessary. A cursory analysis of this data indicated that while 

up to six times more data was accumulated than with the PPAC-coincident trigger 

(due to the solid-angle of the PPAC detectors), the coincidence positron-electron 

peak signals presented in Chap. 6 appeared with about the same intensity as with the 

PPAC trigger. Although this could be due to underlying physics (e.g.. an azimuthal 

angular distribution, with respect to the scattering plane, of the source of the lines), 

it may simply be an effect of increased backgrounds. Without the PPAC trigger no 

time signal was available associated directly with the HI collision, so much of the 

chance background could not be subtracted. Perhaps additional contributions from 

small angle 23®U beam -* 12C target-backing scattering, or pair conversion from 

beam-induced radioactivity, increased the continuous backgrounds in this channel 

as well.
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Data reduction of the Hl-electron coincidences was treated as described in Sec. 3.2 

with the additional complication that each of the segmented electron counters was 

analyzed like the positron Si(Li) detector. As illustrated in Fig. 5-12a, time differ

ences between the upper PPAC cathode and each segment were formed. The HI and 

electron fligt-times were corrected for using Eqn. 3.5, and accidental background 

windows were taken symmetrically on either side of the prompt pulse and averaged 

for the background subtraction. The Hl-e~ chance rate amounted to 31 0 % . When 

both the front and rear segments registered an event, their time difference was 

checked (Fig. 5-12b). If prompt, the sum of the signals was taken as E0_. The 

counting rate in the rear segments was 310%  of that in the front segments, about 

10%  of which was due to scattering from the front segment into the rear detector.

Measurements with a 113Sn source indicated that no electrons scatter between 

the upstream and downstream detectors for Ee_ = 364 keV. If both registered a hit, the 

energies were therefore not added. The event was discarded in order to avoid 

double counting of the associated positron, or piling up of the electron energies, both 

of which distort the coincident energy distributions. This partial software "pile-up 

rejection" (PUR) procedure reduced the total number of coincidence positron-electron 

events by 10-15% compared to the yield analyzed without discarding double electron 

hits, a.od-therefore affectively reduced the coincidence detection efficiency.

The analysis of positrons with electrons included an extra coincidence condition 

which substantially cleaned up the positron channel compared to the normal Hl-po- 

sitron-ARD coincidence condition described in Sec. 3.3. In addition to the (t^|-te + ) 

plus (te + -tARo) analysis, a third condition, either a (t|-||-te_) or (te + -teJ  time differ

ence, was included. The data were also analyzed with a (HI-e“) - (e '-e +)-(e +-ARD) 

combination. These two methods appear to be equivalent, although the (H l-e - ) time 

resolution of 34 ns was better than the (H l-e+) resolution of 37.5 ns. In any case, the 

accidental background was subtracted by averaging more than one neighboring 

beam-pulse in each channel in order to ensure that the chance spectrum was statis

tically smooth and did not produce structure in the coincidence distributions. The 

weight given to each event was the product of the weights for each coincidence 

channel,

Sec. 5.2.4 Data Reduction

w i ”  fHI/e+ * fe + /ARD * fe + /e- * fARD- (5.11)
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Figure 5-12. (A) Time difference spectrum for Hl-electron coincidences, showing the 37 
ns microstructure of the UNILAC, and (b) time spectrum for coincidences between forward 
and backward detector segments. Shaded regions denoted prompt analysis windows. 
(C) Two-dimensional distribution of Hl-electron and positron-electron time differences for 
U+Th coincident events, after subtraction of chance backgrounds.

For prompt (or "true") events the weight, f , equaled 1. For chance events, the 

weight is f = -Attr(J/Atcba = - 1/2, which normalized the number of background 

events in the wider chance time window Atcba to the size of the expected accidental 

coincidence background in the narrower prompt time window Attr(J. For computa

tional simplicity, the ARD low-energy background was subtracted simultaneous

ly. From a fit of the measured ARD sum-distribution to an exponential background 

plus the expected spectrum derived from 0+ source data, fApQ equals 1 or -0.24 for 

an event in the positron window (A) or the background window (B) of Fig. 3-4, res

pectively. Figure 5-12c presents the 2-dimensional At^|/e. versus Ate + e_ timing 

spectrum for s 3 x  104 coincidence events from U + T h  collisions, after subtraction of 

the chance background. As desired, the chance background appears to be properly 

accounted for because the neighboring beam pulses are almost completely absent.

S e c tio n  5 .3  D e te c tio n  E ffic ie n c y  a n d  T im e -o f-F lig h t

The EPOS detection efficiency is summarized for positrons and electrons as a func

tion of emitted kinetic energy in Fig. 5-6a. The curves are calculated using an up
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dated version of the ray-tracing program ECPI described in App. C [Cow82b] which 

includes the modified detector geometry and magnetic field configuration. As men

tioned above, the positron transport efficiency is reduced from the measurements 

presented in Part I of this dissertation by ~40% , primarily because of the reduced 

magnetic mirror field. With the slightly improved ARD identification, ee +  reaches 

12% at Ee +  = 350 keV. The electron efficiency curve exhibits a sharp cutoff, as 

desired, for energies below 300 keV, and high efficiency (~ 1 5 % ) above 350 

keV. The absolute magnitude and shape of both the positron and electron detection 

efficiencies are in good agreement with 113Sn conversion electron line source meas

urements shown by the data points.

Figure 5-13 presents the transport efficiency for positrons and electrons as a 

function of the energy and polar angle of emission. The oscillatory pattern in 

ee +  corresponds to positron orbits returning to the solenoid axis at the spiral baffle 

where they are absorbed by the central hub, as explained in Sec. 2.2.5. A similar 

periodicity is observed in ee_, associated with electrons which, after an integral 

number of orbits, strike the casings of the electron detectors. The longer target-de- 

tector distance (112 cm compared to 34 cm for the spiral baffle) causes a more rapidly 

varying function versus Ee_ and 0g_. The low energy electron cut-off from the de

tector displacement and the sheet-baffle are clearly evident, as is the reduction of 

high energy electrons which have sufficiently large orbital radii to strike the spec

trometer chamber.

The fiducial detection volume sampled by the electron detectors is somewhat 

larger than that of the positron Si(Li), as shown in Fig. 5-6b. If electrons are emitted 

off-axis along the beam direction, the efficiency rises in the closer detector and falls 

in the further detector because of different ranges of orbital radii, and hence emission 

angles, which intercept the counters. Given sufficient statistical accuracy, long-lived 

sources which decay off-axis could therefore in principle be identified by the relative 

intensity of events in the forward versus the backward counter. As the source 

moves beyond the 1 = 9 mm displacement of the detector from the axis, this counter 

then effectively shadows the other Si(Li), whose detection efficiency drops to nearly 

zero. The detection probability of positrons in the planar pair of Si(Li) detectors 

(measured with a 113Sn source but using the opposite magnetic field polarity to sim

ulate positrons) shows a similar off-axis dependence, but is uniformly a factor = 3.8 

smaller than ee_. The steeply varying individual efficiencies at dj_ = 0 allows a con

tinuous on-line check of the target alignment by comparing the 5-electron counting
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Figure 5-13. Contours of constant positron and electron detection efficiency (integrated 
over (p) plotted versus kinetic energy and solenoid emission angle (right), and an isomeric 
representation of the positron efficiency (left). Undulatory structures are produced by 
spiral baffle transmission, with finer structures from the target frame.

rates in the two planar Si(Li) detectors. A contribution from low-energy internal 

conversion electrons from long-lived transitions in the separated nuclei leads to an 

additional component in the electron spectrum measured in the downstream (along 

the beam direction) electron detector for Ee.^2 0 0  keV.

As described in Sec. 2.2.6, the time-of-flight of positrons from the target to the 

Si(Li) detector provides a rough measurement of the positron emission angle, 

0e + . Figure 5-14 presents the positron and electron flight-times as a function of the 

emitted energy and polar angle with respect to the solenoid axis. As shown in 

Fig. 5-14b which presents the angular dependence for Ee_ = Ee + =350 keV, through

out much of the angular range TOFe_ and TO F0 + increase monotonically with 

|cosOe. e + |'1, ranging from ~ 5 to  ~15ns. This contrasts the multi-valued behavior 

of TO Fe +  shown in Fig. 2-24 for the arrangement used in Part I of this work. As 

opposed to that situation, here positrons emitted with 0e + ~9O° should be partially 

distinguished by their TOF from those emitted at flatter angles.
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Figure 5-14. Time-of-Flight of positrons and electrons from the target to their respective 
detectors in the EPOS spectrometer, plotted as a function kinetic energy and solenoid 
emission angle (top). Emission angle dependence for Eg + ,Eg_ = 350 keV (lower left), and 
mean TOF versus energy averaged over emission angle (lower right).

The average inverse dependence of the TOF on the momentum (1/Pe + e_ from 

Eqn. 2.53) is apparent in Fig. 5-14c where an isotropic emission angle distribution 

has been assumed for all energies. Both the mean transport time for electrons and 

positrons is ~ 8  ns. The reduced range of emission angles transported, because 

of the spectrometer inner radius, is visible for energies above E0 + s 8OO keV and 

Ee.=  1000 keV. As described above, the mean energy dependence of the TOF is 

corrected for in the data analysis.



231

•e+,e- =  3 5 0  k e V  (1985)

-0.5 0.0

c o s  S sol

Figure 5-15. Transport efficiency for 350 keV positrons and electrons emitted from a point 
target with angles 9, (p w.r.t. the solenoid axis. Dark (light) regions denote hits (misses) 
in corresponding detector. Evident features include the six-fold periodicity of 
e+ detection in <p from the spiral baffle, gaps in efficiency at cos6 = 0 and around 
<p = 90° and 270° from the target frame, and the oscillatory structure in cos9 when, after 
an integral number of orbits, the positron hits the central disk of the spiral baffle or an 
electron strikes the Si(Li) detector casing.

The oscillatory nature of the transport efficiency is more clearly seen in Fig. 5-15 

which plots the 9-<p emission angles for which a 350 keV positron or electron stops 

in its respective detector. As described in Fig. 2-17, several details of the EPOS 

positron transport system are readily apparent, such as the six-fold periodicity in <p 

corresponding to the number of spiral baffle blades, the same 0e + oscillations as 

seen in Fig. 5-13, and the destructive role of the target frame for 

0e + ~90°. Electron detection (cos0 < -0.35) exhibits similar features. As noted 

above, the cos0e_ oscillations in ee_ correspond to electrons striking the Si(Li) de

tector casings. The horizontal bands at <po s80° and <po = 260° correspond to elec
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trons emitted almost vertically which hit and are stopped in the target frame. The 

orbital trajectories of electrons emitted between 90°<<pe_< 180° and 270°<<pe_<360°, 

with respect to the beam direction, overlap only one of the Si(Li) detectors, as is ev

ident from Fig. 5-7c, and therefore have much less probability of striking a detector 

casing. The angular regions sampled by the two separate detectors is clearly evi

dent. The upstream Si(Li) collects electrons, emitted into the upward hemisphere 

(~0° < <pe_ < ~180°), and the downstream Si(Li) collects electrons emitted down

wards (-180° < <pe_ < ~360°). Finally, the blank region in Fig. 5-15 between 

cos03-O.1 and -0.38 reflects the range of emission angles for which the electrons and 

positrons are stopped in the sheet baffle.

As described in Sec. 2.2.5, although the combination of magnetic transport sys

tem, baffles, and insensitive regions (e.g., Si(Li) housings) produces an efficiency re

sponse function having considerable fine-structure, these fluctuations do not lead to 

structure in the observed energy spectra of positrons and electrons emitted with 

broad distributions. The calculations of Figs. 5-13 and 5-15 overestimate the mag

nitude of the oscillatory pattern because they are performed assuming a point source 

and an idealized spectrometer with perfectly aligned elements. Scattering of leptons 

from the surfaces of the baffles, target frame and detectors is also not includ

ed. Section 2.2.5 showed that simply integrating over the size of the beam spot 

(~ 5  mm dia.) effectively integrates over a range of phases for the electron and po

sitron trajectories, roughly equivalent to averaging over a ~60 keV interval in emitted 

energy. This brings the calculated efficiency curves of Fig. 5-6, e.g., in better 

agreement with source measurements. Figure 5-16 presents polar plots of the de

tection efficiency as a function of 0 and <p for a mean positron or electron energy of 

350 keV, averaged over 300 < Ee +  e_ < 400 keV. The electron detection efficiency 

is very smooth between 110° < 0e_ < 160°, and reflects as a function of <pe_ the 

broad azimuthal variations which have a 90° period, as described above. The posi

tron efficiency is similarly broad and smooth and almost uniform versus <pe + . Fig

ure 5-17, shows the detected energy distribution of 3 decay electrons from a 36CI 

source. The structureless spectrum provides a direct verification of the smooth re

sponse of the EPOS electron detection system.

Figure 5-16 also illustrates the back-to-back orientation of the detected positron 

and electron emission angle regions. To visualize the EPOS acceptance it is useful 

to picture these calculations in three dimensions. The regions of solid angle sam

pled resemble two thick hollow, coaxial cones, joined at their common vertex. While
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Figure 5-16. EPOS transport probability for E0 . and Ee_ between 300 and 400 keV, 
shown as a function of: polar emission angle 0 (left) w.r.t. the solenoid axis (integrated 
over <p), and azimuthal angle (p (right, integrated over 0).

obviously enhancing the measurement of back-to-back emitted positrons and elec

trons, a broad range of opening-angles is detected with substantial efficiency down 

to 9e + e_~20°. The observation of a monoenergetic electron peak in coincidence 

with a narrow positron line therefore does not necessarily require that they have 

spacially correlated emission angles. The design of the EPOS coincidence spec

trometer, for what began as an exploratory experiment, is optimized for correlated 

efficiency by providing large solid angles for accepting positrons and electrons, at the 

expense of a stringent definition of the emission angles by the detector geome

try. As mentioned in Sec. 5.1, a kinematic analysis of the positron and electron la

boratory energies should, with sufficiently good detector energy resolution, be able 

to identify back-to-back emission from the two-body decay of a neutral object.

While verifying the smooth nature of the EPOS detection efficiency 

individually for positron and electron emission, the arguments presented here and
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Figure 5-17 Measured energy distribution of electrons from a S6CI 0 ' source illustrating 
smoothness of electron detection efficiency.

in Sec. 2.2.5 are not immediately applicable to coincident detection. Quantitative 

calculations of the detected energy distributions of coincident positrons and electrons 

are necessary to investigate the possibility that narrow lines may emerge from broad 

positron- cRd-etectron distributions due to the overlap of their individual oscillating 

transport efficiencies. The detection efficiency of positrons and electrons emitted 

isotropically with no correlation between their momentum vectors is simply the pro

duct of the curves of Fig. 5-6 -  ee + e_(Ee + ,Ee_) = ee + (Ee + ) x Ee.(EeJ. For two- 

body decays, however, the laboratory positron-electron angular correlation depends 

on the velocity of the emitter. The coincidence detection efficiency can therefore 

only be calculated in a model-dependent way for a variety of source velocity distri

butions. Equal attention must also be paid to background processes and other spa- 

cially correlated emission mechanisms since their signature must be understood as 

obscuring backgrounds, as well as eventual explanations of structures observed in 

the coincidence spectra. These points have been addressed with a series of Monte- 

Carlo simulations described below.
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S e c tio n  5 .4  C o in c id e n c e  D e te c tio n  

Sec. 5.4.1 Monte-Carlo Simulations

The computer code MCSPEC (Monte-Carlo Simulation of Positron Electron Coinci

dences), described in App. C, was developed to generate a wide range of event 

scenarios and to model the response of the EPOS spectrometer in detecting positrons 

and coincident electrons. Several sources of coincident positrons and electrons are 

modeled, e.g., the production and two-body decay of neutral or charged objects, 

multi-body decays, various types of nuclear internal pair conversions, dynamic posi

tron and 5-electron emission, or any general source of positrons and electrons lo

cated near the target. The generated positrons and electrons are then transformed 

to the lab system, where they are tracked through the EPOS spectrometer to deter

mine whether or not each is detected. The pulse-height responses of the Si(Li) 

counters are taken into account, pileup from the 5-electron flux is added, and elec

tronic pulse-shaping and trigger-logic efficiencies are simulated. Finally, the gener

ated events are analyzed with a logical duplicate of the experimental data analysis 

program. Projections of the simulated events may then be compared with identical 

cuts applied to the experimental data. In addition to modeling complex emission 

processes, one important benefit of the Monte-Carlo studies has been to understand 

which aspects of the coincidence event yields are most important, and to decide how 

best to arratyze the experimental data.

Sec. 5.4.1.1 Event Generators: Event generation for each specific scenario is flexible 

to allow a detailed study of various aspects of the simulated positron-electron 

source. For example, the production and decay of a neutral particle-like object in

cludes its angular and momentum distributions with respect to the emitting frame 

(CM of the heavy-ion collision, the scattered nuclei, or the stationary laboratory 

frame). The positron and electron momentum vectors are constructed in the rest 

frame of the source, including the angular distribution with respect to the particle 

motion. They may be generated with an arbitrary distribution in e +/e” opening- 

angle in place of back-to-back emission. Similarly, studies of nuclear IPC include 1) 

determination of the scattering angle distribution for the detected heavy-ion (includ

ing the geometry of the PPAC's), 2) any nuclear charge or transition energy, 3) EO, 

E1, E2, or M1 conversion multipolarities, 4) angular distributions for the emitted po

sitron, and 5) theoretical (Born approximation) or mutually isotropic opening-angle 

distributions for the positron-electron pair. In addition to IPC in the heavy-ion ejec-



tiles, calculations of pair production from target contaminants, from nuclear clusters 

which might be emitted in the collision, and from external conversion of y-rays in the 

target, its frame, or the sheet-baffle material, have been investigated.

Sec. 5.4.1.2 Efficiency Determination: Calculation of the large quantity of MCSPEC 

events necessary for studying a wide variety of production processes requires a 

computationally efficient evaluation of the EPOS Spectrometer response. The stand

ard technique used here involved the interpolation of a look-up table of detection 

probabilities calculated for a large range of positron and electron emission with the 

ECPI ray-tracing code (see App. B). The mesh size (the pixel size in Fig. 5-15) is 

small compared to the periodicity of detection efficiency to ensure high accuracy 

(corresponding to steps of 10 keV in E0 +  e_, 1.5° in (p, and 0.002 in cos0). On the 

average, 60% of positron "hits" are assumed to be detected to account for the mean 

efficiency for detecting 511 keV annihilation quanta in the Nal ARD crystal array.

Sec. 5.4.1.3 Detector Response: Correction for the response of the solid state posi

tron and electron detectors includes finite energy resolution, tailing due to energy- 

loss, pile-up due to the rescattering (with = 8%  probability) of an undetected 511 keV 

annihilation photon in the positron detector, the high multiplicity of 8-electrons strik

ing the electron detector ( = 20% probability), and the finite Si(Li) resolution for the 

fast TOF picxoff. The time-of-flight of the positrons and electrons to their respective 

detectors is evaluated by interpolating the smooth function of energy and polar 

emission angle shown in Fig. 5-14. Low-energy electronic discriminator thresholds 

are included separately for each detector. No attempt is made to evaluate the de

tector response in a "microscopic" Monte-Carlo fashion tracking the penetration of a 

positron or electron into the silicon crystal. To the extent that energy-loss, back- 

scattering, and time resolution are independent of the angle and position of inci

dence, or more realistically, that a broad range of Doppler-shifted emission momenta 

and incidence angles map onto closely spaced detected positron and electron ener

gies, this pseudo-Monte-Carlo approach is extremely accurate.

Sec. 5.4.1.4 Event Analysis: The simulated positrons and electrons are finally ana

lyzed by a logical duplicate of the experimental data analysis program, including ad

justments for positron and electron fligh-times and the software pileup rejection, as 

described in Secs. 5.2.2.3 and 5.3.
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Sec. 5.4.2 Two-Body Decay Coincidence Detection
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The Monte-Carlo computations to evaluate the acceptance and response of the EPOS 

spectrometer have been used to quantitatively determine the efficiency for detection 

of back-to-back events, and in particular, the expected signature of the creation and 

two-body decay of neutral particle-like objects. Figure 5-18 presents expected coin

cident positron-electron yields for the decay of a neutral object, of mass 1.8 MeV/c2, 

created at rest in the CMS of the HI collision (uqm  = .056c). The energy spectrum 

of 250,000 detected positrons (2* 10® generated X°'s) is shown in Fig. 5-18a, taking 

into account all efficiencies and detector response. For clarity, the contributions 

from continuous atomic and nuclear processes are neglected, although 5-ray pileup 

adding to the high energy electron tail to Ee_ is included. The electron energy res

olution for the 1985 experiment is used. Since the velocity of the neutral object co

incides with the CM motion, this spectrum gives the Doppler-broadened laboratory 

lineshape of a monoenergetic positron peak emitted from the CM 

(cf. Sec. 2.2.7). Although slight oscillatory structure remains in the emitted distri

bution, it is small compared to the Si(Li) energy resolution so that the observed peak 

is quite smooth.

Figure 5-18b plots the positron energy versus coincident electron energy, and 

Figs. 5-18c,d present the positron energy distribution when gating on the coincident 

electron peak (340 < Ee_ < 420 keV), and the electron distribution for 340 < 

Ee +  < 420 keV. These correspond to the events in the contours labeled C and D 

in Fig. 5-18b, projected onto the Ee +  and Ee_ axes, respectively. The diagonal 

orientation of the positron-electron energy correlation pattern illustrates the corre

lated cancellation of Doppler shifts characteristic of two-body decay. While the in

dividual positron and electron lines exhibit the full Doppler broadening appropriate
• •

for the emitter velocity, their first-order Doppler shifts (y0Pe + cos0e + and 

Y0Pe_cos0eJ  are equal and opposite, resulting in the diagonal correlation pattern.

Sec. 5.4.2.1 Sum-Energy Distribution: Adding the positron and electron laboratory 

energies leads to the narrow peak of Fig. 5-18e whose =45 keV width, due entirely 

to finite energy resolution of the Si(Li) detectors, is smaller than either the positron 

or electron peaks of Figs. 5-18c,d. As noted above, improvement of the electron 

energy resolution in later experiments reduced the minimum expected sum-energy 

peak width to AEj- = 25 keV.
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Figure 5-18. MCSPEC simulation of X° -»  e*e' decays for a 1.8 MeV/c2 object created 
at rest in the CMS. (a) Total detected e+ distribution. (b)P!otofEe+  vs. Eg_ illustrates 
the correlated cancellation of Doppler shifts, (c)-(f) Projections on the Ee + , Ee_, 
(E »+ +EeJ , and (Eg + -EeJ  axes, respectively, for data within gates indicated in (b). The 
ratio of detected coincidence positron-electron peak events to total observed peak posi
trons is 16%. Sum-peak width of ~45 keV reflects detector resolution (1985).



The rationale behind the wedge-shaped contour (labeled C in Fig. 5-18b) used 

to select the data included in the sum-energy projection of Fig. 5-18e is to account 

for the change in kinematic broadening of the individual positron and electron distri

butions as a function of energy. For example, the two-body decay of a 2 MeV/c2 

object, created at rest in the CM, would lead to positron and electron lines centered 

at 490 keV, with a FWHM of about 96 keV, while a mass of 1.4 MeV/c2 would produce 

a mean e + or e “ energy of 190 keV with a FWHM of only 53 keV. A wider range of 

positron and electron energies must therefore be added when searching for higher- 

energy structures, and a smaller range for low energy sum-lines. The wedge- 

shaped cut is parameterized by (Ee + -EeJ/(Ee + + E eJ  = constant, and roughly 

follows the momentum dependence of the positron and electron linewidths. It effec

tively excludes as much background intensity (for which Ee +  =£ Ee_) as possible 

from the sum-energy projection.

It should be noted that the wedge-shaped contour was chosen specifically to 

search for correlated positron-electron emission from an object moving with low vel

ocities in the CMS. As discussed below and in Chap. 7, completely different pro

cesses may also produce structure in the sum-energy spectrum, and complementary 

projections of the data must be considered to avoid misleading conclu

sions. Depending on the particular process under consideration, an entirely differ

ent cut in the Ej- versus EA coincidence-event plane may be better suited for 

analyzing the data.

Sec. 5.4.2.2 Difference-Energy Plot: One important cut which complements the

sum-energy projection is a plot of the the difference of the positron and electron en

ergies, for events in a given interval of sum-energies. Figure 5-18f presents events 

within the diagonal contour labeled D in Fig. 5-18b, plotted against E^ = Ee +  - 

Ee_, for 710 < (Ee + + E eJ  < 840 keV. This projection provides information re

garding the symmetry of the positron and electron peak energies and, for correlated

(back-to-back) emission, is the best measure of the Doppler broadening and source
«  •

velocity. Taking the difference of Eqns. 5.7a and 5.7b gives AE^ = 2ypP cosQ , 

which attains a maximum FWHM of 4y|3P . As discussed below, the shape of the 

difference-energy spectrum is central in discriminating against conventional origins 

of coincident positron-electron emission.

Sec. 5.4.2.3 Detection Efficiency: The detection efficiency for back-to-back emission 

of positrons and electrons from a source moving with the CM is directly given by the
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yields of the simulated events. If detector response is neglected, the ratio of the 

observed number of coincident positron-electron pairs to the total number of detected 

positrons is Ne + e_/Ne +  = 0.32. Since the positron detection efficiency is approx

imately 12% (Fig. 5-6), the absolute coincidence detection efficiency is ee + e. = 4 % , 

a tE e + e_= 380 keV. Lineshape tailing and pileup in the Si(Li) detectors reduce the 

fraction of total events which are identified in the positron, electron, or coincidence 

peaks. As noted previously, the lineshape peak-to-total ratio for positrons is 

(P/T)e + =80% , while for electrons (P/T)e_s 50%. The relative detection ratio of 

coincident peak events is (Ne + e./Ne + )pk = 0.16. Including the software "pile-up 

rejection" of double electron hits, this falls to = 14%. The absolute coincidence peak 

efficiency is therefore,

e |k+ e - “  se +  e -, <p /T>e +  , <p/T>e-*<PUR> =  M % -

The larger low-energy tailing associated with electron detection not only decreases 

the coincidence peak detection efficiency, but also shifts the mean of the detected 

electron distribution to slightly lower energies than for positrons. In parts c,d of the 

Fig. 5-18, the mean observed positron energy is < E e + > = 380 keV while 

< E e_> = 375 keV. The difference-energy peak is similarly shifted to slightly posi

tive values.

Sec. 5 4.3 Nan-Correlated Coincidence Detection

The enhancement of detection efficiency for back-to-back compared to spacially un

correlated emission is demonstrated by the MCSPEC simulation shown in 

Fig. 5-19. Here it is assumed that the positron and electron are emitted isotropically 

with respect to each other from the CM system with equal energy E^+ = E^_ = 380 

keV. For comparision, the same number of total events is generated (2* 10® X°'s,

2.5 x 10® detected e+'s), and the identical projections are plotted on the same abso

lute scale as those of Fig. 5-18. The detection efficiency for spacially uncorrelated 

events is much smaller than for back-to-back emission. The total Ne + e_/Ne + ratio, 

excluding detector response, is 0.155 (compared to 0.32 in Fig. 5-18), and for peak 

events (N0 + e./Ne + )pk = 0-°7 ( = 6%  including pile-up rejection), a factor of s2.3 

smaller than for back-to-back emission.

As is apparent by the two-dimensional energy correlation plot in Fig. 5-19b, the 

pattern of events for isotropic emission differs substantially from the diagonal struc-
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Ee- + Ee CkeV]
(Ee* -  Ee.)*

Figure 5-19. MCSPEC simulation of monoenergetic (380 keV) e* and e" isotropically 
emitted from the CM with no relative angular correlation. Parts (a)-(f) same as 
Fig. 5-18. (e) Sum-energy peak width, ~105 keV, is approximately quadrature sum of 
individual e+ and e" Doppler-broadened linewidths (u_M = ,056c). The coincidence peak 
intensity relative to total observed e+ peak counts is 7%.

ture from two-body decay. Since the direction of the electron and positron are not 

relatively back-to-back, the Doppler shift of one lepton is unrelated to, and thus does
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not cancel, the Doppler shift of the other. The sum-energy peak width for isotropic 

emission is approximately the quadrature sum of the individual positron or electron 

linewidths, about 105 keV (FWHM) for a mean source velocity of 

UCM S '13®)- The difference-energy peak (Fig. 5-19f) exhibits a similar width, 

as compared to back-to-back emission for which the Doppler correlation led to a 

width of 160 keV (Fig. 5-180- For monoenergetic-positron and electron lines having 

different energies, a similar rectangular pattern in the energy-energy plot can occur 

anywhere in the correlation plane, with suitably modified Doppler-broadened widths. 

