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'This report  i s  a review of the a c t i v i t i e s  of the period from 

August 1 , 1981 through August 31 , 1982. The f ina l  analysis of pi -zero 

production' in heavy ion coll  i s i  ons representing experiments a t  the Bevalac 

with a system previous described i s  completed. The main r e su l t s  involve 

cross sections for  central col l is ions resul t ing in the production of 

p i  -zeros, charged, pions , and proton mu1 t i  pl i ci t i  es , and some resu l t s  of 

correlations and low energy gamma radiation. 

Results. from the alpha-alpha experiment a t  the CERN ISR are  

included in the 'form of 'a pub1 i shed paper and an out1 i ne of papers tha t  

are  in press. A short  report  of a col l is ion e f fec t  in an "anomalon" 

experiment i s  included as well. 

The energetic pa r t i c l e  spectra from p--capture i n  medium heavy 

nuclei were studied a t  TRIUMF, using the large sc in t i  1 la t ion counters 

. fo r  neutron and proton detection and multiple Ge(Li ) and NaI(T1) counters. 

The preliminary analysis indicates the presence of such an unusual 

energetic component. The measurement of the pa r t i c l e  and y-ray correlation 

in a--capture in 1 6 5 ~ o  was completed during. t h i s  year ,  and the data analysis 

i s  continuing in order to  elucidate the d iscre te  spectral  fea tures ,  h i g h  

spin generation and other correlat ions.  A measurement was finished in 

our search fo r  a new type of strong perturbation of pionic x-ray by the 

use of coincidences between pionic x-rays and y-rays from a deformed. 

nuclei . 
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RESUM€ OF RESULTS FROM EXPERIMENT E399H 

T. Hallman and L. Madansky 

The experimental apparatus employed i n  experiment 399H-an 

experiment designed t o  search f o r  t h resho ld  phenomena i n  c e n t r a l  c o l l i s i o n s  

o f  r e l a t i v i s t i c  heavy ions-has been descr ibed p r e v i o u s l y  i n  Annual Report, 

DOE/ER/02374-2 (1  981 ) . Fol  1 owi ng i s  a b r i e f  synopsis desc r ib ing  se lec ted 

analyses which have a.lready been completed. S p e c i f i c a l l y ,  t h e  charged 

p a r t i c l e  mu1 t i p 1  i c i  t y ,  r a t e  o f  n e u t r a l  p i o n  product ion ,  and low energy gamma 

r a y  y i e l d s  found t o  cha rac te r i ze  c e n t r a l  c o l l i s i o n s  o f  r e l a t i v i s t i c  ''c and 

4 0 ~ r  on Pb have been discussed b r i e f l y  t o  i n d i c a t e  t h e  charac ter  of t he  

resu l  t s  a f fo rded  by t h i s  research. Furthermore, t h e  associated r a t e  o f  

charged p i o n  product ion  and c h a r a c t e r i s t i c  2 - p a r t i c l e  c o r r e l a t i o n s  w i  11 be 

discussed as w e l l .  The ana lys i s  o f  these data  has been completed and a 

d e t a i l e d  account o f  t he  r e s u l t s  o f  experiment 399H w i l l  be presented i n  the  

doc to ra l  d i s s e r t a t i o n  o f  T. Hallman as w e l l  as i n  a for thcoming p u b l i c a t i o n .  

I t  i s  thought t h a t  these data  are  among the  most comprehensive taken t o  

date  i n s o f a r  as a g rea t  many c h a r a c t e r i s t i c  parameters have been examined 

s imul taneously.  As a consequence, these r e s u l t s  are o f  p a r t i c u l a r  i n t e r e s t  

and, hope fu l l y ,  w i  11 p rov ide  a more complete d e s c r i p t i o n  uf v e l a t i v i s t i c  

heavy i o n  c o l l  i s i o n s  than any a v a i l a b l e  thus f a r .  

Using a 40-element dE/dx s c i n t i l l a t c j r  a r ray ,  i t  was p o s s i b l e  t o  

determine s t a t i s t i c a l l y  t he  average number o f  charged r e a c t i o n  products 

associated w i t h  a g iven heavy i o n  c o l l i s i o n .  The mu1 t i p l i c i  t y  d i s t r i  bu- 

t i o n s  from which average values have been e x t r a c t e d  are  shown i n  F ig .  la -h .  