The wedge-cut may not necessarily overlap such intensity patterns, complicating 

their identification, and the appropriate difference peak will not be centered near 

< Ee + -Ee->  "  OkeV.

Sec. 5.4.4 Continuous Pair Creation Detection

The preceding calculations show that detection of positrons and electrons resulting 

from a two-body decay is enhanced compared to uncorrelated, isotropically emitted 

monoenergetic lines and leads to a narrow peak in the sum-energy spectrum, iden

tifying such events as candidates for representing the two-body decay of a neutral 

object. In addition, the positron Doppler-broadened lineshape remains intact when 

detected in coincidence with electrons (Fig. 5-18c). That is, no fragmenting of the 

positron distribution (which could resemble additional structure) occurs from the in

clusion of the oscillating electron efficiency pattern. MCSPEC simulations of contin

uous dynamic positron and delta-electron emission similarly reveal no structure in 

the coincident intensity distributions. An important check that narrow peaks are not 

produced by instrumental effects entails simulating nuclear internal pair creation 

(IPC). This is the only conventional source of energy-correlated positron-electron 

pairs in HI collisions, and it accounts for > 2 0 %  of the total detected positron yield in 

the U + Th system.

Figure 5-20 presents the expected energy distributions for internal pair creation 

of a 1.8 MeV electric monopole transition in one of the scattered nuclei (Z = 92).

2.5 x 105 detected positrons (from 2.04 * 106 IPC decays) were generated using the 

IPC energy distribution of [Sof81] and assuming that the heavy nuclei were scattered 

uniformly over the solid-angle covered by the PPAC detectors (unuc = 2uCMcos0H|)- 

In this three-body process, the heavy recoiling nucleus removes momentum but very 

little energy from the decay positrons and electrons, so that over their individually 

broad range, the positron and electron energies add to a* constant sum-energy,
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Figure 5-20. Simulation of IPC of a 1.8 MeV EO transition in the scattered heavy-ions 
(Z = 92). Parts (a)-(f) as in Fig. 5-18. Solid histograms qssume relative isotropy between 
emitted e+ and e~. The dashed curves include co(cos0e + eJ  calculated in Born approx
imation (Eqn. 5.12).

Ee + + E e_ = Wo-2m0c2. The total positron distribution in Fig. 5-20a reflects the 

nearly triangular shape of d0/dEe +  discussed in Sec. 4.2. A small fraction of the



total intensity falls within the windows C and D of Fig. 5-20b, leading to peak-like 

structure in the projections on the Ee +  and Ee_ axes (Fig. 5-20c,d). The dashed 

histogram is calculated assuming that the angle between the momentum vectors of 

the emitted positron and electron is given in the rest frame of the nucleus by the Born 

approximation (valid for Z -»0 ) [Ros35, Wil68],

dNEO/d(cosOe + eJ  oc Pe + Pe_(Ee + Ee_ -m §  + Pe + Pe.cos0e + e.) (5.12)

which exhibits a preference for the positron and electron to be emitted in the same 

direction, peaking at 0e + e. = 0°. As shown in Fig. 5-21, maximum anisotropy oc

curs for Ee +  = E e_ while as E0 +  or Ee_ approaches zero the distribution becomes 

more spherically symmetric. Since an exact calculation for Z s9 2  is not yet avail

able, for comparison a very conservative limiting case assuming isotropy between 

the positron and electron emission directions is shown by the solid histrogram.

The intensity of coincident positrons and electrons near 380 keV, relative to the 

total number of detected positrons, is small: 3 0.82% calculated in the Born approx

imation, or 31.02% assuming isotropy. These are reduced to 30.72% or 30.89%, 

respectively, when including pileup rejection. The broad angular distribution and 

rather large range of scattered heavy-ion velocities (.05 < unuc < .12c) combine 

to form a wide sum-energy peak (FWHM = 126 or 157 keV) within the wedge-cut 

(Fig. 5<~2Qe). The difference-energy distribution (Fig. 5-20f) reflects the broad range 

in positron and electron energy, in contrast to the well-defined peaks of two-body 

decay expected for monoenergetic positron electron emission (Fig. 5-18f). No fine- 

structure or narrow lines emerge in the sum-energy or difference-energy distribution 

from an interference pattern between the positron and electron detection efficiencies.

This very important result has been verified directly by measurements of IPC 

from the 1.76 MeV E0 transition in 90Zr. A 90Sr source was used which P' decays to 

the ground-state of 90Y, which in turn p-decays with >99.9% probability to the 

0 + ground-state, and with 0.011% to the 1.76 MeV 0 + first excited state of 90Zr. 

About 30% of 0 + -♦ 0 + transitions emit positron-electron pairs, and the remaining 

3 70% internally convert atomic electrons. The only source of positrons in the decay 

scheme is the E0 transition. Its long transition lifetime (61 ns) distinguishes between 

P‘ and IPC electrons. Only the correlated electrons from the created pairs are in 

prompt time coincidence, providing a very clean e +e“ signal, p-decay electrons are
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Figure 5-21. Emission probability of internally created electron-positron pairs plotted for 
a 1.8 MeV EO transition as a function of positron kinetic energy and the angle between the 
e+ and e“ momentum vectors.

emitted a factor of 6 * 104 more frequently, which simulates the adverse conditions 

of huge 8-electron fluxes encountered experimentally in the heavy-ion collisions.

Figure 5-22 presents results of a two day measurement in which -70,000 total 

positrons and 4500 coincident pairs were detected. Parts (a) and (b) give the total 

positron energy distribution and the positron-electron energy correlation diagram of 

the coincidence events. Figures 5-22c,d present the total coincident positron and 

electron yields, respectively. For comparison, the dashed lines represent the re

sults of an MCSPEC calculation (700,000 detected positrons generated) normalized to 

the total singles positron yield. The ratio of coincidence to positron singles events 

is not separately adjusted. The energy spectrum of the emitted positrons is ade

quately described for Z = 40 by [Ros35, Wil68j,

dN/dEe +  = Pe.Ee.Pe + Ee +  • F(-Z,Ee + )F (Z .E eJ ,  (5.13)

i.e., the phase space distribution times a product of Fermi functions

F(Z,E) = 2nn/(e2nn-1); n = ZaE/P, (5.14)
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Figure 5-22. IPC positrons and electrons from the 1.76 MeV 0+-*0+ transition in 
*°Zr (3 * 10' 5 branching ratio from a 90Sr decay), (a) Of 72,000 total e+, (b) ~4500 are in 
coincidence with e”. (c)-(d) Total coincident e* and e” yields, (e)-(f) Projections onto 
(Ee + + E ?J  and (Ee + -E . )  axes for events within the corresponding contours in 
(b). Dasned curves: MCSPEC simulation of 700,000 detected positrons (normalized to 
the detected yield). The narrow sum-energy peak width from the stationary source re
flects Si(Li) resolution only ( = 25 keV, 1986).



which account for the suppression of low-energy positrons and high-energy electrons 

by the Coulomb field. The Born approximation result for the positron-electron open- 

ing-angle correlation has been assumed.

The good agreement within statistical uncertainty between the measured and 

calculated coincidence 90Zr EO pair production yields demonstrates the accuracy with 

which the spectral shapes and coincidence efficiencies are be calculated with 

MCSPEC. The experimental ratio of coincidence e+/e“ events to total detected po

sitrons is (Ne + e_/N0 + ) = (6.47±0.10)%. The calculated rate is (6.12±0.03)% -  a 

relative discrepancy of only (5.4±1.6)%. Part of this is due to the difference be

tween Eqn. 5.13 and relativistic theory. The shapes of the coincident energy distri

butions, in particular the sum- and difference-energy spectra, are well 

reproduced. It should be noted that the narrow sum-energy peak (FWHM325 keV), 

which reflects the resolution of the improved electron Si(Li) detectors, is not Doppler 

broadened as in Fig. 5-20 because the 90Sr source is stationary.

This measurement also confirms the theoretical description of IPC for nuclear 

charges up to Z = 40. Theory successfully describes pair creation in 206Pb [Shl81] 

and other heavy nuclei. These calculations should therefore be applicable up to the 

region of interest around Z 3  90 (the relativistic calculations of [Shl81, Sof81] are em

ployed in Fig. 5-20 for dN/dEe + ).

No significant fine-structure was observed in the 90Zr measurement, even 

though positrons and electrons are emitted with correlations over a range of energies 

and opening angles. For a given decay kinematic (fixed positron energy, electron 

energy, and opening angle), the broad acceptance of the EPOS spectrometer (re

sembling two back-to-back coaxial cones) requires an integration over a range of 

orientations of the emitted pair, which in turn averages over a large number of the 

rather finely spaced efficiency oscillations (Fig. 5-15). Unless emission of the posi

tron and/or electron is extremely anisotropic, i.e., focussed in a small angular region 

comparable to the periodicity of the detection efficiency oscillations, no observable 

structure can arise. An MCSPEC study of anisotropic emission for two-body decay, 

IPC, and dynamic positron and 5-electron emission revealed no significant efficien

cy-related structure for distributions of the form |Y^m |2 for £<2. The calculations 

and measurements presented here are valid for emission near (<  few mm) the so

lenoid axis, covering a source lifetime range of <10 '^9 sec. Preliminary calcu

lations and measurements of pair creation with a source positioned off-axis do not
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indicate the formation of narrow structure. Calculations of nuclear IPC in which the 

direction of the scattered ion is exactly specified also produce no structure. It 

therefore appears to be very difficult to construct a situation in which the interplay 

between emission kinematics and positron and electron detection efficiencies quan

titatively leads to narrow lines or a significant distortion of the expected coincident 

yields, especially when assuming smooth distributions in kinetic energy, or broad 

distributions in emission angle.

The absence of structure appearing due to instrumental effects in the energy 

distributions of positrons and electrons from 0-decay sources, and more importantly, 

from coincident IPC positron-electron events, once again confirms our understanding 

of the EPOS transport system. The response of the spectrometer is clearly modelled 

to a degree which allows quantitative comparisons of various hypothetical sources for 

coincidence peaks to the experimental data. The preceding simulations also show 

that the sum-energy and difference-energy projections provide physically natural co

ordinates for characterizing both two-body decay and nuclear IPC, which is the major 

correlated positron-electron background. As discussed below, this helps in estab

lishing meaningful criteria for searching for correlated positron-electron emission.

S e c tio n  5 .5  C o n tin u o u s  P o s itro n  a n d  E le c tro n  B a c k g ro u n d s

In order to search for structures in the experimental data and to quantitatively com

pare 'Monte-Carto simulations of various processes to the results of the coincident 

positron-electron measurements, it is necessary to first understand the underlying 

backgrounds in the various projections introduced above. Continuous distributions 

of coincident positrons and electrons are produced by dynamic positron, 5-electron, 

and nuclear pair production.

The dynamic and nuclear positron distributions were discussed in Sec. 3.3. As 

demonstrated earlier (Fig. 3-9), the shape and absolute magnitude of the total posi

tron energy distribution is well described by the dynamic contribution (predicted by 

theory [Rei81 ]) plus the nuclear IPC component (calculated from the simultaneously 

measured y-rays), corrected for the positron detection efficiency and lineshape res

ponse. This remains true for data collected with the coincidence spectrometer 

set-up, as shown by the total positron energy spectra plotted for U + Th and Th + Th 

collisions (July 1985) in Fig. 5-23a, and U + Th collisions (Feb./Mar. 1986) plotted in 

Fig. 5-24a. The dashed curves represent the calculated dynamic plus nuclear
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E,. IkeV]

Figure 5-23. Continuous coincident positron (a) and electron (b) distributions measured 
for U+Th and Th+Th collisions in 1985. Dashed curve in (a) shows predicted dynamic 
positron distribution, plus nuclear IPC contribution calculated from simultaneously meas
ured y-rays, corrected for transport efficiency and detector response as described in text. 
Solid curve through coincident electron distribution in (b) consists of 79% S-electrons and 
21% IPC electrons, corrected for efficiency and detector response. Shape of IPC distri
bution (dashed curve in C) taken from [Bac83], and S-electron spectrum (dotted) combines 
theoretical prediction (dot-dashed, [Rei81 ]) plus steep low energy contribution determined 
empirically, as described in text.

background, corrected as described in Sec. 3.3. We find empirically that the identical 

spectral shape also fits the energy distribution of positrons which are detected in 

coincidence with electrons, as indicated in Fig. 5-24c which presents the total coin

cident e + yield for the 1986 U + Th data. This calculated positron background is 

therefore adequate for describing the energy distribution of coincidence positrons in 

the analyses presented in Chapters 6 and 7. Interestingly, we observe a slight 

~ 5 %  excess of events for energies between 200 and 400 keV, visible in Fig. 5-23a, 

which corresponds to the energy of the positron peaks observed in these data.

The continuous distribution of electrons, measured in coincidence with posi

trons from U + Th (5.75-5.85 MeV/u) and Th + Th (5.70-5.80 MeV/u) collisions, is shown 

in Fig. 5-23b. it consists mainly of 5-electrons ejected from the quasi-atomic sys

tem, and electrons from internal pair creation decays of nuclear transitions. The 

5-energy distribution has a steep exponential shape which is theoretically understood
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Figure 5-24. Total data for 5.81 to 5.90 MeV/u U+Th (Feb/Mar 1986): (a) 154,000 total 
detected e+'s. (b) 32,500 coincidence events, (c-f) Projections of (b) onto the Ee _j., Ee_, 
<Ee+  + Ee->- and <Ee + ' Ee-.) axes. Dashed lines are MCSPEC simulations of continuous 
dynamic and nuclear contributions expected from theory (see Fig. 5-23). (e) Sum- and (0 
difference-energy spectra are well described assuming independent e+ and e" energy 
distributions (Eqn. 5.15).



[Rei81, Reu87b] and experimentally well established [e.g., Koz81, Bac83], for ener

gies above Ee_>200 keV, As indicated by the dot-dashed line in Fig. 5-23c. For en

ergies below -2 0 0  keV, the production probability increases very rapidly.

Electrons from IPC in the excited collision partners also have an exponential 

energy distribution, shown by the dashed curve in Fig. 5-23c whose slope is taken 

from the 5.9 MeV/u U + U positron-electron coincidence experiment of [Bac83]. The 

shape arises, despite the roughly triangular shaped distribution (peaking at Ee_ = 0 

keV for high Z nuclei) produced by single nuclear transition, from the exponential 

spectrum of nuclear v*ray energies.

In order to construct a continuous electron background for comparison with the 

measured data of Fig. 5-23b, the energy distributions of 5-electrons and IPC electrons 

were appropriately Doppler-shifted, multiplied by the electron transport efficiency, 

and folded with the detector lineshape (including 20%  pileup calculated in 

Fig. 5-10). The resulting distributions are shown separately by the dashed and dot

ted lines in Fig. 5-23b for the IPC and 5-electron components, respectively. The 

measured electron energy spectrum was then fit with a linear combination of these 

components (solid curve in Fig. 5-23b). Empirically we observe that s8 0 %  of the 

measured yield is from 5-electrons, and s2 0 %  is from IPC, consistent with the the 

previous measurements of [Bac83]. The solid and dotted curves in Fig. 5-23c show 

the total electron and 5-electron production probabilities used to determine the con

tinuous electron distribution in this analysis. In absolute terms, the measured 

5-electron yield is about 20% larger than that expected for 5.9 MeV/u U + U collisions 

[Rei81 ]. Taking into account the lower Z u and beam energy of these data, this is 

consistent with the results of [Bac83] which found that the theoretical distribution had 

to be multiplied by a factor of 1.4. The shape and magnitude of the coincident elec

tron spectrum are therefore also understood, and the calculated continuum distribu

tion is suitable for use as a background curve in this analysis.

In order to investigate the shape of the continuous positron and coincident 

electron backgrounds in the various projections introduced above, we use the high 

statistics sample of s  150,000 detected positrons and 32500 coincident pairs, pre

sented in Fig. 5-24, measured in U + Th collisions between 5.8 and 5.9 MeV/u 

(February/March 1986). The dashed curves running through the total coincidence 

e + and e~ spectra of Fig. 5-24c,d represent the expected yields calculated from the
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theoretical shape of the dynamic and nuclear positron contributions, and the theore

tical exponential slopes of the 5- and nuclear IPC electron yields, from Fig. 5-23.

The spectral shape of the electron distribution does not depend on the coinci

dent positron energy, and vice versa, as illustrated in Fig. 5-25, which presents the 

coincident positron (electron) spectra when gating on different electron (positron) 

energy intervals (first and second columns, respectively). The bulk of the coinci

dence production is atomic in origin where an interdependence arises only indirectly 

via the HI impact parameter, whose effect on the shape of the positron and electron 

energy distributions is quite weak [Rei81]. A good approximation to the double-dif

ferential production probability is a simple product of the individual positron and 

electron production probabilities:

d2Pe +  e./dEe + dEe. = (dPe + /dEe + C (dPe./dEeJ .  (5.15)

The dashed lines of Fig. 5-25 show a high statistics (107 generated e +) MCSPEC si

mulation, which reflects Eqn. 5.15 by drawing on the calculated spectral forms for the 

positron and electron energy distributions. The simulated data are then normalized 

once to the entire event yield before cuts are taken. The total sum-energy and dif

ference-energy distributions for all of the U + Th data are plotted in Figs. 5-24e and 

5-24f (i.e., no wedge-shaped, or diagonal difference-energy cuts are applied). The 

dashed lines, projected out of the simulated coincidence yield, fit the measured data 

very well, indicating that Eqn. 5.15 accurately describes the observed positron-elec- 

tron coincidence yield.

The third column of Fig. 5-25 extends this comparison by examining the sum- 

energy distributions for different wedge-shaped cuts denoted in Fig. 5-25a. The ver

tical scale for each is held constant to illustrate the fall-off of coincidence intensity 

as the wedge-shaped contour swings toward lower positron and higher electron en

ergies. In the last column, the difference-energy spectra4 are plotted for a variety of 

sum-energies. In both cases, the shape and magnitude of the expected continuum 

distributions (Eqn. 5.15) are in very good agreement with the observed data. As 

mentioned above, the simulated coincidence intensity is normalized once to the en

tire yield. No fits of the projected Monte-Carlo background shapes to the data within 

each cut were performed.
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Figure 5-25. Projections of data of Fig. 5-24: (a) Positron energy distribution, gating on 
Ee. as marked: (b) e" spectra for various Ee + ; (c) Ee +  + Ee. distributions for various 
wedge cuts; and (d) E0+ -Ee_spectra vs. sum-energy. Positron and electron spectral 
shapes appear independent of one another. Dashed lines: identical cuts applied to 
MCSPEC calculation (Eqn. 5.15), normalized to total coincidence yield.

In the central region of the event correlation plane (i.e., Ee +  = Ee_), the 

MCSPEC calculation over-estimates the measured data by ~1 .5% . Near the boun

daries (Ee + or Ee. SO), the data is underestimated. This slight (but 

~3cr statistically significant) redistribution of intensity from the central to outer re

gions of correlation energies indicates that, while for the bulk of coincidence events 

it is valid to assume an effective independence between coincident positron and

Tg facilitate the comparison, these data are displayed as a function of 
= (Ee + -EeJ/(Ee+  + Ee.) x 700 keV. With this parameterization, the difference-energy 

spectral shape does not change substantially as a function of the sum-energy.
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electron energies, some degree of positron-electron correlation remains. The 

320%  contribution of nuclear IPC coincidences may account for this effect since for 

Ee +  = Ee_. the opening-angle distribution between positron and electron exhibits 

large anisotropy, hence reduced detection efficiency. On the other hand, for 

Ee + ^  Eg., © (O^+g.) approaches isotropy, which corresponds to relatively larger 

detection probability. Observation of IPC positrons and electrons should therefore 

be less probable in the central region of the event plane as compared to the outer 

regions.

The Frankfurt theory group has recently found that the dynamic positron and 

5-electron emission calculated in a full two-center potential exhibits an emission an

gle correlation of the form [Gra87],

©'(^e + e-) a  (1 + a cos0g + e_), (5.16)

with a independent of E0 +  but rising from a = 0 at Ee_ = 0 to a 30.5 for Ee_>300 

keV. A MCSPEC simulation using this distribution provides a marginally better fit to 

the measured data.

S e c tio n  5 .6  Im p o r ta n c e  o f V a r io u s  P ro je c tio n s

As noted above, the sum-energy and difference-energy projections provide a natural 

parameterization by which to describe correlated positron-electron emission. To 

better know how to search for two-body decays, the relative sensitivity of the Ee + , 

Ee_, (Eg +. + Eg.), and (Ee + -Eg_) projections as indicators of back-to-back positron-e

lectron emission has been quantitively evaluated with a Monte-Carlo tech

nique. Figure 5-26 presents a series of simulations in each of which 10,000 detected 

positrons (-2 0 0 0  e +e" coincidences) were generated. It was assumed that - 3 %  

of the total positron yield arises from the two-body decay of a 1.8 MeV/c2 neutral 

object, X°, created at rest in the CM. The four projections of Fig. 5-18c-f are plotted 

for each run. It is apparent that the sum-energy and difference-energy spectra most 

clearly exhibit evidence for the coincidence peak. The positron energy distribution 

shows less evidence (statistically). The electron energy spectrum is the least sensi

tive indicator of the existence of structure, principally due to the steep exponential 

5-electron distribution which results for low statistics in an imbalanced clustering of 

events at low energies, making the identification of a coincident peak difficult. As 

per its design, the sum-energy peak has better energy resolution, having eliminated



the’ 1st order Doppler shifts, therefore leading to the emergence of more prominent 

structure. If a sum-energy peak is observed, then the difference spectrum is also 

very sensitive because by gating on sum-energies tightly around the peak, the maxi

mum background, especially at energies near the positron and electron peaks, are 

excluded from the resulting projection.

The sensitivity of the sum-spectrum, and in combination, the difference-spect- 

rum, suggests a new approach for analyzing experimental data, different from that 

previously used in searching for positron peak structures (Sec. 3.4). For the data of 

Fig. 3-16, the peaks were enhanced by cutting away the continuous dynamic and 

nuclear backgrounds by selecting heavy-ion scattering angle regions. This ex

ploited the good PPAC resolution and apparent difference of the peak-related scat

tering events from the Rutherford elastic kinematics. It was accomplished, however, 

at the cost of total peak intensity. In the present EPOS configuration, the coinci

dence detection efficiency suggests that at most 14% of the intensity of a positron 

singles peak should appear in the corresponding coincident peaks. Instead of 

~ 50-100 e + peak counts, only ■— 7-14 coincidence peak events should be accumu

lated in a typical experiment, insufficient for a meaningful statistical evaluation of the 

existence of structure. An alternate strategy could involve a direct search in the to

tal data sample for structure in the sum-energy distribution. If corresponding differ- 

encc'sncrgy, positron, and electron peaks are found in conjunction with a 

sum-energy line, the increased intensity, by as much as a factor of two, should be 

advantageous in extracting valuable information, despite a somewhat smaller peak- 

to-background ratio.
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Figure 5-26. MCSPEC calculations of coincidence yields for 10" detected positrons (each 
row) assuming 3% of the yield is due to the decay of a 1.8 MeV neutral object created at 
rest in the CMS. Columns correspond to projections on the Ee + , Ee_, E^, and EA axes, 
using the contours shown in Fig. 5-18b.

EP
OS
/T
EC
 

87
-6
3



Chapter 6 Data and Results

S e c tio n  6.1 M e a s u re m e n ts

The results of two experiments performed with the EPOS spectrometer described in 

Chapter 5 to search for coincident positron and electron emission are reported in Part 

II of this dissertation. In the first experiment of about two weeks in June and July, 

1985, Th + Cm, U + Th, and Th + Th collisions were measured at beam energies rang

ing between 5.6 and 6.0 MeV/u. As mentioned in Sec. 2.6, because only a limited 

number of curium targets (fabricated at ORNL) were available, each was bombarded 

for very long times, >24 hours. Although some structure is present in these data, 

the peak to background is rather small and the proton backscattering analysis indi

cated very large deterioration (see Fig. 2-45). Most of the correlated positron-elec

tron events mentioned in Chapter 1 were discovered in U + Th and Th + Th collisions, 

associated with two positron energies, Ee +  =380 and E0 +  =300 keV. These results 

were published in [Cow86].

After improving the electron energy resolution to 5E6_£10 keV and increasing 

the solid angle of the HI PPAC detectors by a factor of ~3, we accumulated about ten 

times more data with the U + Th system in February and March 1986. Due to a UNI

LAC beam energy calibration error, however, during much of the experiment data 

were taken at lower beam energies than in the 1985 measurement. These showed 

little evidence for correlated emission. At slightly higher beam energy than that of 

1985, in addition to reproducing the 750 keV E^ peak with similar statistical accuracy, 

and the Ej- £ 600 keV peak with much higher accuracy, a third prominent sum-energy 

peak was discovered at £815 keV. For each of these, the improved energy resolu

tion revealed that the E^ peak is much narrower (~  25-40 keV, FWHM) than the cor

responding difference-energy structure.

Additional data on these lines were collected in a short run in Ju ly 1986. For 

some aspects of the analysis presented below, this was added to the preceding re

sults. Most of the investigations of possible origins for the coincident positron-e

lectron lines were originally performed for the 750 keV U + Th sum-energy peak 

measured in 1985, but they are equally relevant for the other structures as well.
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Figure 6-1. (a) Total energy distribution of positrons from 5.83 MeV/u U + Th collisions 
(July, 1985). (b) 2-dimensional Eg+  vs. Eg_ distribution of coincident 
e+e" events. Parts (c,d) present the total coincident positron and electron yields, re
spectively.

S e c tio n  6 .2  7 5 0  k e V  S tru c tu re  in  U +  Th

Figure 6-1 presents a plot of the coincident positrons and electrons from U + Th col

lisions accumulated in the first series of coincidence experiments performed in June 

and Ju ly  of 1985. The beam energy for the displayed data ranged from 5.80 to 5.85 

with a mean of 5.83 MeV/u. Targets consisted of 250 pg/cm2 layers of ThF4 evapo

rated on 40 pg/cm2 carbon backings, covered with an additional 20 pg/cm2 carbon 

covering foil. The entire scattering angle range of the PPAC's between 

20°< 0|_|| < 70° is included for a total of 9600 detected positrons (Fig. 6-1 a), with 1690



coincident positron-electron events. The two-dimensional electron energy versus 

positron energy distribution is shown in Fig. 6-1 b. The shapes of the individual co

incident positron (6- 1c) and electron (6- 1d) energy spectra are in good agreement 

with those expected from the theoretical atomic and nuclear continua corrected for 

transport efficiency and detector response, as described in Sec. 5.5.

Although very little structure is readily apparent in the total coincident yields of 

Fig. 6-1, the sum-energy spectrum derived from plotting the events contained within 

the wedge-shaped contour (labeled C) versus = (Ee +  + Ee + ) reveals a narrow 

peak centered at 760 ± 20 keV, shown in Fig. 6-2c, which has a width of 80 ± 20 

keV. Narrow lines in the positron and electron energy distributions are correlated 

with this peak. As shown in Fig. 6-2a, plotting the energy of positrons in coinci

dence with electrons having kinetic energy between 340 and 420 keV reveals a peak 

centered at 380 ± 15 keV with a width of 80 ± 15 keV. Gating on positrons be

tween 340 and 420 keV yields an electron line at 375 ± 15 keV with width 75 ± 15 

keV (Fig. 6-2c). Finally, by gating on the sum of positron and electron energies be

tween 710 < Ej- < 830 keV, the projection of the data on the difference-energy axis, 

Ea = (Ee + -Ee.) x [700 keV/(Ee + + Eg.)], exhibits the structure shown in 

Fig. 6-2d. The difference peak is centered at a mean difference-energy of 

< E e + -Ee_> = 6 keV, and has a width of = 100 keV.

In each of the spectra in Fig 6-2a-d, the dashed curves represent the distribution 

expected assuming that the entire 1690 coincidence events are due to the continuous
C

atomic and nuclear processes. An MCSPEC simulation of 5x10° detected coinci

dence events drawn from this smooth distribution (see Sec. 5.5) was normalized to 

the measured coincident event yield, after which the identical projections as taken for 

the experimental data were made (i.e., cuts A-D in Fig. 6-1). This provides a mo

del-independent evaluation of the continuous background. The intensities of each 

of the individual projections of the continuum background distribution are not ad

justed separately. Only a single overall normalization to the entire event yield was 

used.