While t h e  upstream and t o t a l  m u l t i p l i c i t y  d i s t r i b u t i o n s  a re  g e n e r a l l y  

symmetric, even gaussian i n  appearance, the  downstream d i s t r i b u t i o n s  e x h i b i t  
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TABLE I  : Charged P a r t i c l e  Mu1 ti p l  i c i  ty 

* Cor rec ted  f o r  co inc idence  summing o n l y .  

t Cor rec ted  a d d i t i o n a l l y  f o r  m i s s i n g  d e t e c t o r  acceptance. 

tt Cor rec ted  a d d i t i o n a l l y  f o r  p r o t o n  low energy t h resho ld .  

VII 
<m> 
r e a  1 

downstream 
(a )  ( b1  

8.8'1.7 8.8 

15.6'1.4 16.0 

16.4'1.9 16.8 

16.9k2.3 17.5 

18.4f3.6 19.2 

18.7k3.1 19.3 

20.1f3.9 20.7 

39.7 

I  

Energy 

(GeV/n 1 

.4 

1.05 

1.3 

1.5 

1.7 

1.9 

2.1 

1 .a 

v I  
<m> 
rea  1 

(aIupstream 
2 AM ( b  M ~ + ( ( r n )  1 

5. l f2 .4  .47 5.3 

9.Jf3.2 .34 9.6 

12.0f4.1 .34 12.3 

13.4'4.6 .34 13.7 

13.6'4.8 .35 13.8 

15.5'5.5 .35 15.7 

15.3'5.6 .37 15.5 

20.4'8.4 .41 20.7 

I  I  

Beam 

2~ 

2~ 

2~ 

2~ 

12c 

2~ 

2~ 

4 0 ~ r  

IV 
<m> 

measured 
upstream 

4.5 

7.4 I 

9.0 

9.7 

9.7 

10.6 

10.5 

12.6 

X 
<m> 
r e a l  

t o t a l t t  

15.7 

28.4 

32.2 

34.5 

36.5 

38.7 

40.0 

67.2 

VIII 
<m> 
r e a l  

t o t a l *  

14.1 

25.6 

29.1 

31.2 

33.0 

35.0 

36.2 

60.4 

I 1  I 

Targe t  

208Pt 

'08Pb 

'08Pb 

20.8pb 

2t08pb 

'08Pb 

'08Pb 

2 " 8 ~ b  

v 
<m> 

measured 
downstream 

6.9 

10.7 

11 .O 

11.4 

12.0 

12.1 

12.6 

17.3 

I  X 
<m> 
r e a  1 

t o t a l t  

14.8 

27.0 

30.6 

32.8 

34.7 

36.9 

38.1 

63.6 



somewhat g r e a t e r  asymmetry due t o  a  low m u l t i p l i c i t y  c u t o f f  used t o  e l i m i n a t e  

non ta rge t -assoc ia ted  background events. From F i g .  1  however, i t  i s  c l e a r  

t h a t  t h e  asymmetry i n t roduced  i n  t h i s  manner i s  minimal and the  assoc ia ted  

e r r o r  made i n  e v a l u a t i n g  the  downstream average i s  smal l .  Nevertheless, i t  

i s  noted.  t ha t ,  because o f  t he  low mu1 t i  p l  i c i  t y  c u t o f f  made, values of 

t h e  downstream m u l t i p l i c i t y  e x t r a c t e d  f rom these d i s t r i b u t i o n s  must be r e -  

garded as rep resen t i ng  an upper l i m i t .  

Values o f  t h e  average r e a l  mu1 t i p l  i c i  t y  o f  charged r e a c t i o n  products  

d e r i v e d  f rom the  d i s t r i b u t i o n s  shown i n  F ig .  1  a re  l i s t e d  i n  column 10 o f  

Tab1 e  I. These r e s u l t s  have been co r rec ted  f o r  cu i  11c.i der~ce summing , miss ing  

d e t e c t o r  acceptance, and a  low energy t h r e s h o l d  imposed by the  c o n s t r u c t i o n  

o f  t he  mu1 t i p l  i c i  t y  d e t e c t o r  i t s e l f .  Upon f u r t h e r  s u b t r a c t i n g ,  where 

p o s s i b l e ,  t h e  number o f  compton e lec t rons ,  charged p ions  and e l e c t r o n  showers 

es t imated t o  c o n t r i b u t e  t o  t h e  values quoted i n  Table I, the  est imated number 

o f  nuc leon ic  charged secondaries denoted i n  Table I 1  i s  a r r i v e d  a t .  One notes 

t h a t  values o f  t h e  average mu1 ti p l  i c i  t y  o f  nuc leon ic  charges so de r i ved  

I a r e  i n  f a i r  agrecmcnt w i t h  those p r e d i c t e d  hy t h e  f i r e b a l l  model (column 1  , 

Table 11) a l though i t  i s  a l s o  noted t h a t  as the  beam energy i s  inc reased f o r  

a  gi-ven t a r g e t - p r o j e c t i l e  combinat ion, t he  model does r10.t appear t o  r e -  

produce t h e  a t tendan t  inc rease i n  t he  mu1 t i  p l  i c i  t y  o f  nuc leon ic  charges 

observed expe r imen ta l l y .  

I n  addi t ior1 10 be ing  s f  i n t r i n ~ i c  i n t e r e s t ,  t h e  mu1 t i p l  i c i t y  

i n f o r m a t i o n  measured i n  experiment 399H was a l s o  used t o  parameterize o t h e r  

q u a n t i t i e s  of i n t e r e s t ,  e.g., t he  r a t e  o f  charged p ion  product ion .  

It i s  by now g e n e r a l l y  supposed t h a t ,  as the  impact parameter o f  



TABLE 11: Estimated Nucleonic Charges 

I 
[Beam 

Energy 
(GeV/n 

'1 .05 

2.1 

1.8 

- 

I I I 
Target 

Nucleus 

'08pb 

'08pb 

208pb 

I I 
P r o j e c t i l e  

I on 

2~ 

Z~ 

4 0 ~ r  

I V 
To ta l  Charges 

Observed 
pe r  Event 

28.4 

V 
Estimated 

Non-nucleonic 
Charged P a r t i c l e s  

per  Event 

2.8 - 3.0 

7.1 - 7.8 

14.8 - 17.9 

v I 
Estimated 
Nucleonic 

Charged P a r t i c l e s  
per  Event 

25.6 - 25.4 

32.9 - 32.2 

52.4 - 49.3 

V I  I 
Pred ic ted 

Rroton M u l t i -  
p l i c i t y  

per  Event 
( F i  r e b a l l  ,b=O) 

24 

55 



a c o l l  i  s ion between two re1 a t i v i s t i c  heavy nuclei decreases ,  the r e s u l t a n t  

m u l t i p l i c i t y  of charged secondaries wi l l  increase  although an exact  r e l a t i on -  

sh ip  between the  two var iab les  has not y e t  been es tab l i shed .  Consequently, 

t o  i nves t i ga t e  t he  r o l e  impact parameter may play i n  heavy ion c o l l i s i o n s ,  

t he  data  of experiment 399H were invest igated as  a function of mu1 t i p l i c i t y  

a s  well a s  bombarding energy. 

To accomplish this parameterization of the  da t a ,  each event was 

e s t ab l i shed ,  according t o  i t s  associa ted mu1 t i p l  i c i  t y ,  a s  belonging t o  one 

o r  more of f i v e  d i f f e r e n t  populat ions.  The mu1 t i  pl i  c i  t y  requirements spec i f i c  

t o  each category a r e  l i s t e d  i n  Table I11 as  a function of beam energy and 

p r o j e c t i l e  mass. I t  i s  noted t h a t  in  this context  mu1 t i p l  i c i  t y  r e f e r s  t o  the  

number of dE/dx s c i n t i l l a t o r s  r eg i s t e r i ng  a count in  a given event.  Popula- 

t i ons  I ,  11, and I11 con ta in , respec t ive ly ,  events of success ively  higher 

m u l t i p l i c i t y ,  while population IV cons i s t s  primari ly of events having a low 

assoc ia ted  m u l t i p l i c i t y .  Population contains a l l  events ,  sub jec t  only t o  

a downstream background mu l t i p l i c i t y  cu t .  The regions of the  upstream and 

downstream mu l t i p l i c i t y  d i s t r i b u t i o n s  so defined a r e  i l l u s t r a t e d  in  Fig. 2. 

To measure the  production of high energy gamma rays emanating 

from T O  decay t he  modular NaI system shown i n  F i g .  3 was employed. Two 

5" th ick  by 10" diameter NaI c r y s t a l s  were placed behind a 12" x 12" x k" 

charged p a r t i c l e  veto s c i n t i l l a t o r ,  a  1" th ick (-one rad ia t ion  length)  NaI 

gamma ray converter  with 10" diameter, and a 5" diameter k" th ick  

s c i n t i l l a t o r  paddle. This NaI system was located a t  an angle of 0 = 90' 

w i t h  r e spec t  t o  the  beam ax i s  a t  a  d is tance  of 2 27" from the  t a r g e t .  A 

high energy gamma ray en te r ing  t h i s  acceptance would not be detected by 



TABLE 111: M u l t i p l i c i t y  C r i t e r i a  

Beam Energy (GeV/n) .4 1.05 1.3 1.5 1.7 1.9 2.1 1.8 

P r o j e c t i l e  I o n  

Requi red mu1 t i p l i c i t y *  
f o r :  

Cut  pl Upstream 

Downstream 

Cut 1 Upstream 

Downstream 

Cut 2 Upstream 

Downstream 

Cut  3 Upstream 

Downstream 

Cut  4 Upstream 

Downstream 

*Mu1 t i p 1  i c i  ty, i n  t h i s  i ns tance ,  r e f e r s  t o  t h e  number of dE/dx s c i n t i  l l a t o r s  r e g i s t e r i n g  a coun t .  