Although the four projections of Fig. 6-2 are correlated, the experimentally ob

served intensity of the structure in each varies according to the extent that the dif

ferent cuts exclude background events in the energy region surrounding the 

peak. For example, by fitting the background shapes described above (dashed 

curves) individually to each spectrum (excluding a region around the peak), the fol-
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Figure 6-2. Projections onto the Ee + , Ee_, Ej- and EA axes of the distribution of coinci
dent positron-electron events contained in the windows labeled A-D in Fig. 6-1 b, respec
tively.

lowing intensities for the coincidence peaks in each of the projections were obtained 

Ne +  = 26.7 ± 7.7, Ne_ = 31.7 ± 7.6, Nz  = 35.3 ± 9.4, and NA = 38.5 ± 9.1 

counts. As expected from Fig. 5-26, the Ez  and EA projections exhibit the stronges 

indication of structure. To estimate the size of the signal, taking into account th< 

energy-energy correlation, the intensity of the 2-dimensional continuum backgroum 

distribution was fit as a whole (using a one-parameter maximum likelihood fit fo 

normalization, see Eqn. 4.2) to the the measured coincident Ee + -Ee_ data, excluding 

a region around the coincident line. In the energy interval containing the peak (34( 

^  Ee + <420 keV, 340 ^  E0_ < 420 keV), Nbk = 21.8 ± 0.53 background count:



are expected, compared to 54 measured coincidence events. The net size of the 

correlated positron-electron signal is therefore Npk = 32.2 ± 7.4 events.

Figure 6-3 compares these data to the results of an MCSPEC simulation of the 

production (at rest in the CM) and isotropic two-body decay of a neutral object 

(Fig. 6-3(i)-(j)). In order to reproduce the observed data, a mass of Mx = 1.8 

MeV/c* and an intensity such that only 3%  of the total detected positron yield arises 

from the decay of this object, were assumed. The shape and magnitudes of the po

sitron, electron, sum-energy, and difference-energy peaks are remarkably well re

produced within this model. The sum-energy peak width of 80 ± 20 keV is in 

agreement with that expected solely from detector resolution of ~50 keV. Even the 

~5 keV lower mean electron peak energy is understood in terms of the larger low- 

energy tailing in the electron Si(Li) detector response (see Fig. 5-18f).

The coincidence peak intensity is confined to a small region centered around 

E0 +  = Ee. = 380 keV. Figure 6-4 shows the positron, electron, and difference- 

energy projections averaged for equal size gates taken on either side of the corre

sponding cuts in Fig. 6-1b. The sum-energy projections for events taken on either 

side of the wedge-shaped cut are shown in Fig. 6-5. (Figure 6-3e-h compares these 

adjacent cuts to the peak cuts of Figs. 6-2 and 6-3a-d.) The absence of significant 

structure in these spectra illustrates the correlated nature of the positron and elec

tron peak events, and is in full agreement with the predictions from a two-body decay 

origin. Figures 6-3m-p compare the coincident structure to a simulation of nuclear 

IPC. As discussed in Sec. 7.2, IPC is not able to explain the data.

The relative intensity of the coincident sum-energy signal at 760 keV is obtained 

by comparing it to the peak in the total positron yield enhanced by heavy-ion kine

matic cuts. For laboratory scattering angles between 5O°<0(j<7O°, a positron en

hancement similar to those of Fig. 3-16 begins to emerge from the data with a mean 

energy of 380 keV (Fig. 6- 6a). The associated coincident electron peak is enhanced 

accordingly over the continuous 5-electron background (Fig. 6- 6b). The ratio of co

incidence electron peak counts to total positron peak events is 19 ± 8% . This is 

consistent with 14% expected for the two-body decay of neutral objects produced at 

rest in the CM (see Fig. 5-18). Because of the rather weak statistical significance 

of this ratio due to the limited peak intensities available within this angular region, 

this comparison is not inconsistent with a ratio of 6%  expected for spacially uncor

related emission.
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Figure 6-3. Projections of U + Th coincidence data from Fig. 6-2(a-d), and MCSPEC sim
ulations of the two-body decay of a 1.8 MeV/c2 neutral object (i-I) and IPC of a 1.8 MeV 
E1 transition in the scattered nuclei (m-p). Columns correspond to projections onto the 
Ep + . E_ , (E g ^ + E g J, (Ee + -EgJ axes. Parts (e)-(h) are the average of similar gates 
adjacent to either siae of the gates A-D of Fig. 6-1 b. (Reproduced from [Cow86].)

As mentioned above, the peak has an estimated net intensity above background 

of 32.2 ± 7A  counts, which represents a 4.3o statistical significance. One may al

ternatively assess the probability that no correlated peak exists, i.e., that the entire 

coincident event yield is due to continuous atomic and nuclear processes (dashed 

curves in Fig. 6-2) from which the observed structure is merely a statistical fluctua

tion. In the region 340 < Ee +  ^  420 and 340 < Ee_ < 420 keV, 24 ±  4.9 

counts are expected from continuous backgrounds. The observed 54 events in this 

interval therefore represents a 30 count, 6a excursion above the expected intensity 

[Ead71]. This strongly argues against the null-hypothesis that continuum production 

explains the data.

The data presented here were accumulated with targets identical to those em

ployed in the Th + Th measurement shown in Fig. 3-16, and represent 32/3 of the
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Figure 6-4. Projections of U+Th coincidence data on Eg + , Ee_, and EA axes, averaged 
for gates (a) adjacent to either side of the gates A, B, and D in Fig. 6-16.

total data collected on the U + Th system. An additional -4500 positrons were 

measured at somewhat lower beam energies (5.75 to 5.80 MeV/u) on targets fabri

cated with a different ThF4 evaporation procedure on different carbon backing foils 

[Fo!85]. Viewed independently, these targets exhibit no statistical evidence for the 

appearance of the peak (ls|P + e_ = 5  ± 4 counts). While this could reflect a reduced 

production cross-section at lower projectile energies, independent evidence alterna

tively suggests that these targets exhibited a rapid deterioration in the heavy-ion 

beam. If resonant processes contribute to the production of the sum-energy peak, 

then when non-uniformities set in, the thick portion of the target may lead to an ov

erwhelming contribution of the continuous positron backgrounds which obscure the
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Figure 6-5. Projections of U + Th coincidence data on Ê - axis for gates labelled A, B, and 
D in part (c).

peak. With this in mind, in a subsequent experiment using thorium beam we com

pared data collected for only short irradiation times (<  1 hour) to that including longer 

heavy-ion bombardment of the targets (discussed in Sec. 3.4.4). Figure 3-28 showed 

that a peak in the total positron distribution emerges at 3 325 keV (using no kinematic 

selection), which seems to be correlated with "fresh" targets. In any case, adding 

the remaining 1/3 of the U + Th data measured in 1985 does not significantly dilute the 

results presented in Fig 6-3a-d. The coincidence structure remains a 

~ 6a deviation from the smooth background, and the net peak intensity is 3 .6<y.
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Figure 6-6. Total positron, and gated coincident electron (340<Eg+ <420 keV) spectra 
for U + Th collisions (Fig. 6-1) with heavy-ions scattered between 20° and 40° in lab. The 
relative coincident e~ peak intensity to the e+ peak is 19±8%, consistent with 14% ex
pected for back-to-back emission.

S e c tio n  6 .3  A d d it io n a l R e s u lts

In addition to the U + Th data presented above, data were accumulated on the 

Th + Cm and T h + T h  systems. In Th + Cm at 5.85 MeV/u, and in Th + Th at 5.75 

MeV/u, the data indicate an excess of coincident positrons and electrons at 

Ee + = Ee. £ 380 keV. When added to the U + Th data, as shown in Fig. 6-7, the 

peak intensity is increased to ^40 events. The positron, electron, and difference- 

energy peaks are comparable to those presented in Fig. 6-2. The increased statis

tical significance of the sum-energy spectrum suggests a narrower Ej- line with a 

width of AEj- = 50 ± 10 keV, centered at 752 ± 10 keV. The width agrees with that 

expected from detector resolution alone and is clearly smaller than the AEe +  £80 

keV, AEe_£70 keV, and the AEA £100 keV widths in the associated projections.

At lower beam energies, around 5.70 MeV/u in Th + Th and 5.75 MeV/u in U + Th, 

a second interesting feature in the coincidence positron-electron distribution was 

found. As shown in Fig. 6-8, a positron peak at 310 keV is observed in coincidence 

with an electron peak at ~295 keV. Although the statistical evidence is weak here 

(N |k+ e .  s  22 ± 7 counts), it indicates that more than one coincidence structure
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Figure 6-7. Data from 5.88 MeV/u Th + Cm and 5.75 MeV/u Th+Th collisions are shown 
added to those of Fig. 6-2. The coincident e*/e” peak intensity is increased to =45 
counts, with a sum-line width of 60 ± 15 keV.

may be associated with the positron peak energies between ~300 and ~380 keV 

discussed in Part I of this dissertation.

S e c tio n  6 .4  F o llo w -u p  E x p e rim e n ts

As mentioned above, the existence of correlated positron-electron structures was 

confirmed in a second series of coincidence measurements performed in February 

and March 1986. The electron energy resolution was improved to < 15 keV, so that 

the minimum expected width of the sum-energy peak is =25 keV, if due entirely to
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Figure 6-8. Th+Th collisions at 5.72 MeV/u. (a) Coincident peaks at Ee+  =305 keV and 
(b) Ee. = 290 keV suggest the presence of additional correlated structure.

detector response. New heavy-ion PPAC detectors with a factor three larger solid 

angle (at a cost of decreasing the scattering-angle resolution from 0.5° to ~ 1.2°) were 

employed in order to acquire greater statistical accuracy. This change seemed jus

tified in light of the shift of the analysis approach away from exploiting heavy-ion 

scatiering-angie correlations to suppress continuous backgrounds as discussed in 

Chap. 3, towards exploiting the sensitivity and selectivity of the EPOS coincidence 

spectrometer in detecting correlated positron-electron emission, as discussed in 

Sec. 5.6.

The study concentrated on the U + Th system at energies between 5.81 to 5.90 

MeV/u. A 0.03 MeV/u recalibration of the UNILAC energy places the preceding 

U + Th measurement at ~5.86 MeV/u. The targets were ~250 pg/cm2 ThF4 evapo

rated on 20 pg/cm2 carbon backings, covered with an evaporated carbon layer of 5 

pg/cm2. Because of the apparent sensitivity of the quality of the data on target con

dition, as mentioned in regards to Fig. 3-28, we changed targets every 1 Vi hours, 

using a total of over 200 targets in the 20 days of beam time.

In addition to peak intensity near 750 keV, two very prominent narrow lines are 

present in these data at sum-energies of E^~610 and ~815 keV. The higher of 

these, already appearing at a 3a level in the total data pf Fig. 5-25(c3), becomes
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Figure 6-9. (a) Sum-energy and (b) Difference-energy projections for U + Th collisions 
between 5.87 and 5.90 MeV/u (Feb., 1986), selecting events for prompt e +  and e ' night
times. The sum-energy line at — 815 keV contains 90 ±14 counts, and has a width of 
40 ±4 keV. Data of (c) and (d) are selected for 5.85 to 5.90 MeV/u collisions with prompt 
electron TOF but slightly delayed e+ TOF. The =610 keV sum-energy line has 60±12 
counts with a width of 23 ±3 keV.

prominently visible by selecting beam energies higher than those employed in the 

measurements of Figs. 6-1 to 6-6. Figure 6-9a,b presents the sum-energy distribution 

and corresponding difference-energy spectrum for data accumulated for beam ener

gies between 5.87 and 5.90 MeV/u. Events were selected which fall within a 7 ns 

wide window on the prompt Hl-e" time-of-flight distribution (which exhibits a 7.7 ns 

FWHM). No HI scattering angle cut was made. The narrow sum-energy peak is 

centered at 817 ± 5 keV, and is associated with narrow positron and electron lines, 

as shown in Fig. 6-10 for a subset of this data at 5.87 MeV/u. The intensity of the



E j peak in Fig. 6-9a is 90 ±  14 counts which represents 6.4a level of confidence, 

and an 8.6a deviation from the underlying 90.5 count background. Fits of the smooth 

background curves to the Ej- and EA distributions individually gives Nj- = 90.0 

± 13.5 and NA = 90.3 ± 14.8 counts, respectively. Its narrow width of AEj- =

39.5 ± 3.6 keV (FWHM) is clearly smaller than the individual positron and electron 

peak widths of ~80 keV, and narrower-than the EA structure whose width is AE^ = 

158 ± 21 keV (FWHM).

Figure 6-9c,d presents the sum-energy and difference-energy spectra for data 

selected to isolate the lower energy structure (Ej- =612  ± 4 keV). Beam energies 

between 5.85 and 5.90 MeV/u were included, and positrons have been selected which 

arrived at the detector slightly delayed (~ 3  ns) with respect to the average TOF for 

the continuous dynamic distribution. This structure appears with an average inten

sity of Ne + e_ = 60 ± 12 counts, deduced from fits of the background shapes to 

the sum-energy and difference-energy spectra individually (Nj- = 54.1 ± 10.5, 

Na = 66.9 ± 10.5), which represents a ~5.5a C.L. or a 8.5a deviation from the 

smooth underlying 50 count background. The narrow sum-energy peak width, 

AEj- = 22.6 ± 2.9 keV (FWHM), is significantly smaller than the associated differ

ence-energy structure whose width is AEA = 153 ± 9 keV. (The structure in 

Fig. 6-9d appears wider than this because the plotted quantity is actually 

E^ = (Ee + -Ee_) x [700 keV/(Ee + + Ee.)].) As with Fig. 6-9a,b, no HI angular cuts 

have been applied.

The 750 keV sum-energy peak appears, as in the previous measurement, for 

prompt H l-e+ flight-times. Figure 6-11 presents an analysis by J. Schweppe of 5.85 

MeV/u U +  Th data. The Ey peak is centered at 752 ± 5 keV. Additional data from

5.87 MeV/u yields a peak intensity of 30 ± 8 counts. The narrow sum-energy peak 

width of 25 ± 5 keV is, as for Fig. 6-7, consistent with the detector resolution. As 

noted in Sec. 6 .6 , the 750 keV sum-energy peak has also been recently observed in 

U + Ta collisions.

These structures were reproduced in a third U + Th measurement in July 

1986. Upon adding all the available data together [Sal88], approximately 110 and 100 

counts have been observed in each of the ~815 keV and ~610 keV sum-energy lines, 

respectively, and ^7 0  counts in the ~750 keV peak. The measured sum-energy li- 

newidths are =40 keV for the ~815 structure and S25 keV for the ~610 and 750 

lines.
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Figure 6-10. Projections onto the Ee + , Ee_, Ej- and E^ axes, as described in Fig. 6-2, for
5.87 MeV/u U+Th data which exhibits a sum-energy peak at -815 keV.

S e c tio n  6 .5  C o rre la t io n s  w ith  K in e m a tic  P a ra m e te rs

The positions of the various sum-energy peaks overlap the positron peak energies 

observed in the previous experiments presented in Part I of this work. The 610 and 

750 keV lines correspond to positron peaks at 310 keV (observed in Th + Th, U + Th, 

U + U, and U + Cm collisions) and 375 keV (observed in Th + Ta and U + Th collisions), 

respectively. The positron peak associated with the Ej- = 815 keV line appears to 

have a higher energy than the companion electron peak, Ee + s E e. + 40 keV, as 

suggested by the asymmetric EA peak in Figs. 6-9,10. Although this structure was 

not isolated in previous experiments, it did seem to appear in excess of the total dy-
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Figure 6-11. Same as Fig. 6-10 for 5.85 MeV/u U+Th data (1986) chosen for prompt 
electron and positron flight-times, which exhibits a sum-energy peak at -750 keV, in 
agreement with that of Fig. 6-2.

namic positron distribution. This is demonstrated in Fig. 6-12a which plots the sum 

of the peak cuts of Fig. 3-16, the sum of the total positron spectra out of which each 

of the positron "singles" peak cuts were projected (6- 12b), and a positron distribution 

from the recent 5.87 MeV/u U + Th coincidence measurement (6-12c) projected for the 

HI scattering angle region of 48° < 0j_j| < 55° [Sak88]. Spectrum (b) exhibits an 

excess of intensity at both =336 keV, which corresponds to the mean energy of the 

peaks presented in Fig. 3-16, and at Ee + =450 keV, which agrees with the higher 

energy positron line associated with the =815 keV E^ peak.
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Figure 6-12. Comparison of ~430 keV positron peak (c) projected from 5.87 MeV/u U+Th 
data containing Ey = 815 keV line, with the sum of total e+ distributions (b) out of which 
positron peaks ofTig. 3-16 were projected. Previous data exhibits evidence for ~440 
keV peak, in addition to ~336 keV intensity consistent with sum of peak cuts (a) of 
Fig. 3-16._________________________________________________________________________

The possibility of enhancing one of the several prominent sum-lines, to the ex

clusion of the others, also closely mirrors our experience with the "singles" positron 

peaks. The coincidence peak data of Figs. 6-9,10,11 were selected by projectile- 

energy and, for the 610 keV line, delayed positron arrival times. Similarly, the 

spectra of Fig. 3-16 were selected by beam-energy and scattering angle regions for 

which the positron line appeared most prominently above the background in each 

data sample. In addition to corroborating the correspondence between the previous 

and present experiments,, this behavior seems to suggest that the peak production 

mechanism relies in some way on some particular aspect of the heavy-ion collision



environment. The experimental variables at our disposal are beam-energy, flight

time, and heavy-ion scattering angle.

Sec. 6.5.1 Projectile Energy

Projectile energy and/or target condition seemed to play a role in the production of 

the positron peaks presented in Chap. 3. As mentioned above, as a result of the 

enhancement of the 320 keV peak for "fresh targets" in Fig. 3-28, each of the coinci

dent structures presented here were accumulated with targets which were frequently 

changed. Deterioration of the ThF4 targets was kept to a minimum as demonstrated 

in Fig. 2-45. • The average energy-loss thickness was S0.07 MeV/u. The beam en

ergy was also controlled to presumably within ~0.02 MeV/u (determined by TOF 

measurements).

The 750 keV sum-energy peak emerged for beam energies of ~ 5.85-5.86 MeV/u 

(i.e., 5.83 MeV/u + 0.03 MeV/u recalibration). As mentioned above, the 1/3 of the 

data accumulated at lower energies showed little evidence for a peak. In addition, 

the 5.81 MeV/u data from the 1986 run also exhibited little of the 750 keV or other 

sum-energy structures. This energy dependence is demonstrated in Fig. 6-13 for 

the 610 keV line. Identical time cuts that produce Fig. 6-9c,d are applied to all the 

data collected in both the February and Ju ly 1986 runs [Sal88], which are displayed 

for two beam energy intervals. In Fig. 6-13b, which includes 5.81 < E beam ^  5.85 

MeV/u, there is little evidence for the peak, while Fig. 6-13a exhibits the presence 

of the line for 5.86 < Ebeam ^  5.90 MeV/u. ■

Figure 6-13c presents a similar analysis for the prompt time cut leading to the 

815 keV Ez  line, using a beam energy cutoff of Ebeam > 5.87 MeV/u. The low energy 

data of Fig. 6-13d, 5.81 < Ebeam < 5.87, exhibits little structure. If these data reflect 

a sharp threshold behavior, one interpretation is that the peaks are produced in a 

resonant scattering process. At beam energies slightly below Eres, no peak events 

are produced. For higher incident energies, the lines should emerge as long as 

Eres remains inside the target thickness. Including the beam energy resolution, 

one would expect a ~0.1 MeV/u window of peak producing projectile energies (above 

the threshold, Eres).

This interpretation of the data is challenged, however, by the observation that 

the peak production rate appears not to be constant for several runs at apparently 

identical beam energies. For example, Fig. 6-14 presents the sum-energy distribu-
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Figure 6-13. Sum-energy spectra for eVe” flight-time conditions selected to emphasize 
the -  610 keV (a.b) and ~ 815 keV (c.d) Ey lines, each for two ranges of incident projectile 
energy, (a) 5.85 <Ebea_ <  5.90 MeV/u, versus (b) 5.81 < E beaf_ <  5.85 MeV/u. (c) 5.87 
< Ebeam < 5.90 Mev/u, versus (d) 5.81 < E beam <5.86 MeV/u. (Adapted from 
[Sal88|J__________________________________________________________________________

tion for data accumulated at 5.87 MeV/u in two runs. The data of 6-14a are included 

in the analysis of Fig. 6-9a and exhibit a large 815 keV Ej- line. No HI angle cuts 

have been applied to the data. Figure 6-14b shows the E^ spectrum accumulated 

under apparently identical conditions two days after Fig. 6-14a. Between these two 

sets of data, the steering of the beam through the UNILAC was changed, but the av

erage beam energy at the output of the accelerator was the same to within 0.003 

MeV/u, as measured by the TOF probes.

Although each of the Ej- lines has been reproduced in at least two or three 

pieces of data with a high statistical accuracy (2:4a), the details of the production 

mechanism remain unclear. In light of the possible target and UNILAC instabilities 

mentioned in Secs. 2.6 and 2.7, and the comparison of Fig. 6-14, it is possible that
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Figure 6-14. Sum-energy distributions for U+Th collisions at 5.87 MeV/u selected as in 
Fig. 6-9a. Data from first 3 days (a), and last 2 days (b) of a 5 day run. Between (a) and 
(b) the UNILAC beam was resteered.

the past and present attempts to measure a beam-energy dependence of the positron 

and correlated electron peak production reflect the influence of a sofar uncontrolled 

variable. A definitive result requires additional experimental measurements.

Sec. 6.5.2 Flight Time

The next most important parameter in isolating the separate Ej- peaks (after what 

was previously assumed to be projectile energy or target quality) appears to be the 

flight times of the positrons and electrons to their respective detectors. This rather 

new approach was originally motivated by the observation in Ju ly 1985 that the 320 

keV positron peak in Th + Th collisions at 5.70 MeV/u is associated with longer flight 

times to the Si(Li) detector. As shown in Fig. 6-15a, the peak positrons are delayed 

with respect to the mean arrival time for the total continuous positron distribution, 

-5 < A te + <-1 ns, where At0 +  = < TO Fe + > - te + , corrected for 0H( and Ee +  as 

described in Sec. 3.2. The corresponding spectrum for positrons gated on the 

"prompt" side of the time-of-flight distribution with + 1 < A te +  < + 5  ns, exhibits no
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Figure 6-15. Energy spectrum of positrons collected in Th+Th collisions at 5.70-5.75 
MeV/u (20° < 0H| < 70°) which arrive at the Si(Li) detector either (a) slightly delayed, or (b) 
prompt, with respect to the mean positron TOF.

peak (Fig. 6-15b). This comparison is from total data with no HI scattering-angle 

cuts.

Exactly this behavior is observed for the 610 keV Ej- line, again corroborating 

the correspondence between the coincidence data and the single positron 

peaks. The data of Fig. 6-9c,d were selected with an identical delayed cut on the 

Hl-positron flight-time distribution. The peak is substantially smaller when the prompt 

positron events are selected. One possible interpretation of this delay is that the 

emitting source lives for tx ~3 ns and an appreciable delayed component is therefore 

observed in the data. Three observations argue against this interpretation. First, 

sources having an emitter velocity ve m " 'uCM 1 5  cm/ns) would frequently de

cay far off axis and would therefore tend to leave the - 1-2 cm fiducial volume of the 

EPOS spectrometer. Second, for prompt decays at time t = 0, the usual positron TOF 

distribution would be produced due to the range of e + emission angles, so some 

prompt peak events should be observed. Third, a smaller delay ( -  1 ns) is observed 

for the electrons measured in coincidence with positrons in the 610 keV peak 

[Sal88], eventhough a somewhat larger electron delay is expected from MCSPEC si

mulations. A different possibility is that the delayed flight-time reflects an emission 

angle distribution for the positrons. As described in Sec. 5.3 (see Fig. 5-14), longer



flight-times are associated with steep emission angles with respect to the solenoid 

axis. Figure 6-15 may therefore indicate that the peak events are emitted prefer

entially in the plane of the HI scattering. MCSPEC simulations indicate, however, 

that one should observe the back-to-back correlated electron with similar or longer 

time-delay. Perhaps a short source lifetime coupled with emission toward the elec

tron detectors could accommodate both observations.

Following these investigations, the presence of such a delay was searched for 

in the positron peak data discussed in Chap. 3. A similar effect was not discov

ered. As discussed in Sec. 2.2.7, however, the positron collection geometry was 

unfavorable for the detection of a delay caused by steep emission angles, because 

positrons emitted at flatter angles toward the magnetic mirror were reflected and had 

longer flight paths and flight-times to the Si(Li) detector. An emission angular dis

tribution would therefore have been largely obscured by the mixing of both steep and 

flat angles, 0e + .

The Ej-£750 keV U + Th peak is associated with less delayed positron flight 

times. As shown in Fig. 6-16, however, it is enhanced slightly by selecting the cen

tral region of the positron TOF distribution. The total positron energy distribution 

(a,e) and the gated coincident positron (b,f) and electron (c.g) cuts are shown for the 

1985 U + Th data. For -5 < Ate + < +2  ns (e-h), the continuous backgrounds ap

pear to be reduced in each spectrum. A peak begins to emerge in the total spec

trum (no HI cut) and the coincident ~380 keV positron and electron peaks are 

enhanced over the backgrounds. This time cut includes 40% of the data, and its 

centroid is delayed relative to the mean positron TOF by £1 ns.

The Ej-~815 keV line appears to be associated with nearly prompt positron and 

electron events. One interesting feature, however, is a correlation between the 

mean energy of the EA peak and the arrival time of the associated positrons. This 

is illustrated in Fig. 6-17 for the 5.87 MeV/u U + Th data of Fig. 6-14a. Part (a) plots 

the Ea spectrum from Fig. 6-10 for -2<  Ate.<  +1.5 ns, which is symmetric about the 

prompt portion of the electron TOF distribution. The width of the cut, Ate_£3.5 ns, is 

consistent with the 4 ns Hl-electron TOF resolution. The associated coincident po

sitrons have systematically larger energy than the electrons, i.e., EA > 0  implies 

Ee + > E e-- Ybe eA sPectrum f°r an equal size cut on the prompt side of the 

TO Fe. distribution 1.5 < At0_ < 5.0 ns, is shown in Fig. 6-17b. This selection 

seems to pick out the complementary half of the EA distribution, Ee +  < Ee_.
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Figure 6-16. (a) Total positron, (b) coincident positron (340<Eg. <420 keV), and (c) coin
cident electron (340<Ee+  <420 keV) energy distributions for 5.83 MeV/u U + Th data se
lected for entire range of Hl-positron flight-times (a). Parts (e-g) present similar spectra 
selected for central portion of time distribution (h), for which a ~ 2o enhancement of the 
peak signal w.r.t. the total continuous background is observed.

This odd behavior can be at least qualitatively understood within the context of 

the two-body decay of a moving source. Figure 6-17c presents an MCSPEC calcu

lation of X° decay assuming that the object is emitted isotropically in the CMS with 

a velocity of < ~ The difference-energy spectra for each of the time cuts

in (a) and (b) are separated as observed in the data. Physically this arises from the 

interplay of emission angles, efficiency, and flight-time in such a way that the very
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Figure 6-17. Difference-energy spectra gated on the ~ 815 keV sum-energy peak in 5.87 
MeV/u U+Th collisions, chosen for e" flight-times in a 3.5 ns wide window centered 
about the mean electron flight-time (a), or prompt with respect to the mean flight-time 
(b). Part (c) presents an MCSPEC simulation of a 1.85 MeV neutral X° emitted isotropi- 
cally with a velocity 0 =0.12c from the CMS, with identical time cuts applied as in (a) and
(b).

prompt TOFe. values select X°'s emitted preferentially toward the electron Si(Li) de

tectors. The detected electrons are therefore emitted forward with respect to the 

X° motion and have positive Doppler-shifted kinetic energies. The gate of Fig. 6-17a 

selects those objects moving toward the positron detector, so E g !̂33 > ^ bs. Al

though very suggestive of a neutral-object origin, perhaps some other mechanism 

may eventually be found which explains these TOFe.-EA correlations.



Sec. 6.5.3 Heavy Ion Scattering Angle
280

The correlation of coincident positron-electron peak production with the heavy-ion 

scattering angle appears to be of secondary importance in isolating the struc

tures. As described in Chap. 3, in the previous EPOS experiments ion-angle cuts 

were employed to "cut away" the continuous background of dynamic and nuclear 

positrons. In the present measurements, the added sensitivity and selectivity of the 

positron-electron coincidence condition, and the correlated cancellation of Doppler 

shifts in the Ej- spectrum, already reveals the presence of E^ peaks in the total data 

sample. These are then most easily isolated by beam energy with TO F cuts, as 

discussed above. The remaining improvement gained in signal-to-noise by HI angle 

selection is rather small as was demonstrated in Fig. 6- 6.

Figures 6-18 and 6-19 illustrate the improvement to the 610 keV and 815 keV 

Ej- and E^ peaks presented in Fig. 6-9 by selecting regions of O^j. The 610 keV 

sum peak intensity is enhanced relative to the background by excluding data for 

41°< 0U < 49°, i.e., accepting 25°<0y<41° plus 49°<0U <65°, as shown in Fig. 6-18. 

The peak intensity is therefore roughly symmetric about A0j_|| = O as expect

ed. Figure 6-19 compares the data of 6-9a,b with no HI cut to that for 

370 < O y < 65°. In both cases, the size of the peak is decreased slightly by the angu

lar cut hut the continuous backgrounds are reduced by a greater amount. Also, in 

both cases the windows are very broad in the A0|_|j coordinate, just as those leading 

to the positron spectra of Fig. 3-16. Unlike the positron peak data, however, 

I 0|_ll cuts do not significantly improve these data because of the attendant drop in 

statistical accuracy. Moreover, like the Th + Th, Th +Ta, and Th + U data of Fig. 3-16, 

the U + Th coincidence experiments used thin targets, and the peak-related scattering 

events do not appear to be rotated with respect to the angular correlation pattern 

of Rutherford scattering.

The correlation of the production of coincident positron-electron lines seems 

therefore to be weaker for the HI scattering angle than for the positron and electron 

TOF and the condition of the UNILAC beam and/or targets. The correlation in each 

of these parameters, insofar as has been determined, mirrors our experience with the 

positron peak data presented in Part I of this dissertation.
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Figure 6-18. Sum-energy and difference energy spectra for the ~610 keV Ey line ob
served in 5.85-5.90 MeV/u U + Th collisions, associated with heavy-ions scattered into the 
entire PPAC range (a.b). or into a region 25°<9H|<41° plus 49°<0H|<65° (c,d).________

S e c tio n  6 .6  O th e r  S tru c tu re s

Before continuing in the next chapter with an analysis of the possible origins of these 

coincidence lines, it should be noted that there are suggestions of other structures 

in the data. For example, recent experiments by the Orange collaboration revealed 

positron singles peaks near 230 keV in low-Z U + Au, U + Ta, Pb + Pb collisions 

[Kon87]. Figure 6-20 presents evidence from the 1986 EPOS experiment for the ex

istence of a corresponding sum-energy line at Ej- = 460 keV (6-20c), which appears 

at a 3ct level of confidence in the total U + Th sum-energy distribution. It is correlated
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Figure 6-19. Same as Fig. 6-18 for the ~815 keV Ey line observed in 5.87-5.90 MeV/u 
U + Th collisions, associated with heavy-ions scattered into the entire PPAC range (a,b), 
or into a region 37°<9H|<65° (c.d)._________________________________________________

with a broad enhancement in the EA spectrum, centered around EA = 0 

(Fig. 6-20d). On the basis of these data alone, it is difficult to unambiguously identify 

the structure because it is associated with electron energies (Fig. 6-20b) just at the 

threshold of the electron detection efficiency. Moreover, the associated coincident 

positron peak appears only as a shoulder on the low-energy side of the E0 +  pro

jection (Fig. 6-20a). It is nonetheless satisfying that this structure, observed in the 

positron singles experiments, also seems to be present in the coincidence data.

In a very recent experiment, we extended the coincidence measurements down 

to the U + Ta system (Zu = 165) in order to reproduce the low-Z Th + Ta peak pre-



sehted in Fig. 3-15 and to check whether it is associated with a correlated monoen

ergetic electron. A 238U beam was chosen over 232Th for convenience. The data 

have not yet been completely analyzed. However, an preliminary "online" investi

gation [Sak88] revealed that at beam energies between 5.87 and 5.98 MeV/u, a narrow 

sum-energy peak emerges clearly over the continuum background, as shown in 

Fig. 6-21. The line has a mean energy of < £ £ >  = 750 ± 10 keV and contains 

50 ± 13 counts. Analysis in progress [Sal88] suggests a larger intensity and a 

sum-energy peak width of AEj-325 keV, consistent with detector energy resolution. 

This result suggests that the identical positron and correlated electron lines emerge 

for several systems over a range of 163 < Z u < 188. Moreover, the size of each 

of the Ej- peaks above the continuous background is comparable to those in Figs. 6-1
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Figure 6-20. Projections of coincident positron-electron distribution for U + Th collisions 
at 5.81-5.90 MeV/u on (a) E + (for 190<E <280 keV), (b) E (for 170<Ee +  <260 keV).
(c) Ej-. and (d) E^ (for 420<Ej-<490 kev) energy axes, which exhibit evidence for a 
-3 a  coincidence structure at E^3 460 keV (shaded regions).
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Figure 6-21. Preliminary sum-energy distribution for coincident positron-electron events 
observed in U + Ta collisions at 5.87-5.98 MeV/u. The peak at E^ = 750 keV appears at a 
~5a level.

and 6-7, indicating, as discussed in Sec. 3.4.5, that when the coincidence structures 

appear, their production cross-sections are essentially independent of Z u.



Chapter 7 Discussion of Possible Origins
As noted above, the coincident positron-electron data associated with the sum-en

ergy lines at Ej- £ 610, 750, and 815 keV bear a striking resemblance to the peak 

shapes expected for the two-body decay of neutral objects which are created with low 

velocity in the HI collision. Because of the ooviously far-reaching consequences of 

such an interpretation, other possible origins for these structures must first be in

vestigated. Several of those discussed in Chap. 4 as candidates for explaining the 

the positron peaks (e.g., spontaneous positron emission or monoenergetic positron 

creation) are immediately excluded because they do not involve the emission of mo

noenergetic electrons. Modified versions of these, and many additional sources of 

coincident positron-electron emission, including background radiations, a series of 

nuclear conversions, pair creation processes, and multi-body final states are dis

cussed in the sections that follow. The final portion of this chapter discusses various 

aspects of a two-body final state and presents determinations of the positron-electron 

angular correlation and of the velocity distribution of the proposed neutral source 

created in the collisions.

Section 7.1 Instrumental Backgrounds

Many of the arguments presented in Sec. 4.1 against an instrumental origin for the 

positron peaks apply as well to the coincident electron peaks discussed in 

Chap. 6. For example, the small geometric cross-section of the electron detectors 

precludes the possibility that the electron peaks are due to neutral radiation origi

nating from the target or from the region around the positron detector. The planar 

Si(Li) crystals themselves subtend only 1.3 * 10*4 sr. It is very unlikely that y-rays 

scattered into the detectors produce this peak signal. Replacing the pair production 

cross-section in Eqn. 4.1 with the the y-ray narrow-beam attenuation cross-section 

[Sto70], the probability that a -5 0 0  keV y-ray emitted from the target interacts in the 

Si(Li) detector and produces an observable energy signal is -3 * 1 0 '°  (including

solid angle and interaction cross-section). The detector casings, mounts, and cool-
©

ing apparatus, together subtend a much larger solid-angle, -1 .5 *  10 °  of 4n sr. A 

-5 0 0  keV y-ray has about a - 7  * 10‘ 8 chance producing an energy signal in the Si(Li) 

after scattering from the material surrounding the detectors. The exponential 

y-ray energy spectrum leads to a broad continuum of energies in the electron de

tector, of which only < 10% of the intensity is between 300 and 400 keV. Assuming 

an average multiplicity of - 1 0  y-rays emitted per collision, the probability that y-ray
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scattering is mis-identified as an electron signal in those collisions which produce 

positron peak events is ~ 10’®, and is therefore completely negligible.

Structure in the electron spectrum could, in principle, be produced by Compton 

scattering in the Si(Li) detectors of 511 keV photons from annihilation of positrons 

created by high energy y-rays (EY>2m ec2) near the electron detectors. Using 

Opair from [Sto70] and 0.3 y-rays/collision with Ey > 2m ec2 (from Fig. 2-2), at most 

~2*10~® pairs are created per collision. Including the approximate electron de-
Q

tector solid angle and Compton-scattering cross-section, <4><10o 511 keV photons 

interact in the detector and <25%  of these deposit =300 keV. It is more probable 

that a second positron is created in the collision (Pe + ~ 10' 4), which spirals through 

the mirror field and annihilates in the electron detector housings (p ro b .~ 0.2), after 

which the 511 keV photon Compton scatters in the Si(Li) (prob. <0.05), i.e., 

pe + /Compton~ Not only are tbese processes therefore infinitessimal, but
measurements with sealed y-ray sources placed at the target site revealed no "e~" 
events above the continuous energy distribution of low counting-rate room back

ground.

The arrival time of the event in the electron detector further precludes similar 

scattering processes. A prompt y-ray from the target has a =4 ns flight-time com

pared to the ~5-15 ns TO F 's of electrons (Fig. 5-14). A y-ray induced signal would 

therefore be readily identifiable. As noted in Sec. 4.1 for positron detection, neutron 

induced signals in the electron counter are also precluded based on an expected 

flight time of ~50 ns. An electron detector signal would be more closely correlated 

to the positron event if one of its 511 keV annihilation photons were to travel two 

meters across the solenoid from the positron counter to scatter in the electron 

Si(Li)'s. Of course a direct process is ruled out both by the small geometric detector 

cross-section and the added ~7 ns photon transit time which, together with the ori

ginal positron target-detector TOF, would produce TOFe_ = 12-22 ns, which would 

also be easily distinguishable. This time-of-flight argument similarly precludes pro

cesses in which the annihilation photon scatters in the spectrometer material, e.g., 

the spiral baffle, and emits a Compton electron with energy E0_~34O keV which could 

then be transported to the planar Si(Li) electron detectors.

All processes involving annihilation photons from the detected positron are 

ruled out by an inspection of the ARD sum spectrum gated on the measured sum- 

energy peaks, as shown in Fig. 7-1. Both the one and two 511 keV
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Figure 7-1. ARD sum-energy distributions gated on coincidence positron-electron events 
within the Eg peak energy intervals for the data of Figs. 6-2c and 6-9a,c.

y-ray photopeaks are readily apparent for each of the Ej-2  610, 760, and 815 keV lines 

detected in U + Th collisions. This also unambiguously establishes the identity of 

the positron signal. The electron TOF identifies the event in the planar Si(Li) detec

tors as a lepton originating from or near the target in prompt (~ n s ) coincidence with 

the HI collision.

It is very unlikely that the electron signal is a mis-identified monoenergetic po

sitron incident in the counter, because the efficiency of detecting positrons in the 

planar-pair of Si(Li) crystals is a factor of =4 less than the electron detection effi

ciency (see Fig. 5-7). To achieve the relative back-to-back Ne + e_/Ne +  coincidence 

intensity, which is consistent with the observed coincidence peak yields, a high mul

tiplicity of monoenergetic positrons of similar energy (Ee + =300-400 keV) would have 

to be involved. Assuming that the monoenergetic positrons are emitted isotropically 

from the CMS, their relative detection efficiency in the electron detectors, 

ee + (e~ detector)/ee + (e+ detector), is approximately 0.25 times the uncorrelated
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Figure 7-2. Positron energy distribution (left) and ARD sum spectrum (right) for MCSPEC 
simulation of the emission from the CMS of an average multiplicity of 10 monoenergetic 
380 keV positrons per collision. Dashed curve presents the expected ARD energy distri
bution for the detection of single positrons.

electron detection efficiency of 3 6 %  from Sec. 5.4.3, or ~1 .5% . To match the 

31 4 %  relative back-to-back detection efficiency from Sec. 5.4.2.3, an average multi

plicity of about ten monoenergetic positrons (E0 +  3 380 keV) emitted from the colli

sion must be assumed. (A spontaneous positron "machine-gun" process along 

these lines was mentioned by [Sof86], in which conversions in the di-nuclear complex 

repeatedly empty the K-shell which is then filled by spontaneous vacuum decay.) 

Due to double and triple counting of the positrons in the e+ detector, peaks at 760 

keV (two positrons) and 1140 keV (three positrons) would be observed in the positron 

energy spectrum, as shown by the MCSPEC simulation of Fig. 7-2a. In addition, for 

these multiple-e+ emission structures, 25% to 40% of the annihilation radiation de

tector energy spectrum would exceed 1022 keV due to detection of more than two 511 

keV photons (Fig. 7-2b). Neither of these effects are observed (compare Fig. 7-1), 

and scenarios based on emission of several monoenergetic positrons are therefore 

ruled out by the data.

Monte-Carlo simulations also rule out the trivial possibility that a peak-like 

structure in the electron spectrum at 300 keV could be produced by the summing of 

two 5-electrons (whose detected energy distribution exhibits a maximum at ~150 

keV) [Cow86, Cow86b]. We therefore conclude that the observed signals in fact re

present coincidences between monoenergetic positrons and electrons which are 

emitted from the target region within a few nanoseconds of a heavy-ion collision.



A recent measurement by Erb et al. ([Erb86], see also [Sak87]) suggested that 

the coincident electron lines may be recoiling atomic electrons from Bhabha scatter

ing of positrons in the ThF4 target material. An extensive Monte-Carlo calculation 

by S. Henderson [Hen86], however, shows that the total number of coincident Bha- 

bha-scattered positron-electron pairs (integrated over the dynamic positron energy 

distribution and ThF4 target thickness employed) which would be detected in the 

EPOS spectrometer per measured positron is 2*10'3. The energy distribution of 

Bhabha electrons is very similar to the 5-electron distribution, and only ~1.5%  of 

scattered pairs have final energies falling within any one of the measured sum-en

ergy peaks. The calculation was directly verified by measurements in the EPOS 

spectrometer with a ®*Ge/s®Ga source sandwiched between various target and car

bon backing foils [Shw86]. For the 2* 103 positrons (and ~ 4 x 104 coincidences) 

detected in the 1986 U + Th experiments described in Chap. 6 , this implies a total of 

about 4 Bhabha scattered electron-positron pairs. The Bhabha scattering background 

under each sum-energy peak is only 0.06 events. Recent measurements by [Pec87, 

KM87, Wan87] improved upon the Erb et al. experiment and concluded that the "peak" 

structure observed by [Erb86] was due to secondary scattering of 511 keV annihilation 

photons (or possibly Compton electrons) between the positron and electron detec

tors. The unambiguous positron identification of the EPOS spectrometer, and the 

large separation (hence negligible "cross-talk") between the positron and electron 

detectors provides an exceptionally clean, nearly background free, environment for 

the positroT^eiectron coincidence measurements presented here.

Section 7.2 Uncorrelated, Independent Peaks

A next step in understanding these coincidence data is to determine whether the 

process which produces the monoenergetic positron is correlated with the process 

which emits the monoenergetic electron. It is possible, for example, that in addition 

to the narrow positron peaks, unrelated internal conversion electron lines from a 

particularly strong nuclear transition are detected in these collisions, leading to the 

coincidence signal.5

As noted in Chap. 4, however, no satisfactory explanation has been found for the narrow 
positron peaks. Hypothesizing an unrelated electron source does not address this funda
mental issue.

9
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Figure 7-3. Simulation of independent emission of monoenergetic e*'s and e_,s 
(a,b). Energy correlation pattern (top) exhibits horizontal and vertical bands superim- 
posed on continuous backgrounds. Projections onto Ey (c) and EA (d) axes as marked.

Figure 7-3 presents an MCSPEC simulation appropriate for this class of origins 

involving independent production of positron and electron peaks. Positron and elec

tron lines at Ee +  3 E e_3380 keV, emitted from the CMS, are assumed to account for



5.5% and 6.9% of the total positron and electron intensities, as shown in Fig. 7-3a,b
C C

respectively. 5x10° detected positron events leading to 8.76 x 10'-' coincidences 

were simulated. The vertical band in the 2-dimensional Ee +  vs. Ee_ distribution il

lustrates the presence of positron peak intensity for all electron energies, and the 

horizontal stripe indicates the electron line intensity independent of positron ener

gy. In projections on either side of the positron peak, the electron line is clearly 

evident, and vice versa. In fact, the total coincident positron and electron yields 

(Fig. 7-3a,b) provide the best statistical indication of the presence of independent 

peaks. As mentioned in Sec. 6.2, the adjacent cuts presented in Figs. 6-4 and 6-5 

revealed no statistically significant evidence for the -3 8 0  keV e + and e" peaks as

sociated with the Ej- = 760 keV line, as would be required if the coincidence structure 

were due to independent positron and electron lines. The coincidence structures at 

E ^ se iO , 760, and 815 keV measured in U + T h  collisions all appear to be absent from 

these neighboring regions of the event plane.

Because the directions of emission of the peak positrons and electrons are un

correlated, their Doppler shifts do not cancel and the sum-energy peak, shown in 

Fig. 7-3c for the wedge-shaped cut (C), is very wide, AE^ = 174 keV (FWHM). The 

difference-energy peak has a similar shape and width. These are wider than the 

S105 keV width expected for uncorrelated emission (see Fig. 5-19) because events 

along the horizontal and vertical bands outside of the 340 < E0 + < 420 keV and 

340<Ee_<420 keV region add to the sum-energy and difference-energy projections. 

If the positron and electron lines are emitted from a source moving faster than u^M’ 

e.g., the positron produced by MPC and the electron by IC in the separated nuclei, 

these widths are correspondingly larger. Gating on either side of the wedge cut 

should similarly produce a sum-energy spectrum with two "peaks" (at E^-500, and 

-1000 keV) where the cuts cross the banded contour. The difference-energy distri

bution for adjacent sum-energies would also exhibit two peaks, one on either side of 

E^ = 0. Such features are absent in Fig. 6-4 and 6-5. Figure 7-4 expands this 

analysis, presenting positron and electron spectra for 100 keV wide gates on electron 

or positron energies around the 760 keV sum-line peak regions. In all cases, the 

dashed lines represent the expected distributions assuming that the entire coincident 

yield is attributable to the smooth dynamic and nuclear distributions. The absence 

of peak structure in regions adjacent to the coincident signal rules out the possibility 

that the positron and electron peaks are physically unrelated.
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Figure 7-4. (Left) Coincident e* and e~ spectra projected from the U + Th data of Fig. 6-1 
for conditions as marked. (Right) Sum- and difference-energy distributions for gates as 
shown.

The energy correlation pattern of coincident positron and electron events from 

the "sudden rearrangement of atomic shells" process [Reu87] mentioned in Sec. 4.5 

is similar to the kinematic distributions from independent monoenergetic emission in 

Fig. 7-3. An oscillatory interference pattern is superimposed on both the dynamic 

positron energy distribution and the 5-electron spectrum. The resulting coincidence 

pattern resembles a mesh of narrow electron lines crossing several positron peaks, 

as shown in Fig. 7-5b. Structures are therefore produced in the sum-energy and dif- 

ference-energy distributions which cut across this pattern (Figs. 7-5c,d). As noted 

in [Reu87b], however, electron ionization is more sensitive than positron production 

to the Coulomb potential at large inter-nuclear separations. The modified potential
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Figure 7-5. Positron-electron energy correlation pattern (upper right) and oscillatory 
structure in the E^ and EA spectra (lower panel) produced by the sudden rearrangement 
of atomic shells associated with a single potential step at 1200 fm [Reu87], Upper left 
presents the calculated impact parameter dependence of the 1so ionization probability 
(dashed) which is inconsistent with the established behavior (solid line). (Reproduced 
•from fR«u87bj.)

used to produce Fig. 7-5 overestimates P1sa(b), for impact parameters b>100 fm, 

by a factor of ~ 102 (Fig. 7-5a). A choice for V(R) which is in better agreement with 

the experimentally established 1sa ionization rates, shown in Fig. 7-6, produces only 

very small oscillations [Reu87b] which fluctuate from the continuous positron and 

electron spectra by < 1 0 % . Almost no structure is then visible in the Ej- and 

Ea projections.

Moreover, after Doppler shifting the patterns of Figs. 7-5,6 to the lab system 

(assuming ue m = uCM) and correcting for efficiency and lineshape tailing, even these 

weak oscillations appear washed out and no Ej- or EA structure is observed. Be

cause of the uncorrelated nature of the positron and electron intensities and emission 

angles, this, and other processes characterized by independent mechanisms which
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Figure 7-6. Same as Fig. 7-5 assuming two smaller potential steps at 1700 fm.
Little or no and E^ structures are produced when model parameters are chosen to 
yield consistency with experimental P1s. (Reproduced from [Reu87b].)__________________

emit maoneoergetic positron and electron peaks, are ruled out as possible origins for 

the coincidence structures presented in Chap. 6 .

Section 7.3 Correlated Positron/Electron Pair Creation

Sec. 7.3.1 Internal Pair Creation

The only conventional source of correlated positrons and electrons from heavy-ion 

collisions is internal pair creation from transitions in the final-state nuclei. As dem

onstrated in Fig. 5-20, cuts across the central region of the broad distribution of po

sitron and electron energies for which Ee + + E e_ = WQ-2mec2, i.e., for 

Ee +  ~ Ee_, approximately simulate the observed coincidence signals.

Figure 7-7 presents an MCSPEC simulation of internal pair creation from a 1.8 

MeV E1 transition in the U or Th nucleus (Z 3  92), scattered into the HI PPAC detec-
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Figure 7-7. MCSPEC simulation of IPC of an 1.8 MeV E1 transition in the scattered heav- 
yjons (Z = 92). (a)-(f) Same as Fig. 5-20. Dashed histogram assumes isotropic 
9e+ e -' Born approximation angular distribution decreases the coincidence yield by 
~20%. Solid histogram includes detection of 5-electrons with IPC positrons when cor
related e" partner is not observed, (e) Sum-energy peak intensity represents 0.75% of 
total e+ yield.
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tors. As mentioned in Sec. 3.3, E1 multipolarity is typical for high energy (7to>1 

MeV) excitations. The dashed histograms present the expectations of mutually iso

tropic positron-electron emission. Unlike EO conversions (Fig. 5-21), the E1 angular 

distribution given by the Born approximation [Ros35],e + Pe. '| '

dNE1/d(cos9e + eJ  oc P[1 + W2 m/F2 + (Ee+2 + Ee?)/F], (7.1)

F = (m + Ee + Ee. -  Pe + Pe_cos0e + g_),

does not vanish for 0g + e. = 180° emission, as shown in Fig. 7-8. When integrated 

over the EPOS acceptance, it leads to onjy a =20%  reduction in detected intensity 

compared to relatively isotropic e+e -  emission.

The solid histogram in Fig. 7-7 includes the distortion of the coincidence yields 

from the additional contribution of 5-electrons coincident with 20% of the IPC posi

trons when the correlated IPC e “ is not detected. In addition to the e + peak near 

380 keV (when cutting across the two-dimensional contour with 340 < E0_ <420 

keV), Fig. 7-7c reflects the shape of the total positron energy 

distribution. 2.5 x 10® detected positrons (2.03x10® generated e +'s) were simu

lated, with 5.62 x 104 coincident positron-electron pairs. The sum-energy peak within 

projection (E) contains 1560 events.

This simulation is compared to the Ez  = 760 keV U + Th coincidence data in 

Fig. 6-3m-p. The expected IPC yield has been added to the continuous backgrounds 

assuming that 30% of all detected positrons are created from this single transition 

[Cow86]. The shape of the various coincidence spectra clearly argue against as

signing the observed peaks to an IPC origin. A small sum-energy peak does appear 

in the IPC calculation but the broad lepton emission angle-correlation and the large 

emitter velocities (.05< un(JC< .12c) lead to a very wide structure, AEZ = 123±6 keV 

(FWHM), compared to the observed width of 80 ± 20 keV. The narrower 610 and 

815 keV sum-energy peaks provide more stringent constraints against an IPC origin.

For IPC, the individual positron and electron spectra only exhibit peak structures 

when gating on the complementary lepton energy (e.g., Ee^  = [fro-2mec2] - 

^ f te). Figure 7-9 shows the array of adjacent positron (and electron) cuts calcu

lated for IPC (solid histograms), and compared to the 90Zr source measurements 

(shaded regions), which illustrate the movement of the corresponding peak when 

changing the electron (or positron) window. Similar movement of the individual
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Figure 7-8. Emission probability of internally created electron-positron pairs plotted for 
a 1.8 MeV E1 transition in Z = 92, as a function of positron kinetic energy and the angle 
between the e+ and e" momentum vectors, in the rest frame of the emitting nucleus.

peaks is not observed in the coincidence data (Fig. 7-4), which exhibit very little 

structure in adjacent cuts (Fig. 6-3). In addition, the IPC sum-energy peak appears 

with high intensity in wedge-shaped contours on either side of the Ee +  s E e. pro

jection. The difference-energy spectrum directly reflects this behavior based on the 

broad positron and electron energy distributions, and it does not exhibit a narrow 

peak for IPC processes as indicated in Fig. 7-7f. Each of these features contradicts 

the experimental observations. On the basis of the positron-electron energy corre

lations alone, IPC from the scattered heavy nuclei can be ruled out as an origin for 

the measured narrow coincidence peak structures.

A dominant feature of this analysis is the extremely low yield of coincidence 

peak events due to the large intensity for which the positron and electron energies 

are unequal. In order to obtain =32 count E£ = 760 keV coincidence signal consist

ent with that presented in Fig. 6-2, one must assume that =5000 total positrons 

arising from this transition alone are detected among the 9600 observed positrons of 

Fig. 6-1. As discussed in Sec. 3.3, only about 30% of the total positron yield comes 

from the broad energy spectrum of all nuclear transitions, only a small fraction of 

which have fro = 1.8 MeV. The IPC transition strength necessary for explaining the 

coincidence peak counts can be translated by established conversion coefficients
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Figure 7-9. Adjacent cuts for the E1 simulation of Fig. 6-3m-p (solid curves; dashed lines 
denote continuous backgrounds), compared to *°Zr measurement (hatched). Projections 
onto Ep + , Eft-, and (Eft+ + EftJ  axes identical to those of Fig. 7-4, as marked.___________

(P s lO '4) into an intensity for the competing y-ray line (X>  1 ) which must accompany 

nuclear IPC [see Sec. 4.2]. Figure 7-10a compares the expected y-ray peak, for 

various IPC multipolarities, to the y-ray yield measured simultaneously with the co

incidence data presented in Figs. 6-1,2. An isotropic positron-electron emission 

correlation has been conservatively assumed. If the transition is electric monopole, 

the MCSPEC simulation of Fig. 5-20 is appropriate, which, to produce the necessary 

Ej- peak intensity would require 3500 total detected positrons from this IPC transition 

alone. Figure 7-10b presents the expected size of the competing IC electron line, 

compared to the simultaneously measured high-energy electron spectrum. If the 

Born Aprroximation for the 0e + e_ distribution is applicable (i.e., rather than iso- 

tropic 0e + eJ ,  the expected y-ray and e~ peak intensities are increased by 20% (for 

E1) or by a factor of - 2  (for E0 or E2 transitions). In either case, the measured 

y-ray and electron yields are an order of magnitude smaller than the required peak
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Figure 7-10. Required intensity of competing y-ray and conversion electron lines, com
pared to the y and e‘ distributions measured simultaneously with data of Fig. 6-3. (1.8 
MeV IPC in scattered nucleus assumed), (a) Expected y-ray.peaks for isotropic 
0e + e_ and various y-ray multipolarities. Born-approximation 0e + e_dependence re
quires increased y-ray peak intensity, (b) Expected IC electron line (for E0) is shown 
added to an exponential fit through the data._________________________________________

intensities. Identical conclusions are reach for similar analyses of the S610 and 815 

keV sum-energy peak data.

These intensity considerations, independent of arguments based on the broad 

energy distributions expected from IPC, rule out conventional internal pair creation 

in the separated nuclei as a source for the observed coincident positron-electron 

structures. MCSPEC simulations indicate that the coincidence distributions are'not 

altered when the heavy-ions are scattered into a narrow angular range (e.g., to large 

angles with lower velocities, or to specific values of 0 and <p), nor do they appreciably 

change if anisotropic emission of the IPC positron is assumed with respect to the 

motion of the scattered nucleus. Even if a fragmenting of the broad IPC distribution 

by the overlap of the oscillatory positron and electron transport efficiencies were to 

occur through some exotic combination of kinematic variables, the theoretical con

version coefficients would have to be in error by an order of magnitude or more in 

order for IPC not to be excluded on intensity grounds alone.



A further possibility is that a low mass ( Z -0 )  nuclear fragment is formed in these 

collisions, in which IPC of an EO transition leads to the observed coincidence struc

tures. This consideration was motivated by the fact that the small nuclear charge 

leads to a more symmetric positron-electron energy distribution, determined almost 

purely by phase space (oc Pe + E0 + P0_E0_). This could somewhat reduce the total 

singles positron yield which must accompany the coincident IPC signal. A cluster 

might furthermore be formed with no atomic electrons, removing the competing in

ternal e~ conversion channel. In order to produce the transition, the cluster must 

obviously contain at least one proton, so the arguments against nucleon evaporation 

discussed in Sec. 4.4.4 (Figs. 4-27,29) are relevant. Schluter et al. [Shl86b] suggest 

that in order to agree with our jQ| < 20 MeV constraint for the HI collisions associated 

with the positron peak producing events, the cluster must be formed from the neck 

of the di-nuclear complex as the heavy ions separate. Its laboratory velocity would 

therefore equal

An MCSPEC simulation of this scenario is shown in Fig. 7-11. The fragment 

was assumed to move with u q ^ , and the distortion of the event yields caused by 

coincidences between IPC positrons and continuum 8-electrons has been excluded 

for clarity. Of 2.35x10® generated pairs, 2.5 x 10® positrons were detected, of 

w+Hch 2.43 x 1G4 were recorded in coincidence with correlated electrons. The inten

sity of the E^ peak in projection (E) is 2382 counts. Its width is 120±3 keV (FWHM), 

much larger than the 25-50 keV widths of the measured U + Th sum-energy lines. 

Despite the more symmetric energy distribution, a very broad difference-energy 

spectrum emerges which is incompatible with the data. Adjacent cuts also exhibit 

significant structure in the positron, electron, and sum-energy spectra. Moreover, the 

singles positron intensity is only marginally reduced relative to the coincidence yield 

because for Z s O  the Born approximation result for dN/d(cosO0 + 0J  definitely applies 

and the pairs are preferentially emitted with small positron-electron opening an

gles. One must still assume that ^ 3 5 %  of the measured positron spectrum arises 

from this single transition to explain the 32 coincidence peak counts in Fig. 6-2, and 

similar portions, ^  20%, to explain the 610 and 815 keV sum-energy peaks of Fig. 6-9.

One attempt to accommodate the observed data within this model [Bac85b] as

sumed that the fragment converts several cm away from the target (t^q > 10 '3 sec, 

which is very long for excited states in light nuclei), perhaps leading to narrow

300
Sec. 7 . 3 . 2  I P C  i n  N u c l e a r  F r a g m e n t s  o r  C l u s t e r s



301

5000 (a)
T I ' T-" |--

I P C J
1000

4000 E 0  -
800

3000 - J

• 
iEo

GO. 600

2000 - f
z = o

1 400

1000

0 j . i
1.8 M e V
— .— j— i. i --lS-1-,

200

0
200 400 600 800 1000 200 400 600 800 1000

Ee* + Eg-
[keV]

(Ee* -  E e. ) '

Figure 7-11. Simulation of 1.8 MeV EO IPC in a nuclear fragment (Z = 0) moving with 
urM. (a)-(Q As in Fig. 5-18.________________________________________________________

structure by a suppression of some range of detected coincident positron and elec

tron energies and opening angles. However, the positron detection efficiency de

creases more slowly off-axis than the coincidence detection probability, so the ratio 

of positrons to coincidence events significantly increases. Considerably more than
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20% of the detected positron yield must therefore arise from the particular E0 transi

tion. This intensity argument holds for any other mechanisms involving pair pro

duction away from the target region, and has been verified with 90Sr source 

measurements off-axis.

Sac. 7.3.3

90Z rIP C

The possibility that the U + Th coincidence data may be explained by the 1.76 MeV 

E0 transition in 90Zr (presumably formed as a fission product in the HI collisions) 

meets with similar difficulties. As was shown in Fig. 5-22, the energy distribution 

of positrons and electrons measured directly with a 90Sr(90Y) source is too broad to 

account for the narrow measured coincidence peaks. The sum-energy peak inten

sity requires a large (3 3 8 % ) portion of the total positron yield to be attributed to this 

transition. Detection of both scattered heavy-ions in these experiments reveals that 

the data are consistent with a nearly elastic binary exit channel, precluding the direct 

formation of a 90Zr nuclide in the collisions. Moreover, the long 1.76 MeV E0 tran

sition lifetime (61 ns) in 90Zr contradicts the observed prompt time relationship be

tween the sum-energy peak events and the HI collision. If formed with ue m >0, the 

90Zr nuclei exit the 3 2 cm fiducial volume of EPOS before decaying. If created at 

rest in the target, e.g., emission of 90Zr at 9|ab = 90° which is stopped in the backing 

foil, the coincident pair intensity would have been distributed over a broad range of 

times and then eliminated from the "prompt" data by subtraction of accidental coin

cidences. Examination of non-prompt (At> 10 ns) events reveals no evidence for the 

coincidence peak.

Sec. 7.3.4 External Pair Creation

External pair conversion (EPC) of nuclear y-rays (i.e., multipolarities with X>  1 ) in the

target or spectrometer material represents a final conventional source of correlated

positron-electron emission. The spectral shapes resulting from EPC are comparable

to those predicted for IPC, when using the Z of the converter material in place of the

nuclear charge. Emission from a stationary converter leads to a narrow sum-energy
>

peak if the incident y-ray energy is not significantly Doppler-shifted by the subtended 

range of y-ray emission angles with respect to the motion of the emitting nu

cleus. From the well-known EPC cross-sections [Sto70] and the geometry of the 

material near the target, Eqn. 4.1 gives the probability of producing a positron-elec-



tron pair per emitted y-ray- PEPC = 3x 1 3 in a 203 ng/cm2 ThF4 target mounted 

on a 50 pg/cm2 C backing, and PgpQ = 2 x lO ' 3 e+e"/y from the aluminum material in 

the target frame and in both the spiral and sheet baffles. The total, 

P e p c s 2.5x 10*3, is about 20 times smaller than the comparable IPC coefficient of 

P|PqS5x10*4 e +e“/y for a 1.8 MeV transition in Z = 92. The associated y-ray line 

detected in the Nal counter would be correspondingly larger in Fig. 7-10, exceeding 

the measured y-ray intensity by more than a factor of ~ 100.

Pair creation following neutron activation of the target material or aluminum 

target frame and baffles, which could produce correlated events, appears similarly 

unlikely. The positron-electron energy distributions would be very broad, and an 

implausibly large portion of the total positron yield must be accounted for by the de

cay. The required half-life of the decay, t~10 ‘ 9 sec, is much shorter than the usual 

scale of msec to minutes for beam-induced radioactivity.

It is apparent that no known internal or external pair creation processes lead to 

narrow peaks in the energy distributions of coincident positrons and electrons which 

could reproduce the measured U + Th data. Attempts to accommodate pair creation 

processes to the observed coincidence structure through a variety of unusual mech

anisms have been modeled with MCSPEC simulations. These have included: 1) 

specifying tne exact direction, or range of directions, for the scattered nucleus or for 

the emitted cluster; 2) assuming various broad or extremely narrow distributions for 

the positron-electron opening-angle; and 3) determining the direction of emission, or 

distribution of emission directions, of the positron with respect to the motion of the 

nuclide or fragment. No combination of the above leads to a significant change in 

the broad difference-energy distribution or in the relative intensity of detected pairs 

to total observed positrons. Over the normal range of nuclear velocities, the broad 

0e + e. distribution leads to wide sum-energy peaks (AE^ between 100 and 200 keV), 

in addition to the large spread in individual positron and electron energies. Greater 

than at least 20% to 50% of the total observed positron yield must arise from the 

single transition at 1.8 MeV, in order to explain the observed coincidence peak in

tensities alone. The large required positron yields and the absence of competing 

y-ray and electron conversion lines appear, on intensity grounds alone, to rule out 

conventional and exotic IPC and EPC processes as possible explanations for the co

incidence peak data.
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Section 7.4 Sequential Positron-Electron Emission

A third general class of models may contribute to the production of coincident posi

trons and electrons. Instead of the emission of both e + and e~ from from a single 

decay, monoenergetic positrons and electrons might be produced sequentially in a 

cascade-like process. If a monoenergetic electron is emitted every time that the po

sitron is created, this would avoid the difficulties associated with independent 

e +e" emission (i.e., that the structures would have been easily observable in adja

cent cuts), as well as the problems with pair conversion processes (i.e., the very 

broad distribution of positron and electron energies). One simple example is the 

sequential decay of a series of nuclear transitions in which a positron-creating con

version is uniquely preceded or followed by a separate internal electron conversion.

Figure 7-12 illustrates the coincidence yield expected if the peak positron were 

due to IPC of a 1.4 MeV transition in U or Th, followed, with a branching ratio of unity, 

by IC of an atomic K electron by a ~500 keV transition. 5* 104 detected positrons 

have been simulated (4.54 x 10® generated cascades) of which 7433 are measured in 

coincidence with IC electrons. The coincident sum-energy peak in projection (E) 

contains 2136 counts and is very wide ( = 203 keV) because the emission angles of the 

positron and electron are assumed to be uncorrelated. The coincident detection of 

the IPC electron associated with the positron-producing transition adds an important 

background which has been neglected in this simulation. The IPC electron spectrum 

contributes mostly at low energies, but a 2nd sum-energy peak is produced at 

Ej- = 380 keV which distorts the projection of Fig. 7-12e. The coincident positron 

peak, which reflects the triangular IPC energy distribution, is 2  200 keV wide, incom

patible with the observed widths, AEe + ~80±15 keV. As discussed in Secs. 4.2 

and 4.3, this type of nuclear IPC is unable to account for the narrow positron peak 

widths or the required transition intensities for the data of Fig. 3-16. Figure 7-13 

compares the expected competing y-ray or IC electron line from the 1.4 MeV posi

tron emitting transition (calculated using Eqns. 6.9 and 6.12) to the simultaneously 

measured yields of Fig. 7-10. The branching ratio for emitting the electron following 

the positron emission was assumed to be =1 for an E0 IC, or 0.65 for an M4 IC. 

(Other multipolarities have smaller IC conversion coefficients.)

The intensity and positron linewidth arguments could be mitigated if one as

sumed MPC of an E0 conversion as the origin of the coincidence positron peak, en

hanced by the depletion of the K-shell by a preceding e~ IC, which could account for
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Figure 7-12. Simulation of a nuclear cascade process: (a) total, and (c) coincident posi
trons produced by 1.47 MeV IPC, and (d) coincident e ' from a 500 keV IC in the scattered 
nuclei. Positons exhibit a triangular IPC energy distribution with width > 180 
keV. Assuming an e"/e+ branching ratio of unity, = 6%  of the e+ peak counts are as
sociated with coincidence events in the very wide sum-peak (e).

the electron line. As discussed in Sec. 4.2, if the K-shell is empty at the moment 

of MPC conversion, no competing K-conversion e“ lines would be observed in
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Figure 7-13. Data of Fig. 7-10 compared to expected intensity of (a) y-ray, and (b) e~ IC 
lines competing with the 1.47 MeV IPC branch of the nuclear cascade of Fig. 7-12.

Fig. 7-13b. Production of monoenergetic positron and electron lines which exhibit 

no angular correlation leads to an Ee + -Ee_ diagram such as presented in 

Fig. 5-19. The widths of the individual positron and electron peaks depend on their 

mean energy and the nuclear velocity. This in turn leads to sum-energy peak widths 

ranging from 100 to 200 keV, depending on the HI scattering angle.

Cascade-like decays could also, in principle, occur for particularly fast transi

tions in a giant di-nuclear complex (see Sec. 4.5.4), where the strong localization of 

the electron wavefunctions increases the probability of MPC conversion. Assuming 

a branching ratio of unity and relatively isotropic emission of the positron and elec

tron, Fig. 5-19 describes the expected coincidence yield appropriate for an emitter 

velocity of uq^j. Aside from questions based on nuclear physics concerning the 

plausibility of this scenario, the formation of intrinsically narrow positron and electron 

lines requires a long compound system lifetime ( 1 0 '19 s), in which case spontaneous 

positron emission should occur with probability which dominates over MPC [Shl86]. 

Associating the coincidence positron line with spontaneous emission, rather than 

MPC, is difficult in light of the large measured peak energies (E0 +  = 300 to 410 

keV) compared to the QED predictions for U + Th (E0 +  S140 keV), as well as the near 

constancy of peak energies in Fig. 3-16 over a large range of combined charge (163

<  Z u  <  1 8 8 ) .



The creation of monoenergetic positrons and electrons in cascade or sequential 

processes is not limited to nuclear conversions. As mentioned in Sec. 5.1, a neutral 

object could be produced which decays sequentially through an intermediate state, 

for example, X°-*e~x + . followed by x + - » e +v. A conjugate pair of charged objects 

formed directly in the collision, e.g., y  + -*e+v and vy"-*e"v [Sha84], or 

(c+e "e +)-*e+Y and (e- e +e ~ )-»e “y [Won86, Chu86], could lead to coincident monoen

ergetic positrons and electrons.

The necessary feature of all these sequential processes is a one-to-one corre

spondence between monoenergetic positron and electron production. The absence 

of correlation between the e + and e~ emission angles results in an intensity pattern 

typified by Fig. 5-19, exhibiting a wide sum-energy peak width (from 105 keV for 

UCM to keV f°r < u nuc> )’ and a rat'° ° ' coincidence events to total detected 
positrons of ^ 6% . In addition, the production of positrons and electrons with equal 

energy does not arise naturally in cascade models and must be assumed ad hoc by 

adjusting the nuclear transition energies or the masses of the X° or x + ob

jects. While a pair of conjugate charged objects may naturally explain nearly equal 

positron and electron emission energies, their production must not occur close to the 

nuclear charge centers (rpro d < 104 fm), otherwise the mean detected positron and 

electron energies are asymmetrically shifted by the Coulomb field, |Ee + -Ee_| 

= 2Ze2/rprocj. Experimentally, < Ee + -Ee_ > obs < 50 keV. 'f Sljch objects are 

produced with a distribution of momenta, the positron and electron would be Dop

pler-shifted by different source velocities. This would substantially smear out the 

energy correlations in the E0 + -Ee. event plane.

Section 7.5 Two-Body Final States 

Sec. 7.5.1 Theoretical Motivation

With no suitable nuclear or atomic explanations for the data, we turn to a discussion 

of neutral particle-like objects, whose predicted two-body decay kinematics closely 

resemble the pattern of observed coincident positron and electron energies, as de

scribed in Chap. 6. Theoretical attempts to explain these data in terms of one or 

several new elementary particles6 have met with difficulties in light of the negative 

results of recent experimental particle searches.7 As mentioned in Sec. 5.1, early 

analyses of the possible existence of new light particles [Sha85, Bal85, Rei86, Cho86, 

Sha86a] favored a spin parity assignment of 0". Assuming that they are produced
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through interactions with the nucleons or atomic electrons [Sha85, Rei86, Sha86a, 

Kim87], or from the collisional electromagnetic fields [Bal85, Cho86, Lan86, Car86, 

Mul86b, Sha86b, Yam87], stringent limits were obtained on their possible couplings 

to electrons, photons, and quarks from a variety of low-energy experimental 

data. These include constraints from: electron and muon anomalous magnetic mo

ment, the Lamb shift, muonic-atom transitions, and high-Z atomic binding energies 

[Sha85, Rei86]; positronium hyperfine splitting and Delbruck scattering [Sha86a, 

Sha86b]; n0 - »  yy decay [Mas86]; and neutron-atom scattering [Shr86, Rei86]. More

over, dynamic production of particles electromagnetically was found to be sup

pressed at low momenta [Bal85, Rei86, Cho86, Lan86], which led to suggestions that 

the particle could be emitted with discrete energies from the rotating [Cho86, Car86] 

or vibrating [Mul86c, Sha86b] di-nuclear complex.

Balantekin et al. interpreted the positron peak data as evidence for a short-lived 

axion [Bal85], which Mukhopadhyay and Zehnder [Muk86] pointed out could have 

evaded detection in previous search experiments [Cal79, Fai80, Edw82, and 

Zeh85]. The remaining window of possible masses and lifetimes for the standard 

axion was subsequently closed [Lan86] by experiments searching for particle pro

duction in nuclear decays in 10B, 12C, and 14N [Sav86, Hal86, Boe86, Bab86], and in 

radiative Y(1S) decays [Mag86, Bow86, Alb86]. In order to get around these con

straints, Peccei, Wu, and Yanagida [Pec86], and independently Krauss and Wilczek 

[Krs86a], proposed modifications which suppressed the axion coupling to heavy 

quarks. As summarized in [Bar86] and [Krs86c], these variant axions have also been 

excluded by limits from: nuclear transitions: rare n + , K + , and p + decays [Egl86, 

Eic86, Hof86, Bry86] (see also [Ma86, Suz86, Krs86b]); n° -* 2y decays [Mas86]; and 

from proton [Ber85, Brn86] (see also [Eng87]) and electron [Kon86, Dav86, Rio87] 

beam-dump experiments (see also [Tsa86, Brd86]).
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For a summary of experiments completed before the EPOS results see, e.g., [Cal79, Fai80, 
Edw82 and Zeh85], and references therein. For more recent work, see [Brg85, Alb86, 
Bab86, Boe86, Bow86, Brn86, Bry86, Cal86, Dav86, Eic86, Erb86, Hal86, Kon86, Mag86, 
Mey86, Sav86, KM87, Mai87, Pek87, Wim87, Rio87, Mil87, Eng87, Dan87, Sak87).



Other J 71 assignments for the particle were suggested by Zee who discussed 

limits on possible gauge bosons [Zee86], and Barshay who proposed a vector meson 

which couples to 3y [Bas86]. It was pointed out in [Zee86] and [Li86] that scalar 

(0 + ) and vector ( 1*) particles could be produced coherently by the collection of nu

cleons, leading to a possible enhancement of the production cross-section by a factor
9 e

of up to (Ap +• A jp  ~ 2 x 1 0 .  This would correspondingly lessen the constraints on 

the coupling of such particles derived from established experimental data [Sha85, 

Rei86, Sha86a,b]. Vector particles may also involve additional symmetries beyond 

the Standard Model [Zee86], with unusual couplings to the usual fermions. In light 

of the speculative nature of these latter possibilities, the reviews of Krauss and Zeller 

[Krs86c] and Reinhardt et al. [Rei86b] conclude that, within the Standard Model, an 

explanation for the EPOS positron-electron coincidence peaks by one or more ele

mentary particles is unlikely unless they couple primarily to electrons and decay 

within the production target in the beam-dump experiments [Krs86c], or that they are 

produced by highly non-linear couplings, or are created in bound-states in the fields 

of the colliding heavy-ions [Rei86b].

In this connection it may be worthwhile to note that the environment in which 

these coincidence peaks are observed is very different than usually encountered in 

most other realms of physics. The heavy-ion quasimolecular collision is a unique 

"laboratory" characterized by large transient electric and magnetic fields, formed on 

tWe-time ■scafe of 10'2  ̂ sec, with strengths exceeding |E| -  10^® V/cm and |B| 

~ 10^® Gauss (measured at 100 fm from the di-nuclear center) [Raf76, Sof81, 

Rum87], Because of the strong fields, non-linear effects may be important (see, e.g., 

[Bas86], [Sha84] and [Grb87], and [Ach79]). The presence of '•500 nucleons and 

~100 electrons in a confined region of space may further complicate matters. In 

addition the the enhancement of particular production mechanisms by nuclear 

[Cho86, Mul86c, Sha86b, Car86, Kim87] and collective [Zee86, Li86] means already 

mentioned, it has been suggested that particles could be produced more easily in a 

bound state in the strong fields [Mul86b], or (if the binding energy exceeds the rest 

mass) copiously produced via a boson condensate [Mul86d, Krs86a, Sha86b].

Non-elementary objects having an internal structure, for example, bound states 

of positrons and electrons which eventually undergo a two-body decay, have also 

been proposed to explain these coincidence data. Muller et al. [Mul86] consider the 

formation of tightly bound "poly-positronium droplets," i.e., n positron-electron pairs, 

(e+e~)n, in analogy with the very loosely bound (e+e~e+) and (e+e~e+e _) complexes
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observed in atomic physics (see [Won86a] and refs, therein). Wong and Becker 

[Won86b] proposed a scalar magnetic (e+e~) resonance, based on a short-range 

(~10 fm) interaction between the lepton magnetic moments (see also [Bat86]). It 

would presumably be formed by positron creation in the vicinity of the strongly lo

calized quasi-atomic electrons. In the absence of a fully relativistic two-body theory, 

it is presently unclear whether such resonances exist [Jak87, Gei87, Won87], The 

possible existence of a rich spectrum of positron-electron states has also recently 

been discussed within the context of modifications to QED in the strong collisional 

electric fields. Celenza et al. [Cel86] discussed quasi-positron and quasi-electron 

soliton solutions in the vacuum (see also [Hir87]), and Caldi and Chodos [Cal87], and 

Ng and Kikuchi [Ng87], suggest that we may be observing the transition to a confining 

phase of QED, in which an entirely new energy level scheme exists for positronium.

A more thorough discussion of these various theoretical ideas is beyond the 

scope of this dissertation. The present trend, however, seems to favor composite 

objects which can accommodate the multiplicity of observed positron-electron sum- 

energy peaks. One feature common to many of these models is the formation of the 

object in the very strong fields available in heavy-ion collisions. This might explain 

why the structures have not been observed in previous more traditional particle 

search experiments. As with the case of boson condensates, composite objects 

may be created in states bound to the heavy-ion collision partners. In addition to 

providing the perhaps necessary lepton localization and decreasing the effective 

mass-threshold which increases the production cross-section, this could also pro

duce objects which, after the ions separate, are nearly at rest in the HI center-of-mass 

system.

The preceding sections have been largely concerned with ruling out classes of 

certain well-defined model-dependent origins for the coincidence peaks. This section 

attempts to experimentally determine, in an essentially model-independent way, 

whether the coincident positron and electron are actually emitted 

back-to-back. Within the context of a two-body decay, the distribution of source vel

ocities and the appearance of multiple structures in the data are then ad

dressed. Each of these studies requires a more detailed■ investigation of the 

kinematics of the emitted positron and electron.
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The laboratory energies of monoenergetic positrons or electrons emitted at an angle 
• •

00 + from a system S moving in the lab with velocity 0, are given by the Lorentz

transformations of Eqns. 5.7 and 5.8. The individual positron (or electron) peak, when

integrating over 4n sr, can exhibit a full width of 2y0Pe +  (corresponding to emission

parallel and antiparallel to the emitter motion), centered at a lab energy of Ee +  =
• •

Eg+ + (y -1 )(^  + + m0c2). The sum-energy and difference-energy coordinates in

troduced previously are defined as:

Ez  + 2mec2 = y(We +  + We_) + y0(Pe + cos0e +  + Pe_cos0eJ ,  (7.3a)

Ea = y(W0 + -w ;_ )  + y0(Pg + cos0g -P g .co s0*J. (7.3b)

The positions and widths of the resulting sum-energy and difference-energy peaks 

depend both on the emitted energies and on the directions that the positron and 

electron are ejected.

For the special case where the electron and positron energies are equal 

(W0 +  = Wg_ = W ), Eqns. 7.3a,b simplify to:

Ez  = 2(yW*-mec2) + y0P (cosO0 + + cos00J ,

Ea  = y0P (cos00 +  -cos0eJ .

In this case, the relative widths of the Ez  and EA peaks, determined by the bracketed 

expressions in Eqns. 7.4, depend only on the relative emission directions of the po

sitron and electron. As mentioned in Sec. 5.1, if the positron and electron are 

emitted back-to-back, then cos00_ = -cos00 +  and while the intrinsic Ez  peak width 

is zero, the difference-energy strucutre reflects the maximum Doppler broadening

with a full-width of AEA = 4(y0)em P*+ . If, on the other hand, the positron and
• •

electron are emitted always in the same direction (cosO0_ = cos00 + ), this situation is

reversed yielding a narrow EA peak and a 4y0P0 + wide sum-energy structure. For
• •

uncorrelated emission directions (i.e., mutually isotropic O0 +  and 00_), both the 

Ez  and the EA peaks exhibit a width of AEZ A = 2%/2y0P0 + , J2  larger than that of 

the individual positron or electron lines alone (see Figs. 6-2,6-10).

Figure 7-14 illustrates this point by presenting an MCSPEC calculation of the 

sum- and difference-energy peaks, assuming that monoenergetic positrons and

(7.4a)

(7.4b)
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Figure 7-14. Monoenergetic e+ and e ' (380 keV) emitted isotropically from CMS with 
fixed relative opening angle. Energy correlation plot (left), and the widths of the sum- 
energy peak (center) and difference-energy peak (right) illustrate the effect of angular 
correlation on kinematic broadening. Detector response and backgrounds have been 
omitted for clarity, e denotes relative coincident/total e+ detection efficiency.
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tion 0e + e. were highly constrained for one of the cascade or sequential processes 

of Sec. 7.4. Each simulation generated 10® detected positrons. The relative coin

cidence detection efficiency e = (Ee + e-^Ee + Hotal decreases with smaller opening 

angle as marked, because of the back-to-back orientations of the regions of e + and 

e" acceptance in the EPOS spectrometer (see Figs. 5-15,16). For clarity, detector 

resolution has been omitted.

The specific choice of uem = uCM used 'n p'9- 7' 14 obviously influences the 

Doppler broadening of the positron and electron peaks, and hence the details of the 

Ej- and EA lineshapes. For example for 9e + e- = 90° (3rcj panel in Fig. 7-14), the 

effect of the angular expressions for EA and E^ in Eqns. 7.4 are identical. The ar

rangement of acceptance regions symmetrically on either side of the beam direction, 

however, requires that the 90° e +/e~ vertex straddles the vertical plane (passing 

through the target, perpendicular to the solenoid axis). Events are then prefer

entially detected if the positron and electron are emitted in roughly the same direc

tion with respect to the beam, and the EA peak is therefore somewhat narrower than 

the Ej- peak.

The choice of velocity does not affect the salient feature that only for large 

opening angles -  0e + e_”9O°, approaching back-to-back emission -  do a narrow 

sum-energy and a wide difference-energy peak emerge which resemble the data. 

Moreover, it is clear that a quantitative analysis of the widths of the Ej- and EA peaks 

snou hi provide a measure of 9e + e_-

Before proceeding with a kinematic analysis of the experimentally observed 

positron/electron opening angle, the two general assumptions upon which this dis

cussion will be based are addressed. First, it is assumed in the derivation of 

Eqn. 7.4 that two-body-like processes lead, at least separately, to monoenergetic 

positrons and electrons emitted in the rest frame of the source. The general fea

tures of three-body and multi-body (n ^ 4 ) decays are therefore discussed. Second, 

it is assumed that the widths of the various lines reflect, in part, Doppler shifts of the 

laboratory positron and electron energies due to the motion of the source. The 

consequences of a stationary source are therefore also investigated.

Sec. 7.5.3 Multi-Body Final States

As mentioned in Sec. 5.1, the emission of monoenergetic positrons and electrons 

which are confined to a small range of nearly equal energy arises most naturally in



the two-body decay of a neutral object. For a three-(or more)-body final state, each 

positron or electron takes on a range of energies from zero to some maximum, which 

is determined by the particular combination of decay-product masses. For 3-body 

decay, X ->e+e"£, the maximum positron or electron kinetic energy is

E™a+ >e- = V2(Mxc2 - 2mec* - m^c2)«(1 + m^/Mx). (7.5)

In general, the positron-electron energy correlation exhibits a broad oval pattern, 

several hundred keV wide. Figure 7-15a,b illustrates this for third body masses of 

m^ = 0 and 511 keV/c2, respectively. These distributions were calculated from kine

matic considerations only, assuming a uniform phase space density for the 3-body 

final states, d3N/dWe + dWe.dW^ = constant. Angular momentum and parity con

servation for any given X particle quantum numbers are not included. Nuclear IPC 

represents a limiting case of 3-body final states in which the remaining participant 

has a much larger mass than the positron or electron. It removes very little kinetic 

energy from the decaying system and the positron-electron correlation pattern is then 

the familiar diagonal band for which Ee +  + Ee_ = constant (Fig. 7-15c).

As discussed in Sec. 7.3, the momentum taken up by the heavy partners in a 

multi-body final state (e.g., the recoiling nucleus in IPC) erases any back-to-back 

tendency for the remaining positron and electron. For a given positron and electron 

energy and momentum, Pe + , Pe_, their opening angle in the rest frame of the emitter 

is

cos0e _|_ e- — [Pjs " pe + ’ pe- ] M 2pe + Pe-)> (7-6)

where,

P ^ c 2 = [Mxc2 -  2mec2 - Ee +  - Ee _]2 -  m^2c4. (7.7)

As shown in Fig. 7-16 for m^ = me, the opening angle is 0° along the inner perimeter 

of the phase space distribution in the event plane between the tangents to the 

Ee +  and Eg. axes. Along the outer perimeter, 0e + e_ = 180°. The distribution of 

opening angles dN/d(cos0e + e.) is broad and peaked at 0g + e.=  18O° for small m^, 

and it approaches isotropy for m^»me.
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Figure 7-15. MCSPEC simulation of 3-body decay, (a-c) E0+ vs. Ee_ in X object rest 
frame, given by phase space distributions only. mP = D, me + , and 100 amu, as 
marked, (d-f) Corresponding detected coincidence distributions assuming creation of the 
object at rest in heavy-ion CM system.

[keVl

Figure 7-16. Contour plot (as a 
function of Ee+  and E „ ) of the 
angle between the emitted posi
tron and electron in the rest frame 
of a 2.31 MeV object which decays 
into three bodies, e+, e- , and 
with m^ = 511 keV/c2._____________
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The particularly broad range of positron and electron energies expected from 

multi-body decays contradicts the pattern of the observed coincidence data. Even 

if the object decays at rest in the lab so that Doppler broadening is absent, the wide 

sum-energy and difference-energy distributions cannot be accommodated by the ob

served narrow E^ line, the well-defined difference-energy peak, or the absence of 

structure in adjacent cuts observed in the U + Th data. In order to fit the experi

mentally narrow E^ peak and the E^ peak, the quantum numbers of the object must 

be such that only small, very specific regions of phase space are accessible to the 

decay products. Simple broad Dalitz patterns are, however, observed for most 

known mesons [Per82] suggesting that this is unlikely.

From very general considerations, it is clear that multi-body decays do not, in a 

natural way, describe the measured coincident structures. This conclusion is obvi

ously reinforced by the preceding discussions of Sec. 7.3 which pointed out addi

tional arguments against nuclear pair creation mechanisms, which are the most 

common multi-body processes in HI nuclear physics. Both the wide range of posi

tron and electron energies and emission directions effectively rule out normal mul

ti-body mechanisms as an explanation for the coincidence data.

Sec. 7.5.4 Two-Body Decay from Rest in the Lab

As is evident from Eqns. 7.3 and 7.4, the widths of the coincidence peaks are pro

portional to the laboratory velocity of the emitting system. No Doppler shifts or 

broadenings of the Ej- and E^ lines, or the individual positron and electron peaks 

occur if the source is at rest in the lab, i.e., if (vP)em = 0. Since multi-body final 

states lead to continuous distributions of positron and electron energy as indicated 

in Fig. 7-15, the narrow observed peaks therefore imply that the positron and elec

trons are, at least individually, each emitted monoenergetically in a two-body final 

state. The peak widths would therefore consist of intrinsic widths (from source life

times) folded with the detector lineshape response,

AEe +  e. -  1 0 , e +  e .)2 + (8Ee +  e.)2 ]'/i. (7.8)

If the positron and electron are emitted from different two-body processes, e.g., 

X -+e+x followed by x ^ e 'y ,  the widths of the sum-energy and difference-energy 

peaks are nearly equal and are given by the quadrature sum of the individual positron



and electron linewidths, AEZ A = [AE0 + 2 + AEe_2] 1/2. This clearly contradicts the 

narrow Ez  and wide EA peak observed experimentally.

If on the other hand the positron and electron are decay products of the same 

two-body decay of a neutral object at rest in the lab, the intrinsic width of the parent 

is reflected in the sum-energy distribution, AEZ = f1xx. This energy, however, is 

divided equally between the emitted positron and electron. The individual positron 

and electron lines therefore exhibit only half the sum-energy peak width, AEe +  = 

AEe_ = V2AE5;, and the intrinsic difference-energy is identically zero. This pattern 

is evident in Fig. 7-17b which shows the detected positron-electron energy corre

lation diagram for a source lifetime of tx s//100 keV= 6.6 * 10' 21 sec. It is the re

verse of that predicted for a moving source (see Fig. 5-18), when the Doppler 

broadening dominates the intrinsic width of the state. If the source lives for longer 

than 10*19 sec (5EZ ^  6.6 keV), the linewidths are determined by the detector res

olution, as shown in Fig. 7-17a. The peak widths are AEe +  e_ ~ 15 keV for the 

positron and electron, and due to the convolution of both the positron and electron 

lineshapes, AEZ A ~25 keV for the sum- and difference-energy structures.

In each case, the width of the sum-energy line is at least as large as the indi

vidual positron and electron lines and the difference-energy structure, 

AEZ > AEe +  e_ and AEZ ^  AEA. The appearance of a narrow sum-energy peak in 

the data, accompanied by much wider positron, electron, and difference-energy 

peaks, therefore rules out the possibility that we are observing the two-body decay 

of an object at rest in the lab. Unless the observed patterns are due to a previously 

unknown mechanism which produces positrons and electrons correlated such that 

Ee + + E0_ = constant (similar to IPC or EPC), but limited to a small range about 

Ee +  = E e_. the widths of the coincidence peaks in the data must be due, in large part, 

to Doppler shifts associated with the emitter velocity.

Sec. 7.5.5 Emission Angle Correlation

From these very general considerations, it is clear that the two-body decay of a neu

tral particle-like object provides the only simple explanation for the observed corre

lation of the peak widths. Moreover, the apparent equality of detected positron and 

electron energies arises naturally in this context. It should be noted, however, that 

the EPOS spectrometer does not allow a reconstruction of the decay in the CMS or 

a direct measurement of the invariant mass of the positron-electron pair. In fact, as 

described in Chaps. 2 and 5, the direct determination of the positron and electron
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Figure 7-17. Expected pattern for two-body decay of an object at rest in lab. if (a) its in
trinsic width is smaller than detector resolution (i.e., > 10"1fl s), or (b) AEX = 150 keV
(tv 3 6.6 x 10"21 s). Continuous background omitted ror clarity.
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laboratory emission angles is at best very coarse. From the discussion of Sec. 7.5.2 

however, within the context of monoenergetic positron and electron emission (which 

is clearly indicated from the above discussion), the detected energies depend on the 

emission angle. As indicated in Eqns. 7.4, the widths of the Ej- and EA peaks are 

linearly proportional to (vP)em, and under certain very general assumptions, taking 

the ratio of the widths cancels the source velocity dependence leaving only the 

emission angle information. As shown below, this provides a kinematic determi- 

nation of 9e + e.-

Sec. 7.5.5.1 Derivation: From the discussion of Sec. 5.3, the FWHM's of the sum- 

energy and difference-energy peaks are quantitatively related to root mean square 

variations of the Doppler shifted laboratory energies.

4 EZ i i  °c r < (ESiA - < E I t 4 > ) 2 > l ’/ i . (7.9)

Assuming for illustration a nearly isotropic distribution of positron and electron 

emission angles (with a fixed relative 0* + e _), the centroids of the Es  and EA peaks, 

from Eqn. 7.4, are < E j->  = 2(yemW -m ec2) and < E A > = 0 ,  respectively. The



widths of the emitted laboratory sum-energy and difference-energy distributions are 

then given by,

AEI ,A 2 00 tfdll (2YPe mP*)2(cos0e +  ± cos0e-)2l/[Jd,l]. (7.10)

where

Jd1 -  d’ Pem

and +/- refers to Ej- or EA respectively, as in Eqn. 7.4. Equation 7.10 provides for 

arbitrary source velocity and lepton emission-angle distributions.

• •
The electron emission direction (Ge_,<pe_) can be expressed in terms of the posi- 

• •
tron direction (Ge + ,<pe + ) and the angle between the positron and electron momen-

• • * •
turn vectors (0e + e_,<pe + e_). With Qe + e_ and <Pe  + e_ expressed in a frame with the

Z-axis aligned along the positron emission direction, the rotation transformation in

Sec. 2.2.7 (Eqns. 2.62 with 0em , <pem, v . and <D replaced by 0e + , <p* + , 0e + e.. and

<Pe + e.i respectively) gives

COS0*. = cos0* + *cos0*+ e _ - Sin00 + *sin0*+ e _«cos<p*+e_.

Thus,

\
[cos0e +  ± cos0eJ  = [cos0e + (1 ± c o s0e + eJ

-/+ sin0e + «sin0e + e_*coscpe + eJ .  (7.11)

With 0e + e. fixed, the angular integration in Eqn. 7.10 becomes

d2f i^ + d2i^ _  = d(cos0e + )d<pe + d<pe + e_. (7.12)

• 1 •
For a uniform distribution with co((pe + e.) = (2 k )'1, and co(cos0e + ) = Vz, integrating

Eqn. 7.11 over solid angle yields zero, verifying that the simplification of using only 

the quadratic [cos0e +  ± cos0e _]2 term in Eqn. 7.10 is appropriate.
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The solid angle integral of Eqn. 7.10 for isotropic positron emission gives,



320
(8n2) '1fd(cos0e + )d(pe + d<pe + e_ [cos0e +  ± cos0e_]2 

= 2/3 (1 ± cos0*+ e J . (7.13)

Equation 7.13 does not depend on source velocity and therefore factors out of the 

d30em integral in Eqn. 7.10 leaving,

For a fixed emitter velocity, e.g., Pem = Pcm, the width takes on a maximum

mum of 0. Figure 7-18a illustrates the dependence of the E^ and EA peak widths

pendent factors in Eqn. 7.14 exactly cancel when the ratio of AE^/AE^ is formed,

ured data provides a very direct determination of the relative positron-electron 

emission angle. A small ratio, such as appropriate for the narrow measured 

Ej- peaks in light of the wide EA structures, sets a stringent limit on the minimum 

opening angle between the positron and electron in the rest frame of the source, and 

therefore represents a quantitative indication of back-to-back emission.

Sec. 7.5.5.2 Finite Detector Resolution: Two additional effects must be considered 

before deriving experimental limits on 0e + e_ from the data. First, the finite detector 

energy resolution broadens both the Ej- and EA peaks. Using SEj- A = 25 keV 

(1986 arrangement), which adds in quadrature with Eqn. 7.15, the observed width is

(7.14)

FWHM of 4y3P (for cos0e + e_ = 0° or 180° for E^ or EA , respectively) and a mini-

on 0e + e_ (solid and dashed curves). The identical momentum and velocity de-

R = AEs /AEa  = [(1+cos0e + eJ/(1-cos0e + eJ ] 1/2 (7.15)

Comparing this quantity, plotted in Fig. 7-18b for 90° < 9e + e_ < 180°, to the meas-

AEZiA s  [(SEj . a )2 + 8P*2 < (YP)lm > <1 ± cos9g + eJ ] v4, (7.16a)

or,

R =  {[E2 +  (1+C0Se’ + e J]/[E2 +  (1-COS0'+ e . ) ] } ’/=, 

e = 5EI iA / [;V 2 P '< (,f i)2m >'/=). (7.16b)
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I deg 1

Figure 7-18. Calculated width of the Ey (solid curve) and E» (dashed line) structures as 
a function of the fixed angle between Iheir momentum vectors in the rest frame of their 
mutual source (top left). Dotted lines include experimental energy resolution. Ratio of 
the sum-energy.to difference-energy peak widths (lower left), plotted versus fixed opening 
angle, assuming uniform detection efficiency. Ratio calculated for several non-uniform 
emission distributions and detection efficiency (right), as described in text.

As indicated by the dotted curves in Figs. 7-18a,b, the minimum expected width is 

SEj- A and the minimum value of the ratio is R > (1 + 2/e2)*72 = (5Ey A/AEA ), for

AEa  >* SEj- The ratio curve (Fig. 7-18b) flattens out for 0e + e_>170° due to the 

experimental resolution. In principle, this corresponds to an experimental kinematic 

opening-angle resolution of 50e + e.s l0 ° .

Sec. 7.5.5.3 Non-Uniform Emission and Detection: The second important consider

ation is the role of the EPOS detection efficiency and the emission distributions
• •

co(0em) and co(i^ + , i ^ J  on the ratio of Ej- to EA widths. Transport and detection 

efficiencies enter the integrand jdq of Eqn. 7.10, and the [jd ri]'1 normalization terms 

cancel when taking the ratio,



R = Jdq[2(Yp)emP, ]2(cos9g+ + cos9*_)2 

Jdq[2(Yp)emP"]2(cos0g + -cosG* J 2
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(7.17)

with,

Jdn s  l“ (Pem)d3Pem

x + d2fie- + >^e-)*Ee + <Ee + ’Q e + )#Ee-(Ee--f ie-)-

As is evident from Fig. 7-14 for isotropic emission from a source moving with 

Pem = uCM/c’ ,he difference-energy peak widths (for 9e + e. = 0o) are consistently 

smaller than the corresponding Ej- peaks for 0e + e_= 18O°-0o . The ratio for CM 

emission therefore is larger (smaller AEA) for any given 0e + e_- As shown in 

Fig. 7-18c (circles), the opening angle between the positron and electron in the rest 

frame of the source must therefore be larger to achieve a given experimental ratio, 

than for the idealized case derived in Eqns. 7.15 and 7.16 (Fig. 7-18b).

Interestingly, the ratio of widths versus 9e + e. behaves in a very similar manner 

for any source velocity distribution or positron emission angle distribution. This is 

demonstrated in Fig. 7-18c, where R(0e + e_) has been calculated by MCSPEC simu

lation for a variety of different assumptions concerning the emission distributions

(curves labelled 1-7) including: (1) X° created at rest in the CMS system; (2)-
*

X° emitted rstrtropically from CMS with Px = 0.2*Mxc; (3) X° travelling in beam direc

tion with ue m = 2uCM: ^  X° emitted isotropically in lab with ux = u^M; (5) X° emitted 

along the solenoid axis; (6) positron emitted with |Y10|2 angular distribution; or (7) 

positron emitted with |Y^|C angular distribution. Several other scenarios have also 

been modelled, and for all of these situations, although the positron, electron, Ej-, and 

E^ peaks become narrow, or broad, or asymmetric, or almost washed out, the ratio 

AE^/AE^ consistently lies above the curve given by Eqn. 7.15. For whatever rea

son, it appears empirically that as soon as the acceptance of the detected events, or 

the emission distribution of the leptons or emitting source, is decreased the differ

ence-energy peak becomes narrower more quickly than the sum-energy line. The 

idealized solid curve in Fig. 7-18b, which physically corresponds to the limit of iso

tropic emission with uniform detection in the lab, represents an essentially model- 
independent lower limit of the positron-electron opening angle for a given ratio of the 

widths.
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Sec. 7.5.5.4 Comparison to the Data.: The empirical lower limit for 9e + e_ given R 

(Eqn. 7.16) is the appropriate relation to compare to the measured data to obtain an 

experimental limit on the electron-positron opening angle. This is plotted in 

Fig. 7-19 as (9e + eJ mjn versus R = AEZ/AEA. The lower-left portion of the plot is 

excluded to the experimental data. The dashed curve includes the finite detector 

resolution, (5EZ A ) m jn = 25 keV. Table 7-1 lists the sum- and difference-energy peak 

widths (gaussian FWHM, i.e., 2.548 * St. Dev.) for the Ez ~610 and ~815 keV coin

cident structures.

The 95% Confidence Level on the ratio, i.e., Rexp + 1-94cR’ 's Pl°ttec* f°r each 

structure at the experimental lower limit for 9e + e_ (dashed curve) in Fig. 7-19. The 

shaded regions indicate the allowed range of 9e + e. and R, given the widths of the 

measured peaks. The square and circle correspond respectively to the 610 and 815 

keV sum-energy lines observed in U + Th collisions. Their upper limits on R translate 

into the following minimum opening angles: 9e + e. ^  166° (E£ = 612 keV), and 

9e + e- -  147° =817  keV), at 95% C.L., respectively.

The data strongly suggest back-to-back positron-electron emission correspond

ing to the two-body decay of a neutral object. It should be noted that the 815 keV 

line in particular, whose sum-energy width is =3a larger than that expected for

back-to-back emission, (AEz )exp = 25 keV, may still be statistically consistent with 
«

©e-f-e-^ ^ not simply a statistical fluctuation, this wider Ez  peak could in

principle reflect a larger mean emitter velocity (as discussed below), or possibly the 

presence of two very closely spaced lines.

Sec. 7.5.5.5 Possible Difficulties: It should be emphasized that despite the rather 

stringent limits set on 0e + e_ by the kinematic analysis of Fig. 7-19, the emission 

angles are not directly measured in the EPOS spectrometer and the two-body decay 

of the source is not definitively proven. If the underlying assumptions leading to 

Eqn. 7.17 are false, the kinematic interpretation of the measured experimental peak 

widths could be mitigated. For instance, two basic points have been assumed in this 

derivation — namely, that (1) the positron and electron are emitted with discrete en

ergies, and (2) their correlated broadening is due to Doppler shifts. These in turn 

were based on the unsuitability of calculated 3-body final states and two-body decays 

at rest in the lab in describing the data.
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Table 7-1 Opening Angle and Velocity Limits 

<Ej-> AEj-CFVHM) AE^(FWHM) ^max ^^A^m ax amax

324

612±4 keV 2 2 .6 ± 2 .9  keV 153±9 keV 0.187 78.2 0.037

817±5 keV 3 9 .5 ± 3 .6  keV 158±21 keV 0.328 76.4 0.035

One example of a contrived mechanism which circumvents this analysis is a 

source of coincident positron and electrons such that, like IPC, their energies add to 

a constant E0 + + E0_ = E f m- This energy correlation would succeed in explaining 

a wide EA and narrow Ej- peak, however the emission must further be limited to 

|E0 + -E0.| < 100 keV in order to agree with the measured AE^ peak width. More

over, if the source is moving in the laboratory, the distribution of e + and e _ emission 

angles must be constrained to maintain a narrow Ej- peak. As described in Sec. 7.3, 

this cannot be related to external pair creation or any known IPC process both be

cause of the known broad energy distributions and emission angle characteristics of 

pair creation mechanisms, and from straightforward intensity arguments.

If this hypothesized source is at rest in the lab, at least the narrow Ej- peak 

could be trivially explained. However if moving, e.g., with P0m ~ pcm, the possible 

emission angle distribution would be limited by the narrow E^ peak width of 

AEj- ^  25 keV for the 610 keV Ej- line. At a 95% confidence level, AE£^s < 28.2 

keV. After correcting for detector resolution (SEj- ~ 20 keV) the intrinsic sum-energy 

peak width must be AE£xP < 20 keV.

For uncorrelated emission, this would require that the positron and electron are
• ■

each emitted in a narrow range of 00 + and O0_ with respect to the source motion so 

that AE^ 3 [(AE0 + )2 + (AE0_)2] /2 < 20 keV. The Doppler broadening of the in

dividual positron and electron peaks for emission into a solid angle region 
• •

A(cos00 + ) about 0Q is,

AE0 +  = < ( YP )e m > ’/2 Pe +  |Acos00 + |, (7.18)

with a similar expression for AE0_. A tE e +  = = 380 keV, and p0m -  pcm, to

maintain AEj> < 20 keV requires,
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Figure 7-19. Ratio of sum- to difference-energy RMS peak widths as a function of fixed 
0e + e_. The solid curve shows the kinematic broadening of emitted e* and e”; dashed 
line plots the ratio of widths observed in EPOS for emission from the CMS 
(Fig. 7-14). Dotted lines include detector energy resolution. R< 0.328 (95% C.L.) im
plies 0 + > 147° for -815 keV line, and R < 0.187 (95% C.L.) implying 0g + g_ > 166°
for -  610 ReV peak.____________________________________________________ _________

AEZ = <(yP)2m > 1/s Pq + e. [(Acos0g + )2 + (Acos0*_)2] 1/2 

s  (41 keV) [(Acos0g + )2 + (Acos0*J2] ,/2 < 20 keV.

For|AcosOe + | s  |AcosOg.|,

|Acos0*+ | < 0.35. (7.19)

«
This would entail a very sharp angular distribution in A £ ^ + e. of less than 18% of

•
4ji sr. The limiting maximum spread in 00 +  varies inversely with (vP)em so that for 

a source moving faster than a correspondingly smaller angular distribution

would be required to fit the data. MCSPEC calculations indicate that l Y ^ p  distri-



buttons, for example, are not narrow enough to reproduce the narrow measured 

sum-energy peaks for € = 0, 1, or 2 (see Fig. 7-27).

The semi-classical limit on the positron (or electron) angular momentum pre

sented in Chap. 4.3 further argues against an angular distribution as sharp as re

quired by Eqn. 7.19 being produced in nuclear or inner shell atomic processes. As 

mentioned in Sec. 4.5, [Lic85] pointed out that, in principle, anisotropic positron 

emission might result from a large extended source, e.g., a di-nuclear configuration 

of ~500 fm. Recently Lichten suggested that, since the amplitude of the electron 

ejected from a specific orbital adds coherently with the amplitude of the induced po

sitron created by filling that vacancy, dynamic positrons and 5-electrons could have 

correlated energies and emission angles which might conspire to produce the ob

served narrow sum-energy peaks. No model-calculations are presently available for 

comparison to the data. It should be stressed, however, that sharp distributions have 

been observed for electron emission only when the kinematics of the colliding ions 

are nearly exactly specified [Nie85]. The EPOS acceptance is large for both the po

sitrons and electrons, and as noted in in Chap. 6, the coincidence structures are ob

served over a large range of HI scattering angles. The limit on the FWHM of the 

emission angle distribution for the coincident positron and electron extracted from 

the experimental data (Eqn. 7.19) provides a standard against which future hypothet

ical origins developed along these lines must be compared.

In summary, within the very general assumption that the coincident positron and 

electron are emitted with discrete energies form a moving source, the widths of the 

E^ and EA peaks provide a kinematic determination of their relative emission angle, 

in the rest frame of the emitter. For each of the measured sum-energy lines, 

®e + e -“  ^4®° (95%  C.L.), which is consistent with, and strongly argues for, back-to- 

back emission from the two-body decay of a neutral object.

Sec. 7.5.6 Emitter Velocity

From the preceding kinematic arguments, it is clear that both the equal energy of the 

observed positron and electron signals, and their angular correlation, are best ex

plained by a process that closely resembles the two-body final state of a decaying 

neutral object. Within this context, the pattern of positron-electron energy corre

lation becomes more complicated if that neutral object, X°, is not created nearly at 

rest in the heavy-ion collision. Its total laboratory energy would then be kinemati

cally shifted by its motion relative to the emitting frame. For example, a particle
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* * * 9  9  V*emitted from the CMS with momentum Px and total energy Wx = (Px + M X) 72 has

a lab energy of

w x -  ycmKp: 2 +  + Pcmpxcos® j' <7-20>

where Qx is the X° emission angle in the CMS with respect to The sum-energy

line at Ej- = (Wx-2m0c2) is therefore also shifted from (Mxc2-2mec2) and will of 

course be broadened. For isotropic creation, the shift is AE^ = (YcmWx-M xc2), 

which is just the additional mean laboratory kinetic energy of the object. The sum- 

energy peak width is AEj- = 2(y(J)cmPx.

Figure 7-20 presents the positron-electron energy correlation pattern (left panel) 

for a neutral object of mass 1.8 MeV/c2 emitted isotropically from the CM system, 

with discrete kinetic energies T x = 0, 10, 50, 200 keV. For each T x, 5*104 de

tected positrons were simulated. The coincidence detection efficiencies, e, are 

shown as marked. For clarity, the lineshape response of the detectors was omit

ted. Even for very small energies, Fig. 7-20 indicates that the width of the individual 

positron and electron peaks and the difference distribution (right panel) broaden very 

rapidly. Their mean positions, however, remain approximately constant. In con

trast, the sum-energy peak centroid shifts linearly with T x (center panel). The 

Ee + * EI '  and eA Peak widths are summarized as a function of the emitted X° kinetic 

energy in Fig. 7-21b.

An important consequence of the motion of the e +e~ source is the subsequent 

decrease in the laboratory of the opening angle between the positron and elec

tron. As the velocity of the object increases, the back-to-back spacially correlated

positron and electron are swept forward rn the lab system. The positron lab angle 

is given by,

0elab = tan‘ 1[sin0e + /vx(cos0e +  + Px/0e + )], (7-21)

with a similar expression for 0e_, where yx and px denote the X° lab velocity and

0e +  is the positron velocity in the X° rest frame,

327

Pe+ = Pe + /( ^ + + m ec2)-
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X° -  e V  Mx=1.8 MeV/c2

F F ♦ F (F -  F )•*-e+ ue+ Le- 't.e*

Figure 7-20. Simulation of 1.8 MeV/c2 X° created isotropically in CM with fixed kinetic 
energy Tx as explained in text (detector resolution omitted).______

The opening angle, assuming back-to-back emission, is approximately 

°e + e- -  ^ te n ’ ^Pe + ^xTx )' Fi9ure 7_21a presents an exact calculation of the 

mean laboratory opening angle as a function of the X° kinetic energy in the 

CMS. Isotropic X° emission in the CMS was assumed for masses of 1.6 and 1.8
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Txo [keV]

T„ [keVl

Figure 7-21. (a) Mean laboratory e*/e" opening angle for two-body decay of X° emitted 
isotropically from CM system with fixed kinetic energy Tx. For creation at rest, 0e + e_ = 
172° from CMS motion, (b) Widths of sum-energy, difference-energy (+10). and individ
ual positron peaks (+  5) vs. T (c) Detection efficiency of coincidence relative to positron 
events. Solid-line indicates EPOS acceptance, dashed curve is portion of events in 
wedge-shaped contour.

MeV/c2. For creation at rest in the CMS, ux = uCM, the positron-electron opening 

angle is already reduced from 180° to 9e + e. = 172°.

This decrease in opening angle naturally leads to a decrease in the detection 

efficiency as the mean laboratory positron-electron angular distribution deviates far

ther from a back-to-back orientation. The solid line in Fig. 7-21c plots the absolute 

acceptance of the EPOS spectrometer for the energetic neutral object. From the 

spreading of events in the energy correlation plane evident in Fig. 7-20, the portion 

of the coincident data within the wedge-shaped sum-energy projection also de

creases with increasing energy. This therefore reduces the analysis efficiency as 

shown by the dashed line in Fig. 7-21c. In order to produce a given coincidence 

peak intensity, neutral objects emitted with higher energy must be created with larger 

cross-section to compensate for the drop in detection efficiency.
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Those objects created with very large energies in the collision produce coinci

dent positron-electron events which are detected with small probability and whose 

correlations are distributed over a wide area in the energy-energy plane. They 

therefore tend to merge with the bulk of continuous dynamic positron, 5-electron, and^ 

nuclear IPC pair backgrounds. Only those X°'s created with low velocities contribute 

substantially to intensity-in the sum-energy peak. This parallels the discussion of 

Fig. 5-1 which showed that even the creation of a particle with a broad range of mo

menta can lead to the appearance of narrow positron structures.

To place this on a quantitative footing, Fig. 7-22 presents the expected coinci

dence yields for various distributions of X° velocity. In order to include both the 

P2 phase space volume element, and the anticipated exponential decrease in pro

duction at large momentum, an X° momentum distribution of the form

c o *(P *) =  P * 2 * e x p [ - P ’ /a ] ( 7 .2 2 )

has been assumed. The four simulations for different values of a  = 0.02, 0.05, 0.1, 

and 0.2 Mxc correspond to average emitted particle kinetic energies of 4.2, 26, 99, and 

352 keV, respectively (assuming Mx = 1.8 MeV). In each case, 5* 104 detected po

sitrons were simulated. The coincident positron-electron detection efficiency (in

cluding detector response) ranged from 29.9% (a  = 0.02) to 18.6% (a  = 0.2). The 

relative size and shape of the sum-energy peaks are shown to absolute scale in 

Fig. 7-22. (Note the expanded scale for the a  = 0.1 and 0.2 Mxc simulations.) For 

increasingly broad distributions, the total positron energy spectra (parts (a) in 

Fig. 7-22) become quite wide over a range in which the sum-energy lines (parts (c)) 

remain fairly narrow.

The superposition of low momentum components, for which the sum-energy is 

kinematically shifted by small amounts, together with the distribution of larger 

X° momenta, leads to peaks in the positron, electron, sum-energy, and difference- 

energy spectra which are centered at nearly the same position as expected for cre

ation of X°'s at rest in the CMS. The detected coincidence intensity is focussed 

within the region Ee +  s  Ee_, as suggested by the triangular shape of the differ- 

ence-energy spectra, centered at EA = 0 keV. Up to rather large mean X° energies 

of T x ~ 100 keV, very little structure emerges in cuts adjacent to the positron and 

electron peak regions. This surprising result, in the context of the broad positron 

energy distribution, underlines the difference between kinematic correlations for this
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Q*(PJ) = P V P/a

(1) a=.02 Mxc, <TX> = 4.2 keV

(2) a=.05 Mxc, <TX> = 26 keV

(3) a=. 10 Mxc, <TX> = 99 keV

(4) a=.20 Mxc, <TX> = 352 keV
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Figure 7-22. MCSPEC simulation of the two-body decay of 1.8 MeV/c2 objects created 
isotropically in the CM system with a distribution of momenta, (a) Total detected e+, (b) 
coincident e*/e~, (c) sum-energy, and (d) difference-energy distributions. Quadrants 
correspond to w(P) = P2exp(-P/a), a = 0.02, 0.05, 0.1, and 0.2 Mxc, as marked. 50000 
detected e+ generated for each case. Note expanded scale for a = 0.1, 0.2 
Mvc. (Detector response is included.)
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case and those observed for IPC, where the much broader difference-energy spec

trum and the presence of structure in adjacent cuts were sufficient to rule out a nu

clear origin (Sec. 7.3). The angular correlation is also different. For a < 0.1 Mxc, 

the positron and electron typically exhibit large laboratory opening angles, 9e + e_> 

90°. The detection efficiency of Lorentz boosted and energy broadened particle-de- 

cay products is therefore still much larger than for IPC, whose angular distribution 

peaks at 9e + e. = 0° (see, e.g., Figs. 5-21 and 7-8). One requires only a moderate 

increase in the production cross-section (beyond the 3 1-3% of the total positron 

yield, as discussed in Chap. 6, appropriate for X° creation at rest in the CMS) in or

der to adequately describe the observed data.

Figure 7-23 presents a determination of the limits on the possible X° momentum 

distribution which could describe the measured data. For the simulations of
O 1/

Fig. 7-22, the spectrum best reflects the mean velocity < (vP)em> 

source, and its width, AE^ was therefore used in this analysis. Since the Doppler 

broadening is proportional to Pe + , in order to compare structures have different 

sum-energies one must account for the dependence of the width on the positron 

momentum. As a reference value, an X° mass of 1.72 MeV/c* has been assumed in 

Fig. 7-23, which plots the expected width versus a, assuming that the object is iso- 

tropically emitted from the CMS with a momentum distribution given by Eqn. 7.22 

(solid curve). The E^ peak widths from Table 7-1 must be adjusted to the Doppler- 

broadened width expected for the reference positron momentum by multiplying 

(AEA)obs by (Pjr+IPe°+s). This yields "corrected" EA peak widths (standard devi

ations) of CTcorr(610) = 70.6 ±3.9 keV, and aCOfT(815) = 60.7 ±8.0 keV for the -610  

and -8 1 5  keV sum-energy structures, respectively. At a 95% confidence level, each 

of these provides an upper limit of o max s  78 keV, which is indicated by the shaded 

line in Fig. 7-23. The largest momentum distribution parameter which is consistent 

with the experimental data is a < 0.035»Mxc, i.e., a < 60 keV/c (or < T X> 3  9.5 

keV).

An MCSPEC simulation of X°'s produced isotropically from the CMS with 

Eqn. 7.22 using a = 0.035«Mxc is shown in Fig. 7-24. It has additionally been as

sumed that 4.2% of the total positron yield is due to these decays in order to explain 

the 32 Ej- peak counts out of -1 0 4 observed e +'s for the Ej- = 750 keV peak. For 

the 610 and 815 keV lines, an X° production cross-section amounting to about 1.5% 

to 3%  of the total e + yield is sufficient. These X° production rates are easily con

sistent with the — 20% uncertainty in the absolute magnitude of dynamic and nuclear
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Figure 7-23. Width (1a st. dev.) of the difference-energy structure calculated for 
X° decay assuming a source momentum distribution of the form P2exp(-P/a), plotted ver
sus a for decay near the solenoid axis (solid line). Dashed line includes the velocity filter 
effect assuming a source lifetime of 10'* s. Hatched region denotes the 95% C.L. upper 
limit on the measured EA peak width of the Ey = ~610 and -815 keV structures._________

positron production, discussed in Sec. 3.3. The broader positron energy spectrum 

associated with such a momentum distribution may also explain, in part, why the 

coincident e^e-  peaks are more easily identified in the data than the corresponding 

positron "singles" lines. The high velocity X°'s smear out the individual spectra 

much more quickly than the sum-energy distribution. Within this context, the HI 

scattering-angle cuts, or selected beam-energy intervals, discussed in Sec. 3.4 may 

be associated with a selection of neutral objects emitted with smaller than usual 

velocities.

The limiting value of a < 0.035Mxc derived here leads to a momentum distri

bution which falls short of that predicted in most of the published theories involving 

the dynamic production of a neutral particle electromagnetically from the Coulomb 

field or by strong interactions from the assembly of quarks. References [Bal85, 

Cho86, Muk86, Rei86, Car86] predict a suppression of X° creation at low-momenta 

beyond the Px2 phase space volume, by an extra factor of Px® to Px®. From the 

above analysis it seems unlikely that these mechanisms can suitably describe the 

observed data. A necessary condition for understanding the narrow positron, elec-
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Figure 7-24. MCSPEC simulation of 10s detected positrons assuming the decay of a 1.8 
MeV neutral object created isotropically in the CMS with a momentum distribution char
acterized by a = 0.035, which accounts for 4.2% of total e+ yield. Part (a) presents total 
e+ distribution, and projections on the Ee + , Ee_, Ez , and EA axes (c-f) correspond to 
gates in (b).

tron, and difference-energy peak widths is the presence of a sufficient intensity of
*

objects created with low momentum (Px/Mxc < 0.1). Although, as demonstrated in



Fig! 7-22, the high-Px components are smeared out and become indistinguishable 

from the continuous backgrounds, at some point, the intensity of the narrow sum-en

ergy peak becomes so small that an unphysically large production rate must be as

sumed.

One theoretical momentum distribution predicted for created pseudoscalar par

ticle production is not inconsistent with the model-dependent limit on a presented 

here. Balantekin et al. [Bal85] suggest the empirical distribution

dNx/dP\ = Z 5(P*x-K*e + -K*eJ (dNe + /dlTe + ) (dNe./ d r eJ ,  (7.23)

which has a mean of < P X> = 300 keV/c. The experimental data clearly favor 

those theoretical explanations involving creation of the neutral object with low velo

cities, e.g., those which produce X0,s at rest in the CMS [Cel86, Mul86d, Cal87, Ng87],

The broad momentum distribution expected for elementary particle creation 

could, however, be modified by the velocity filter effect mentioned in 

Sec. 5.1. Detection of positrons or electrons is suppressed if the neutral state has 

a long lifetime, so that the fast objects (ux >  0.1c) escape the EPOS fiducial volume 

( -1  cm for positrons, - 2  cm for electrons). The coincidence detection efficiency, 

however, decreases even more quickly so even larger total X° production cross- 

sections are required to explain a given observed peak intentsity. The dashed curve 

in Fig. 7-23 plots the E^ peak width versus a assuming a 10'® sec emitter life

time. The acceptable upper limit on a is increased to s0.07*Mxc. Figure 7-25 il

lustrates the effect of a source lifetime on the coincidence peaks using the 

momentum distribution given by Eqn. 7.22 with a = 0.07»Mxc. For xx > 1 ns, the 

expected detected spectra are in good agreement with the data, but, the required 

X° production cross-section is a factor of 8.3 times larger than that for the simulation 

presented in Fig. 7-24. A lifetime of only tx ^  5* 10‘ 13 sec is required for the Ba

lantekin et al. distribution (Eqn. 7.23) in order to provide a good fit to the coincidence 

data, as demonstrated in Fig. 7-26. In fact, there are certain indications in the ex

perimental coincidence peak data that off-axis emission, associated with a source 

lifetime, may be involved.

The preceding analysis of the velocity of the source emitting the coincident po

sitron-electron peaks indicates that a viable description of the data in terms of the 

two-body decay of a neutral state need not require creation of the object exactly at
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Figure 7-25. MCSPEC simulation of 4.4 x io5 1.8 MeV/c2 X°'s created in the CMS with a 
momentum distribution characterized by a = 0.07 and lifetimes of tx = 0, 0.5, 1, and 2 ns. 
(A) Total positron spectrum. (B,C) Projections on Ey and E » axes.

rest in the CM system of the heavy-ion collision. The experimental observation that 

neutral particle-like objects must be formed with sufficient intensity at low velocities 

is consistent with creation with rather broad momentum distributions, due to the 

preferential detection of slowly moving objects in the EPOS spectrometer. In light 

of the larger required production cross-section for mechanisms involving long source 

lifetimes or substantial high-velocity X° components, theoretical descriptions leading 

to emission with ux ~ appear most likely.
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Figure 7-26. MCSPEC simulation of 10s detected positrons (a), assuming that 10% of the 
total yield is produced by decay of a 1.8 MeV neutral object created istropically in the 
CMS with the momentum distribution given by [Bal85] (b), and which has a mean lifetime 
of 1 ns. Projections (c-f) as in Fig. 6-2.
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Within the context of an elementary particle origin for the coincidence positron-elec

tron peaks, the observation of at least three narrow sum-energy lines in U + Th colli

sions raises the unattractive prospect of hypothesizing a whole family of neutral 

objects instead of just one. An alternate possibility is that a single object is created 

with different discrete values of kinetic energy. As mentioned in Sec. 5.1, Chodos 

et al. [Cho86, see also Muk86, Sha86b, Car86] suggested a process in which the 

multiple positron peak energies arise from a single object receiving increments of 

kinetic energy from the nuclear complex. In order to retain a small Doppler-broa

dened linewidth, however, the velocity of the decay positron and electron in the rest 

frame of the source, ue +  e_, must be small compared to That implies

T e + e_ ^  1 keV. Only very small particle masses of Mx ^1023 keV/c2 can there

fore be accommodated, and the small available lepton momentum implies that the 

positron and electron travel in nearly the same direction in the lab (0e + e_^4°), and 

are not detected in coincidence in the EPOS spectrometer.

On the other hand, one may assume that a single object of mass £1.65 

MeV/c2, explaining the lower observed sum-energy peak, is boosted by -1 0 0  to 

-2 0 0  keV in order to fit the higher lines. From Fig. 7-21b, however, the broadening 

of the positron and electron energy distributions is then very large which is incon

sistent with the data. The observed narrow sum-energy peak widths of 25 to 40 keV 

set a limit on the maximum kinetic energy of the object, from Fig. 7-21b, of T x < 60 

keV. This is not immediately inconsistent with describing the 815 keV peak as an 

accelerated 760 keV sum-energy line. A comparison of the 1st and 3rd panels of 

Fig. 7-20 indicates that this possibility is unlikely. The expected broad difference- 

energy distribution, in light of the measured narrow and well-defined EA peak asso

ciated with the Ej- = 815 keV line, argues against this interpretation.

Figure 7-27 presents an additional possibility for creating multiple Ej- lines, 

based on the exotic scenario discussed in Sec. 7.5.5 in which energy correlated 

(Ee +  + Ee. = constant) positrons and electrons are emitted into specific angular re

gions. Assuming, for example, that both the positron and electron are emitted with
p

a cos 0g + e. distribution with respect to the direction of motion of the source, each 

may have either a positive or negative Doppler shift of approximately, 

5Ee +  e.  -  (yPJem^e + .e-' As 'nd'cated 'n p'9- 7-27a, three possible sum-energies 

are detected, corresponding to forward-forward, forward-backward, or backward-

Sec. 7.5.7 M u l t i p l e  S t r u c t u r e
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Figure 7-27. Sum-energy spectra generated for monoenergetic 380 keV positrons and 
electrons emitted from the CMS (PCM =0.056) with the angular distributions indicated. 
The wide structure expected for uncorrelated emission fragments into narrow, multiple 
Ey structures for very sharp angular distributions.

backward emission of the leptons. Narrow lines may result, as discussed in
• • * ■

Sec. 7.5.5, for sufficiently narrow co (£^ + ) and co (fig.) distributions

(Fig. 7-27b). Their spread in Ej- depends on the velocity of the source. Apart from

the unlikely required energy correlation, constrained to within -1 0 0  keV of
* •

Eg+ = Ee_, it should be noted that all sum-energy "peaks" are expected to emerge 

simultaneously within this context, in contrast to the apparent separability of the in

dividual structures evident in Figs. 6-2 and 6-9. A description of the multiple 

Ej- lines by such a purely kinematic mechanism therefore appears implausible.

The data suggest that the different observed sum-energy peaks are not trivially 

related simply by the kinematic boost of a single object, or by kinematic shifts asso

ciated with a narrow lepton emission angle distribution. More than one, and possi

bly several objects, must be formed in the HI collision, with different values of total 

energy ranging from -1 .6  to -1 .9  MeV. As noted above, several recent theoretical 

models which avoid the necessity of hypothesizing a new family of elementary bo-



sons describe the multiple structures as various excited states of a single composite 

object. As mentioned in Sec. 7.2, an alternative explanation involving several 

structures from the interference pattern of atomic positron and electron emission fails 

to produce sharp Ej- lines above the continuous dynamic backgrounds. Regardless 

of which mechanism produces the structures, the presence of several correlated co

incidence peaks-in the data is well established. The associated positron peak ener

gies agree with the various "singles" positron lines which are presented in Part I of 

this dissertation and which have been discovered in more recent EPOS experiments.

In hindsight, the existence of several structures, often two or more of which are 

present in a single data sample, explains many of the difficulties in the earlier posi- 

tron-peak search experiments. The MCSPEC simulation in Fig. 7-28, which assumes 

the production of three neutral objects (Mx =1.65, 1.75, and 1.85 MeV/c2) each ac

counting for 1% of the total positron yield, helps to clarify this point. The multiple 

E j  peaks, separated by 3 100 keV, are easily resolved in. the sum-energy spectrum 

because the correlated cancellation of the Doppler shifts produces an 3 25 keV ex

perimental energy resolution. In the positron energy spectrum, however, the corre

sponding peaks are separated by only ~50 keV, and the 3 80 keV Doppler broadening 

causes the lines to overlap. None of these three peaks is individually re

solved. The resulting broad excess of positron intensity (between ~250 and ~450 

keV) above the continuous dynamic background resembles the typical total positron 

spectra measured in both Parts I and II of this dissertation. As mentioned in 

Sec. 3.4, the presence of such a shoulder in the positron singles spectrum served 

as a fairly reliable on-line indicator of the presence of peak events in the data.

Finally, it should be noted that the emergence of the narrow positron peaks in 

these [Shw83, Cow85] and other [Cle84, Tse85] experiments as a function of the 

kinematic parameters, such as the HI scattering angle and beam energy, may simply 

reflect changes in the relative intensity of the various structures (so that one domi

nates above the rest), rather than a selection of only a single structure to the com

plete exclusion of the others. Whether or not a positron peak is observed in a given 

experiment could therefore be coupled in a complex way to the details of the pro

duction mechanisms for each of the various coincidence lines. In light of this fact, 

caution is urged when attempting to interpret any systematic features of the positron 

peak data from Sec. 3.4 or the other positron experiments (e.g., [Cle84], [Tse85], or 

[Kon87]), or when comparing the results of the positron "singles" peak experiments 

with the much cleaner positron-electron coincidence data presented in this disserta-
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Figure 7-28. MCSPEC simulation of 10* detected positrons including the creation of three 
neutral objects of masses 1.65, 1.75, and 1.85 MeV/c2, each accounting for 1% of the total 
e+ yield. Positron distribution (left) shows only broad enhancement over continuous dy
namic plus nuclear background (dotted), while lines are individually resolved in sum-en
ergy spectrum (right).

tion. By way of illustration, it is quite possible that the individual positron peaks 

published in [Cow85] or [Tse85] contain admixtures of more than one of the 

structures presented in Chap. 6, which modifies the experimentally determined 

mean peak energies and cross-sections. Only with further coincidence measure

ments can the entire spectrum of positron peak structures, and the systematic de

pendence of their energy and production cross-section on Zu and HI collision 

kinematics, be accurately determined.



Chapter 8 Summary and Outlook

Section 8.1 Positron Peak Data

Part I of this dissertation presented the results of a systematic investigation of the 

production of positron peaks in five supercritical and one subcritical collision sys

tem. Narrow peaks having mean energies between 300 and 380 keV were observed 

in U + Cm, Th + Cm, U + U, Th + U, Th + Th, and Th + Ta collisions, with values of the 

combined nuclear charge ranging from Z u = 188 to Z u = 163. The peaks appear to 

be associated with heavy-ion collisions at the Coulomb barrier whose ion angle-angle 

correlations differ slightly from Rutherford elastic scattering. The narrow peak 

widths (all -7 0  keV) are dominated by Doppler broadening and imply that the emit

ting source lives for t > 10"^9 sec, and that it travels with a mean laboratory velocity

of < ue m > -  0.05c. These structures are produced with similar cross-sections
*

throughout the range of Z u investigated, dae + /dfiHj -  5-15 pb/sr, although for 

variou-s combinations of beam energies and targets, the production rate does not 

appear to remain constant.

An extensive study of the EPOS spectrometer characteristics has shown that the 

peaks cannot be ascribed to instrumental origins or other trivial back

grounds. Moreover, the independence of the peak widths on 0|_||, and the absence 

of competing lines in the simultaneously measured y-ray and electron energy distri

butions, rule out origins involving nuclear transitions. Spontaneous positron emis

sion is not able to explain the independence of the positron peak energies on Z u, or 

the presence of structure in the subcritical Th + Ta system. Atomic processes in

volving interfering amplitudes for positron production concentrated at different lo

cations along the Rutherford trajectory are similarly unable to describe the data.

Section 8.2 Coincident Positron-Electron Peaks

The near degeneracy of the positron peak energies led us to investigate whether the 

monoenergetic positron lines signal the two-body decay of a previously undetected 

neutral object. As described in Part II of this dissertation, we discovered monoener

getic electron lines in coincidence with positron peaks in U + Th, Th + Th, Th + Cm 

(and most recently in U + Ta) collisions. The corresponding peaks in the distribution 

of the sum of the positron and electron energies are narrower (AEj- -  25-40 keV) 

than the individual lines (AEe +  -  AEe_ — 75 keV), suggesting the correlated can
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cellation of Doppler shifts expected for back-to-back positron-electron emission. The 

three most prominent coincidence peaks are observed at sum-energies of 

E j = 610, 750, and 815 keV, although additional lines may be present in the 

data. The correlation of the peak intensities with kinematic variables such as the 

beam energy, heavy-ion scattering angle, and positron time-of-flight, mirror the be

havior of the positron "singles" lines.

Origins involving instrumental backgrounds, external pair creation, uncorrelated 

emission of monoenergetic positron and electron peaks, nuclear internal pair cre

ation, cascade or sequential processes, and multi-body decays all are unable to de

scribe the several features of the coincidence data. These include the narrow width 

of the Ej- peaks, the absence of peak intensity in adjacent cuts, the large size of the 

correlated peak signal compared to the total positron yield, and the absence of com

peting y ra y  or electron conversion lines. A kinematic analysis of the shapes of the 

coincident sum-energy and difference-energy peaks indicates that the positron and 

electron are most probably emitted back-to-back, with a relative opening angle in the 

rest frame of their source of 0e + e_ > 165°. The measured Doppler broadening also 

limits the possible velocity distribution of the hypothetical neutral source, implying a 

mean velocity of ~0.05 < ux < 0.2c.

Section 8.3 Open Questions

Our understanding of the nature of the positron peaks emitted from heavy-ion colli

sions has obviously evolved quite dramatically over the course of this dissertation 

research. For example, spontaneous positron emission, the search for which ori

ginally motivated this entire field, and nuclear decays were substantially precluded 

as possible origins by the Z u-dependence and emitter velocity measurements. The 

pace was particularly accelerated by the advent of the electron-positron coincidence 

experiments which ruled out all other conventional, and most exotic processes as 

possible explanations for the data. Moreover, the excellent resolution afforded in 

the sum-energy spectrum by the coincidence technique has reliably established, for 

the first time, the presence of multiple structures in the data. This in turn clarified 

many unresolved questions from the earlier measurements.

However, some of the previous questions remain, and new ones have been 

raised by these experimental results. For example, if the two-body decay of a neu

tral object is involved, a mechanism must be found to produce this object with a suf

343



344
ficient probability at low velocities. Although this general result can be mitigated if 
the source has a long lifetime (t S 10"13 sec), so that fast moving parents decay 
outside of the fiducial volume of the spectrometer, the data imply a velocity distribu
tion slower than that predicted by most theories. Second, the angular distribution of 
the emitted positrons and electrons is not known, but could provide information about 
the quantum numbers of the source of the lines. The lifetime of the emitter (from the 
present data, 1 0 '13 ̂  t <  10‘ 3 sec) is important not only from a theoretical stand
point, but also to provide practical guidance for the design of other experi
ments. Next, the existence of several structures in the data obviously complicates 
any explanation in terms of elementary particles. The number of coincidence lines, 
their spectrum of energies, and the correspondence of the intensity of each with 
various kinematic variables are important parameters which remain to be deter
mined. Despite the many indications of correlations with beam energy, scattering 
angle, and flight-time, very little is actually known about the mechanism producing 
the peaks in the HI collisions studied. A fifth relevant question is therefore whether 
nuclear contact is involved, for example, to produce strong electric fields for long 
times. A related point may concern the Zu dependence of peak production. Meas
urements beyond the range of 163 < Zu  ̂188 are required to test the several 
theories which rely on mechanisms involving strong field QED.

S e ctio n  8 .4  F u tu re  E xp erim en ts  

Sec. 8.4.1 Particle Experiments

The compelling interpretation of the coincident positron-electron data presented in 
this dissertation in terms of a previously undetected neutral source has already mo
tivated several searches for such an object in a variety of traditional particle physics 
experiments. As described in Sec. 7.5.1, no indication of a new particle-like object 
has yet been observed in heavy quarkonium decays, rare meson decays, beam-dump 
experiments, nuclear transitions, and several high-precision atomic physics mea
surements. Very stringent limits have been set for the coupling of this object to 
electrons, quarks, and photons. It may be, however, that the unique combination of 
strong fields and/or nuclear degrees of freedom available in HI collisions are impor
tant for producing this hypothetical object. In an experiment designed to search for 
the competing 2 y decay of the 1.8 MeV coincidence structure in U + Th collisions, 
Meyerhof et al. [Mey86] observed no candidates, and they set a limit on the branch
ing ratio of BR(X0-+2Y)/BR(X°-*e+e_) < 1. A follow-up experiment has recently



suggested the presence of a peak at much lower sum-energies [Dan87] (see also 
[Shw87]).

Theoretically, the cleanest system for observing our effect should be through the 
time-reversed channel of the decay process, namely by resonant positron-electron 
scattering at CM kinetic energies of -610-815 keV [Rei86, Rei87]. Several first gen
eration fixed-target experiments have already been completed. No unambiguous 
structures have yet been reported down to the level of a few percent of the underlying 
continuous background from Bhabha scattering [Mai87, Wim87, Mil87, Kie87, KM87], 
which corresponds to limits on the coupling to electrons of within an order of mag
nitude of those provided by precision (g-2) data [Rei87]. Improved experimental ar
rangements with better energy resolution and increased beam intensity [Gre87] 
promise to approach the (g-2) level in the near future.
Sec. 8.4.2 Heavy-ion Experiments

Judging by the long list of unsolved questions, there are a considerable number of 
problems which must be addressed in the meantime using heavy-ion collisions. The 
most important experiment for the immediate future is to directly measure the emis
sion angles of the positron and electron, in order to rule out the last of the exotic 
backgrounds, and to verify the kinematic result of 0e + =180° emission. Obviously 
if the positrons and electrons prove not to be emitted back-to-back, much of the mo
tivation for other experiments disappears. Ideally, one would like a 4n detection 
system which simultaneously measures the e+ and e“ laboratory energies and an
gles with good precision in order to fully reconstruct the decay and measure the in
variant mass. It presently appears very difficult to obtain sufficient angular 
resolution, while maintain good energy resolution, to improve on the invariant mass 
measurement afforded by the EPOS sum-energy spectrum. Even moderate angular 
resolution (e.g., 50-10°) should yield limited information regarding the emitter velo
city and direction and the angular distribution of the decay products. Perhaps the 
most immediate advantage would be the reduction in background by gating on 180° 
emission, with a corresponding improvement in the sensitivity of the appara
tus. Experiments along these lines are in progress by the EPOS collaboration, using 
sub-divided positron and electron detectors and time-of-flight techniques, and the 
Munich group, who have added a second Orange 0 spectrometer to measure posi
trons and electrons in coincidence.
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With minor modifications to existing instruments, it should be possible to mea
sure the source lifetime down to the t >  10 ’ 11 sec level with a well-designed re
coil-shadow technique. A test measurement in the EPOS solenoid was limited only 
by secondary scattering backgrounds. Using a beam-dump production target, we 
also tried to determine whether the source is a penetrating neutral object. Although 
ttfis too experienced large backgrounds (external pair conversion in the thick tar- 
get-holder), there is ample room for improvement and both of these measurements 
should again be pursued.

In order to further study the processes which produce the peaks in heavy-ion 
collisions, systematic measurements are required of the beam-energy dependence 
for a variety of projectile and target nuclei. These should include non-deformed nu
clides such as 208Pb, and beam energies well above and below the Coulomb barri
er. If nuclear reactions appear to be important, we may need a more complex 
apparatus which incorporates a large solid-angle spectrometer for the scattered 
heavy-ions, which would provide better kinematic definition by high resolution iden
tification of the charge and mass of the ejectiles. Heavy-ion experiments of this type 
will unfortunately be limited to the present rather slow data accumulation rates, and 
will require a considerable investment of accelerator time.

Finally, from a theoretical point of view it is also very important to search for 
correlated positron-electron emission in lower Zu target-projectile combina
tions. The data presented in this dissertation indicate that the peak production 
cross-section remains fairly constant down to ZUS163. If we find that the peaks 
appear below this range, e.g., near ZUS100, then several difficult technical aspects 
of the high-Z experiments would be alleviated. In particular, there would be a wide 
choice of very stable self-supporting metallic targets, and the intense 5-electron 
background would be reduced by an order of magnitude or more. Using the present 
EPOS detector geometry, much higher beam currents, and hence data accumulation 
rates could be tolerated. Finally, low-Zu experiments could be performed at a va
riety of different accelerators, many of which may be better suited than the UNILAC 
to investigate the nuclear physics aspects of the production process.

The data presented in this dissertation have had an unusually broad impact on 
the present physics community, from its original motivation in atomic physics, 
through many contributing nuclear processes, and finally reaching into the domain 
elementary particle physics. Unfortunately, no theoretical model to date has been
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wholly successful in describing all of the major experimental observations concern
ing the narrow positron and correlated electron peaks. The continuing search for a 
satisfactory explanation should prove very interesting for some time to come.
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A p p e n d i x  A  H e a v y - i o n  K i n e m a t i c  R e l a t i o n s

Many of the heavy-ion kinematic relations used throughout this dissertation are col
lected in this appendix. Section 1 includes formulas for elastic heavy-ion scatter
ing. Section 2 discusses inelastic collisions and outlines the effects of of Q-loss, 
nucleon evaporation, and mass transfer. Section 3 deals with energy-loss of the 
beam ions penetrating the target material.
Section A.1 Elastic Scattering

A non-relativistic treatment of elastic scattering in a repulsive Coulomb potential,

V(|ryrtl> = ZpZte2 ' I'V'M’ (A-1)
leads to hyperbolic trajectories for the nuclei. In polar coordinates (r,0,<p) with the 
center-of-mass of the heavy-ion system taken as the origin, these are parameterized 
by
r = [2a(1 + e cos©CM)]‘1, (A.2)

where e is the eccentricity of the orbit, and 2a is the center-to-center distance of 
closest approach of the nuclei for a head-on collision.
2a = ZpZte2 / Ecm, (A.3)

where Ecm is the kinetic energy in the CMS,
Ecm = Eo'M̂ Mp + Mt). (A.4)

and E0 is the laboratory energy (and u*0 the velocity) of the incoming projectile. 
Zp, Zt, Mp, and Mt are the charge and mass numbers of the projectile and target 
nuclei, respectively. The classical impact parameter, b, is related to the angle 
©Cm through which the projectile is scattered, by
b = a«cot(0CM/2), (A.5)

and the distance of closest nuclear approach during a given collision is
348



Rmin = a#l1 + 1/sin(0C M /2)].

349
(A.6)

The laboratory angles of the scattered projectile and recoiling target nuclei, 
9pab, 0̂ab, are determined by conservation of energy and momentum, and do not 
depend on the form of the potential (A.1). Combining the CM velocity,
%m = "*o*Mp/(Mp + Mt), (A.7)

with the assymptotic velocities of the projectile scattered through angle ®CM having 
Upm = (Mt/Mp)ucm, and the target recoiling at an angle n-©cM with utCm = '°cnv 
yields the following relations.
tan(oJfb) = sln(0CM) [Mp/Mt + cos(0CM))-', 
e,lab -  (a - 0 CM)/2.

Eliminating ©cm ̂rom ̂9ns- A.8 and A.9 gives
cot(9tlab) = (y-1)*1 (cot(9pab) ± [1 -y2 + cot2(0̂ab)]}, (A.10)

where y = Mp/Mt.
As discussed in Sec. 2.3, the heavy-ion data are analyzed using a rotated coor

dinate system, Z0H1 = 0y + 0[_ versus A0H| = 0y - 0[_- F o r collisions with 
Mp = Mp the scattering angle correlations lie along the line Z0H| = 90°. If Mp>Mt, 
Z9H| is always less than 90°, and for Mp<Mt, Z9H|>90°. The maximum projectile 
scattering angle for heavy-on-light collisions is
<»!?b>max “ sin"'(Mt/Mp). (A.11)

The kinematic branches cross at
0p3b = dtab = y 2 { n  - cos*1[y2(1-Mp/Mt)]}. (A. 12)

The Rutherford scattering cross-section is given in CM coordinates by the usual
expression,

(A.8)
(A.9)



d<j/d«cm = a2 / [4 sin4(0C M /2)],
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(A. 13)

or, in terms of the laboratory angles, by
da/d(cos0p3b) = (da/dncm) (1+ycos0cm)'1 [1+ y 2  + 2ycos©cm]3/2, (A.14)
da/d(cos0flat>) = a2/cos3(Ot'ab). (A. 15)

Finally, the applicability of a non-relativistic treatment for heavy-ion scattering 
at the projectile energies of interest in these experiments (EQ/Mp ~ 6 .MeV/u) is 
verified by comparing the above quantities with those calculated in a fully relativistic 
treatment. For example, for 0q[̂ = 9O0 scattering of equal mass nuclei, Eqns. A.8,9 
give 0p3b = 0tlab = ®NR = 43°- Relativistical|y> however, for 5.88 MeV/u 238U + 238U,
Pcm = [Eq 2 + 2E0Mpc2] ,/2 / (Mtc2 + Mpc2 + E0). (A. 16)

and 0RE[_ = tan"1[(1*Pcm̂ 1/,21 = 45.955°. The 0.045° decrease in ©r̂ L from the NR 
value (50/0 = 10‘3) is much smaller than the A03O.80 experimental resolution, and 
is completely absorbed in the empirical HI angular calibration. Deviations from 
elastic scattering, e.g., a reaction Q-loss, calculated within the relativistic versus NR 
treatments also differ by only ~10‘3. The NR approximation is therefore completely 
appropriate tor describing HI collisions at the Coulomb barrier.
Section A.2 Inelastic Collisions

In order to deduce limits on the type of HI reactions which might be associated with 
the positron peak data, a general treatment of the inelastic scattering is required 
which includes nucleon evaporation, energy loss, and mass transfer. We consider 
collisions of a beam of particles of mass M1 and kinetic energy EQ incident on a 
target of mass M2, with ejectile masses Mg and M̂. M.j+M2 need not equal 
M3 + M4, and an energy, Q, may be dissipated from the available CM energy. In the 
CM frame, conservation of energy and momentum gives,

V2[M3(u§m )2 + M 4(u$m )2] = Ecm + Q, (A.17)

with



u§m = {2M4(Ecm + Q)/[M3(M3 + M4)]}1/2, 
u5m = {2M3(Ecm + Q)/[M4(M3 + M4)]},/2.

(A. 18a) 
(A.18b)

Transforming to the laboratory system gives the general expression for the laboratory 
angle,
tan(dab) = sin((5jm) [ucm/djm + cos(0jm)]'1, (A.19)

in analogy with Eqn. A.8, where 
ucm/i5jm = {[M1Mj2(M3 + M4)]/[M2M3M4(M1 + M2)] x Ecm/(Ecm + Q)}V2(A-20) 

for Mj = M3,M4.
For particular choices of M3, M4, and Q, Eqns. A.19,20 reduce as follows.

Case I. M3 = M̂, M4 = M2 For no mass transfer or nucleon evaporation, Eqn. A.20 
gives,

W * ! " 1 “  (Mi,M2)lEcm/<Ecm + Q)l’/ j ' <A-21)

with laboratory angles,
tan(dfb) = sin((Jjm){(M|/M2)[Ecm/(Ecm + Q)],/a +cos(̂ m)}-1. (A.22)
For Q = 0, the lab angles for elastic scattering (Eqn. A.8) are regained. Figure A-1a 
illustrates the effect of different Q-values on the angle-angle correlation pattern fol
lowing 232Th + 248Cm collisions at 6.02 MeV/u. At A0H|~O°, a Q-loss of 25 MeV trans
lates into a shift in Z0H| of 8(I0H|) = 1.04°.
Case II. (M̂ + M2) = (M3 + M4). Allowing for mass transfer without mass evapo
ration, Eqn. A.20 reduces to
W ' T  " x [Ecm/(Ecm + Q)]}’'4. (A.23)

with the lab angles given by Eqn. A.19. While the entrance channel mass ratio de
termines ucm and Ecm, the exit state mass ratio almost completely determines the
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Figure A-1. F i g u r e  A - 1 . Z0H,-A0JH| scattering angle correlations calculated for Th + Cm collisions with several values of <w (left) and exit channel masses (right).
angle-angle correlation pattern (as shown in Fig. A-1b for Th + Cm collisions). For 
heavy collisions, a mass asymmetry of 10 nucleons translates into a I0H| separation 
between the kinematic branches of 0.81° at |A0m| = 20°.

For a given mass-drift between the colliding nuclei, the change in the nuclear 
binding energies enters as an effective Q-value (see Eqn. 4.46 in Sec. 4.4.4). Mass- 
excess tables [Mye77] indicate that for a broad range of nuclides from thorium to 
curium, the binding energy differences (given M̂  + M2 = M3 + M4) are typically smal
ler than ~2 MeV.

Case III. (Mg + M4) < (M1+M2). If nucleons are evaporated isotropically from the 
CM system, then ucm of the remaining heavy-ions remains, on the average, constant 
given by Eqn. A.7. Equations A. 19,20 then give the CM ejectile velocities and lab 
angles. The additional Q-value from the binding-energy lost from the evaporation of 
a neutron is s-8 MeV. Normally, evaporation neutrons are emitted from the tails of 
a Maxwellian energy distribution, with mean kinetic energy En-3 MeV. Each ejected 
neutron therefore reduces the total available CM energy by Q = -11 MeV. Charged 
particles require additional kinetic energy to overcome the Coulomb barrier. This 
amounts to Eps=20 MeV for proton emission from a 238U nucleus. Much of the mass- 
excess may be regained if nucleons are emitted in bound clusters, e.g., an a particle 
has Am = 2.4 MeV/c2. Figure A-2 illustrates the effect of nucleon evaporation from 
Th + Cm collisions with several combinations of ejected particles.



353

A8 [deg] Ad [deg]

Figure A-2. Kinematic plots of the HI correlation patterns for neutron evapo
ration (left) or a particle emission (right) following U + Cm collisions. Energetically most 
favorable exit channel nuclei are assumed.

If the evaporation products are emitted with an angular distribution with respect 
to the CM velocity, ucm may decrease (if the nucleons are ejected forward), or in
crease (if backward). The lab angles of the heavy products will be consequently 
adjusted by the modified CM velocity,
8ucm - <cos(6evap)> • [2*AEevap*4MevaplVi /<M,+M2). (A.24)

where AEevap is the kinetic energy of the evaporation nucleons in the CM frame. In 
the simplest example of 1 neutron emission, the -0.5° shift in X0H|, assuming an av
erage isotropic distribution, actually varies from -0° for forward emission, to 
-1° for backward emission. In general, isotropic emission therefore leads to a 
smearing of the I0H| correlation pattern about the average A(X0H|) shift with a width 
of,
8(I0h|) - A(X0H|)/3. (A.25)

Section A.3 Heavy-ion Energy-Loss

The ionization energy-loss of the projectile particles, while traversing the target ma
terial before scattering, is usually the limiting factor in maintaining constant CM col
lision energies. For a particular beam atomic number and incident energy, the 
stopping power varies with target the species approximately as [Hub80],



dE/dx = A + B/Ztar.
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(A.26)

For a uranium beam at 5.9 MeV/u, the constants are A~40 and B~685 in units of 
MeV/(mg/cm2). Over the range of projectile energies relevant to our experiments, the 
stopping power changes by only about 2% per 1.0 MeV/u change Ebeam. The stop
ping power in a chemical compound (e.g., ThF4) is the weighted average of dE/dx for 
each element, e.g.,
(dE/dx)Thp4 = [232»(dE/dx)Th + 4«19»(dE/dx)p]/(232 + 4»19). (A.27)

Table A-1 lists the stopping power of Th and U projectiles in elements and com
pounds commonly encountered in the EPOS experiments. dE/dx is listed in units of 
both (MeV)/(mg/cm2) and (MeV/u)/(mg/cm2).

Table A-1: dE/dx for Common EPOS Targets

Target |
2,2Th 5.9 

MeV
MeV/u
MeV/u

238U 5.9 MeV/u 
| MeV MeV/u

c I 158.49 0.6831 | 161.71 0.6795
o I 143.60 0.6190 | 146.55 0.6157v j 138.48 0.5969 | 141.42 0.5942
Ta | 48.48 0.2090 | 49.71 0.2089
Th | 44.73 0.1928 | 45.88 0.1928
U | 44.45 0.1916 | 45.59 0.1916
Cm | 43.97 0.1895 | 45.08 0.1895
ThF4 | 67.86 0.2925 I 69.45 0.2918
uf4 | 67.21 0.2897 | 68.78 0.2890
CmF j | 61.63 0.2654 | 63.09 0.2651
Cin̂ Ô  | 52.76 0.2274 | 54.04 0.2270



A p p e n d i x  B  R a y - T r a c i n g  C a l c u l a t i o n s

Detailed calculations of the EPOS transport efficiency and its dependence on positron 
energy and emission angle are carried out with a ray-tracing program ECPI (Efficiency 
Calculation by Path Integration). ECPI numerically integrates the equations of motion 
of a positron (or electron) in an axial magnetic field, given the initial emitted energy 
and direction, tracing its path through the spectrometer to decide whether the posi
tron strikes the Si(Li) detector or is stopped by some other element of the spectrom
eter system. The vector potential appearing in the 2nd order differential equations 
of motion is expanded from the magnetic field strength along the axis, which is cal
culated by superposition of Biot-Savat's law for the current loops produced by the 
pancake field coils. Next, a Runga-Kutta integration is used to calculate the first 
three points of the positron path with very high precision. The trajectory is then 
traced by a Milne Predictor-Corrector method, iteratively using the preceding four 
points to find the fifth. When any part of a trajectory interpolated between the cal
culated points passes through spectrometer material, the positron is assumed to be 
stopped. Positron and electron scattering are not considered.
ECPI is based on a ray-tracing code developed at Yale Univ. by E. Liarokapis [Lia82], 
which was adapted by R. Schule (Univ. Frankfurt) to incorporate the basic elements 
of the first version (pre 1981) of the EPOS spectrometer. From 1982 to the present, 
ECri Iras been modified and updated by T. Cowan. Changes include: the actual 
magnetic field configuration used in each experiment: the present geometry of the 
vacuum chamber, positron detector, and spiral baffle: the electron detectors and 
baffles used in Parts I and II of this dissertation; and generalization of the program to 
calculate the full <p-dependence of the EPOS transport efficiency. The transport effi
ciency calculated by ECPI is used as an input for the MCSPEC program described in 
Appendix C.
Section B.1 Equations o f Motion

The Lorentz force on a positron (or electron) moving in a magnetic field, B , is

dp/dt = (e/c)[u x Bj. (B.1)

When separated in cylindrical coordinates, the equations of motion are [God44]
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d2z/dt2 = -cM/3z, (B.2a)
d2r/dt2 = -3M/3r, (B.2b)
d(p/dt = -C/r2 - (e/Ymc)A/r, (B.2c)

where M and C (a constant of integration) are given by,
M = yZYm(C/r - eÂ /Ymc)2, (B.3)
c ” •'o'PO + (e/Ymc)roA0’ (B-4)

For emission of the positron from a point (rQ.Zg) along the solenoid axis, the constant 
is C = 0, and the Eqns. B.2,3 reduce to the following set of uncoupled 2nd order dif
ferential equations in time t:
d2z/dt2 = -(e/ymc)2 Â  d / K ^ / d z , 

d2r/dt2 = -(e/yinc)2 Â  dÂ /dr, 
d<p/dt = -(e/ymc) Â/r.

Section B.2 Magnetic Field and Vector Potential

The vector potential, Â, appearing in Eqns. B.5 is calculated from the magnetic field
and its derivatives along the solenoid axis by the expression,
Â  = In {(-1)n [n!(n +1) ! ] '1 B<,2n) (r/2)2n + 1), (B.6)

where B̂2nl denotes (2n)-th derivative, d2nB/dz2n. As described in Sec. 2.2.1.3, the 
magnetic field on the axis is constructed by adding the field contributions from each 
of the 15 pancake coils. For a single coil, B(z) is calculated by superimposing the
solutions of Biot-Savat's law for each current loop,
B(z;l,r,z0) = (2nl/c) r2 [r2 + (z-zQ)2]'3/2, (B.7)

where I is the current and r is the radius of the given loop centered at z = zQ. The 
summation of Eqn. B.7 over a single coil includes the four planes of 18 windings, for 
each of which the current is assumed to be equally divided among eight points 
(rk,zk = ± 1/2,0 cm) spaced around each of the 1 x 1 cm2 copper channels. That is,

(B.5a)
(B.5b)
(B.5c)



B(z) = I l / £ ,  lf=1 (1/8) B(2;l.r|jk.zijk).
357

(B.8)

with,

rjjk = 12.95 + 1.1*j + rk, 
zijk = 1.1#i - 2.75 + zk,

given in cm.
The vector potential and its derivatives are determined to order r7, given ex

plicitly by,
= rBz/2 - r3B̂2>/16 + r5B̂ /384 - r7B<,6)/18432, (B.9a)

d A y / d r  =  Bz/2 - 3r2B̂2Vl6 + 5r4B̂ /384 - 7r6B̂6Vl8432, (B.9b)
d A y / d z  =  rB̂)/2 - r3B<,3Vl6 + r5B̂ /384 - r7B<,7V 18432. (B.9c)

These are then stored ina 1x1 cm2 mesh for 0 < r < 10 cm, and -150 < z < 150 
cm. For a given position (r.z), the 1st and 2nd derivatives of r(t) and z(t) are deter
mined from Eqns. B.5 and B.9, using the six-point interpolation scheme (Eqn. 25.2.67 
in [Abr65]),
F(r0 + p, zQ + q) = ’/iqta-Î Fô  + ’Apfp-ÎF.., Q 

+ V2p(p-2q + 1)»F1 0 + Y2q(q*2p + 1)«F0>1

+ (1+pq-p2-q2)*F0 0 + pq̂F-j-j (B.10)
where p and q are in units of the Ar = Az = 1 cm mesh size, and Fj j denotes Â  (or
dA/dz, dA/dr) evaluated at (rj.Zj).
Section B.3 Runga-Kutta Method

The first three points on the path are calculated by Runga-Kutta integration of 
Eqns. B.5 (see Sec. 11.2 in [C0I66], or 25.5 in [Abr65]). Starting with the origin, (rg,

t //
Z q ), th e  f irs t  p o in t is e s t im a te d  fro m  th e  d e r iv a t iv e s  (r, r, e tc .)  a t th e  o r ig in ,

r1 = r0 + T#r0 + t2* V 2-
zi = zo + T#zo + t2#V 2-

(B.11a)
(B.11b)



for a time increment, At = t. Using the derivatives evaluated at the estimated point, 
a better estimate for the first point, and the following two points, are obtained using,
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r̂ = % + T2#(r1g - r0)/6, (B.12a)
r2 = 2r1 ' r0 + t2*r1’ (B.12b)
r3 =2r2 -r1 + x2*(12r2 - 2̂  + r0)712, (B.12c)

with similar equations for the Zj's.
To improve the accuracy, the differential equations (B.5) are evaluated at the 

points given by Eqns. B.12, and the 2nd time derivatives are used to re-extrapolate 
"corrected" values for rp r2, and rg,
r̂ = rf + t2»(A1 -A2/4)/6 + Ag/45, (B.13a)
r2 = 2r1 " r0 + + V 12)’ (B.13b)
r3 = 2r2 " r1 + t2*̂2 + a3/12)> (B.13c)

where,
A! = \  -r0, (B.14a)
A2 = r2 - 2r, + r0, (B.14b)
a3 = V  3̂2 + 3”r1 *V (B-14c)

If the differences between the corrected points (rfizj) and the estimated points (rj.Zj) 
are larger than an acceptable error, e, the (rjpZj)'s of Eqn. B.12 are replaced by the 
corrected (rjiz-j's of Eqn. B.13, and equations B.13 and B.14 are iterated until con
vergence is achieved.

|rf-rj|<e, (B.15)

for all i. Finally, the azimuthal angle <p about the solenoid axis is calculated for each 
point using the radial velocity q at each point (rj.Zj) computed from Eqn. B.5c,

<P1 = <p0 + (B.16a)
‘Pn = <Pn-1 + T>- (B.16b)
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At each step in the path integration, the preceding four points are used to calculate 
a fifth point by the Milne Predictor-Corrector method (see Sec. III.3.3.1V in [C0I66], 
or Sec. 25.5.21 in [Abr65]). For the first iteration, the three Runga-Kutta points plus 
the origin are used. The next point (̂ p.̂ p) is "predicted" by the interpolation,

r4p = r3 + r2 ' r0 + x2*(5r3 + 2 r 2  +  5lj)/4> (B.17a)
z4p = z3 + z2 ' z0 + t2*(5z3 + 2 * 2  +  5zi)/4. (B.17b)

The derivatives, r, z, evaluated at this estimated position are used to more accurately 
extrapolate a "corrected" point,

r4 = r3 + r1 'r0 + t2®[ 17 (T4p+ + 232(̂3+̂) + 222r2]/240, (B.18a)
z 4  =  z 3  +  -  z Q  +  t2*[17(z4p + Zq) + 232(̂3 + ̂) + 222̂/240. (B.18b)

If the difference between (r4p.z4p) and (r4,z4) is larger than the allowable error e, the
// ncorrected point is used to determine r4p and z4p, and Eqns. (B.18) are iterat

ed. After convergence is achieved, Eqn. (B.16) is used to calculate <p4. All the 
points are then shifted (q becomes Tj.̂, etc.) and the Milne method is iterated to 
trace the trajectory through the spectrometer.
Section B.5 Performance

The numerical technique presented above can provide a highly accurate integration 
of the positron trajectory with proper choice of the time increment, x. An unneces
sarily small step size, however, increases the computational time of the ECPI calcu
lation, while too large a step reduces the sensitivity to local variations in the vector 
potential, and increases errors in extrapolating the (i + 1)tb point. We use x = 
3.4 x 10‘ ^2 sec, corresponding to a step size for a 350 keV positron of Ax =  0.82 mm, 
or about 100 steps around a single circular orbit. It was optimized by constructing 
a shallow magnetic bottle around the target position, Bmax = 1.01 •Btar, and deter
mining critical reflection angle for various step sizes. For large values of x (>10 
ps), steeply emitted positrons are not reflected by the pinch fields, while for de
creasing step sizes (x<3 ps), the calculated reflection angle converges to the ex
pected adiabatic value, 0mjr = sin‘1(Btar/Bmax)1/2.



The spacial accuracy of the ray-tracing path integration is better than ~0.1 pm 
for each iteration. Positrons propagate through the spectrometer to the Si(Li) de
tector in ~2-5* 103 steps, implying an estimated final positional accuracy of better 
than Ax~0.5 mm. Running on the GSI IBM 3084 mainframe computer, each path 
requires on the average ~300 msec of cpu time. Since the differential equations B.5 
are independent of azimuth angle, the entire <p range is calculated simultaneously 
for a given emission energy and polar angle 0, by rotating the trajectory through N 
values of <p (in increments of 2n/N) at each spectrometer element, and noting for 
which values of <p the positron is detected.

The transmission efficiencies calculated by ECPI for positrons and electrons are 
presented in Figs. 2-16 through 2-19, and 2-24, for the magnetic field configuration 
and detector geometry used in Part I of this dissertation, and in Figs. 5-13 through 
5-16, for that used in Part II.
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A p p e n d i x  C  M o n t e - C a r l o  S i m u l a t i o n s  o f  

P o s i t r o n - E l e c t r o n  C o i n c i d e n c e s

The computer code MCSPEC (Monte-Carlo Simulation of Positron Electron Coinci
dences) was developed to generate a wide range of event scenarios and to model the 
response of the EPOS spectrometer in detecting positrons and coincident elec
trons. Several sources of coincident positrons and electrons are modeled, e.g., the 
production and two-body decay of neutral or charged objects, multi-body decays, 
various types of nuclear internal pair conversions, dynamic positron and 8-electron 
emission, or any generalized emission of positrons and electrons from the tar
get. The generated positrons and electrons are then transformed to the lab system, 
where the positron and electron are tracked through the EPOS spectrometer to de
termine whether or not each is detected. The pulse-height responses of the Si(Li) 
counters are taken into account, pileup from the 8-electron flux is added, and elec
tronic pulse-shaping and trigger-logic efficiencies are simulated. Finally, the gener
ated events are analyzed with a logical duplicate of the experimental data analysis 
program. Projections of the simulated events may then be compared with identical 
cuts applied to the experimental data.
Section C.1 Event Generators

Event generation for each specific scenario is flexible to allow a detailed study of 
various aspects of the simulated positron-electron source. For example, the pro
duction and decay of a neutral particle-like object includes its angular and momentum 
distributions with respect to the emitting frame (CM of the heavy-ion collision, the 
scattered nuclei, or the stationary laboratory frame). The positron and electron mo
mentum vectors are constructed in the rest frame of the emitting source, including 
the angular distribution with respect to the particle motion. They may be generated 
with an arbitrary distribution in e+/e~ opening-angle in place of back-to-back emis
sion. Similarly, studies of of nuclear internal pair conversion (IPC) include 1) deter
mination of the scattering angle distribution for the detected heavy-ion (including the 
geometry of the EPOS PPAC's), 2) any nuclear charge or transition energy, 3) EO, E1, 
E2, or M1 conversion multipolarities, 4) angular distributions for the emitted positron, 
and 5) theoretical (Born approximation) or mutually isotropic opening-angle distribu
tions for the positron-electron pair. In addition to IPC in the heavy-ion ejectiles, cal
culations of pair production from target contaminants, from nuclear clusters which
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might be emitted in the collision, and from external conversion of y-rays in the target, 
its frame, or the sheet-baffle material, have been investigated.
S e c t i o n  C . 2  E f f i c i e n c y  D e t e r m i n a t i o n

Calculation of the large quantity of MCSPEC events necessary for studying a wide 
variety of production processes requires a computationally efficient evaluation of the 
EPOS Spectrometer response. The standard technique employed involves the in
terpolation of a look-up table of detection probabilities calculated for a large range 
of positron and electron emission with the ECPI ray-tracing code (App. B). The 
mesh size (the pixel size in Fig. 5-15) is small compared to the periodicity of de
tection efficiency to ensure high accuracy (corresponding to steps of 10 keV in 
Ee+ e_, 1.5° in <p, and .002 in cos0). On the average, 60% of positron "hits" are as
sumed to be detected to account for the mean efficiency for detecting 511 keV anni
hilation quanta in the Nal crystal array.
S e c t i o n  C.3 D e t e c t o r  R e s p o n s e

Correction for the response of the solid state positron and electron detectors includes 
finite energy resolution, tailing due to energy-loss, pile-up due to the rescattering 
( = 8% probability) of an undetected 511 keV annihilation photon in the positron de
tector, the high multiplicty of 5-electrons striking the electron detector (S20% prob
ability), and the finite Si(Li) resolution for the fast TOF pickoff. Pulse-height 
corrections (i.e., energy resolution, tailing, and pileup) are made for positrons or 
electrons by the standard method of sampling at random the inverse, F-1, of the cu
mulative probability of observing an energy E, given incident energy E0,
F(E,E0) = [0jE R(E',E0) dE']/[0J°° R(E',E0) dE'], (C.1)

where R(E,E0) is the experimental response function determined from measurements 
with conversion electron line sources, by iterative unfolding of 0-decay source spec
tra, or from measurements of pileup as described above.

The time-of-flight of the positrons and electrons to their respective detectors, 
which depends on their velocity parallel to the solenoid axis, is evaluated by in
terpolating a smooth function of energy and polar emission angle, calculated with 
ECPI. The fast timing resolution of the Si(Li) detectors is =4 ns FWHM for electrons 
and = 7 . 5  ns FWHM for positrons, compared to average flight times to the counters
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from 4 to 15 ns, with a mean of ~ 8 ns. Low-energy electronic discriminator thresh
olds are measured separately for each detector. No attempt is made to evaluate the 
detector response in a "microscopic" Monte-Carlo fashion tracking the penetration 
of a positron or electron into the silicon crystal. To the extent that energy-loss, 
backscattering, and time resolution are independent of the angle and position of in
cidence, or more realistically, that a broad range of Doppler-shifted emission mo
menta and incidence angles map onto closely spaced detected positron and electron 
energies, this pseudo-Monte-Carlo approach is extremely accurate.
Section C.4 Event Analysis

Detected positrons and electrons are analyzed by a logical duplicate of the experi
mental data analysis program, discussed in Sec. 5.3. Adjustments are made to the 
times-of-flight to correct, in an average way, for positron or electron energy and PPAC 
timing. (PPAC's provide the experimental "start" signal, which depends on heavy- 
ion TOF as a function of the scattering angles 0 and <p). Resulting time distributions 
reflect, in principle, only the positron or electron emission angle with respect to the 
solenoid axis, and real time delays (e.g., lifetimes). Positrons are experimentally 
identified by a clean three-fold coincidence signal: 1) prompt kinematic coincidence 
between both PPACs indicating a quasi-elastic binary heavy-ion scattering event, 2) 
prompt time and energy signal in the positron Si(Li) detector, and 3) coincident de
tection of > 1 511 keV photon in the Nal(TI) annihilation radiation detector array. As 
a suhset of positrons, we look for a fourth condition, 4) a prompt time and energy 
signal in one of the electron detectors. If both electron counters register, the event 
is discarded to avoid double-counting of the positron, or piling-up of the electron 
signals which distort the positron-electron coincidence distributions. For each se
quential pair of detector elements in the four-fold coincidence pattern, accidental 
background is evaluated by subtracting the event distributions averaged over several 
neighboring beam-pulses from the data of the prompt coincidence beam-pulse. The 
energies of the positron and electron signals are combined to give sum and differ
ence energies as described below. Event sorting is performed first for detected po
sitrons, of which coincidence events are a subset, thus retaining an absolute 
normalization for comparison to experiment.
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A p p e n d i x  D  A b b r e v i a t i o n s

CFD Constant Fraction Discriminator
CM Center-of-Mass
CMS Center-of-Mass System
ECPI Efficiency Calculation by Path Integration
EPC External Pair Creation
EPOS Electron-Positron Solenoid Spectrometer
GSI Gesellschaft fur Schwerionenforschung
HI Heavy-ion
IC Internal Conversion
IPC Internal Pair Creation
LAM Look-At-Me
MCSPEC Monte-Carlo Simulation of Positron-Electron Coincidences
MPC Monoenergetic Positron Creation
PPAC Parallel-Plate Avalanche Counter
SATAN System to Analyse Tremendous Amounts of Nuclear Data
SPE Spontaneous Positron Emission
TOF Time-of-Flight
UNILAC Universal Linear Accelerator
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