The h i g h e s t  p o s s i b l e  m u l t i p l i c i t y  t h e r e f o r e  i s  20 upstream, and 20 downstream. 
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t he  uppermost charged p a r t i c l e  veto,  b u t  approximate ly  50% o f  the  t ime would 

subsequently conve r t  t o  an e l e c t r o n  shower i n  t he  1 "  t h i c k  NaI c r y s t a l  and 

be observed by t h e  5" d iameter  s c i n t i l l a t o r  paddle. The shower would then 

d e p o s i t  i t s  remain ing energy i n  t h e  f i n a l  10" o f  NaI. By summing the  pu lse  

h e i g h t s  f rom a l l  t h r e e  c r y s t a l s ,  t he  t o t a l  gamma r a y  energy cou ld  be determined. 

The uppermost v e t o  s c i n t i l l a t o r  e f f e c t i v e l y  e le im ina ted  charged p a r t i c l e  

contaminat ion  f rom t h i s  measurement, and the  smal l  p r o b a b i l i t y  t h a t  

a neut ron  would i n t e r a c t  i n  the 1 "  t h i c k  NaI c r y s t a l  l imi ted t h i s  source 

of background t o  l e s s  than 1.5%. The o v e r a l l  r e s o l u t i o n  o f  t h i s  d e t e c t o r  

system was determined t o  be 2 17% a t  130 MeV. 

For  t h r e e  o f  t he  reac t i ons  which encompass the  range o f  v a r i a t i o n  

one m igh t  expect  t o  observe i n  t he  present  experiment,  namely 1.05 and 

2.1 GeV/n 'C + '08pb, and 1.8 GeV/n 4 0 ~ r  + '08pb, the  gamma r a y  pu lse  

h e i g h t  d i s t r i b u t i o n s  and abso lu te  double d i f f e r e n t i a l  s i n g l e  photon i n c l u s i v e  

2 spec t ra  d a / d E d ~  a t  90° have been presented i n  F igs .  4-6 and F igs .  7-9, 

r e s p e c t i v e l y .  Several f ea tu res  o f  these spec t ra  r e q u i r e  exp lanat ion .  

Although i t  i s  n o t  immediately obvious i n  every ins tance,  t he  shape 

of these spec t ra  i s  f lawed. Due t o  a problem w i t h  ove r f l ow  counts i n  t he  

t o p  5 "  NaI c r y s t a l  a t  170 MeV, the  spec t ra  shown i n  F igs.  4-6 a r e  

"bunched up" i n  t he  i n te rmed ia te  energy r e g i o n  (140-230 MeV) and consequently 

f a l l  of f  t o o  q u i c k l y  i q  the h igh energy reg ion  2 300 MeV. Th is  e f f e c t  i s  

most pronounced f o r  t h e  2.1 GeV/n + 2 0 8 ~ b  data, a c t u a l l y  g i v i n g  the  

semblance o f  s t r u c t u r e  t o  t h e  f i n a l  d i s t r i b u t i o n s .  As a r e s u l t  o f  t h i s  

d i f f i c u l  t,y , the  d e t a i  1-ed behavior  o f  those spec t ra  above 140 MeV should 

be regarded as suspect,  a l though as ide  f rom t h i s  problem they  a re  thought  
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t o  be accurate to  20-25%. 

In order to  indicate how the t rue shape of these spectra would 

appear were there no d i f f i cu l ty  with overflow counts, corresponding data 

from a subsequent experiment (E486H) have been presented i.n Figs. 10-12 for  

central col l is ions of 1.8 GeV/n 4 0 ~ r  + 2 0 8 ~ b .  In t h i s  experiment, the NaI 

system used to  record data was identical to  the one presently under dis-  

cussion. However, the central col 1 i s i  on t r igger  employed was a sci  nt i  11 a t i  on 

counter located downstream of the t a rge t ,  s imilar  to  tha t  used a t  the triggered 

streamer chamber f a c i l i t y  of the Bevalac. As expected, the curves shown 

in Figs. 10-12 give no indication of s t ructure in the intermediate energy 

region, and do not exhibi t  the precipitous drop in cross section above 

2 200 MeV, observed in the resu l t s  of the present experiment. 

The er rors  shown in Figs. 7-9 and 12 r e f l ec t  the e r ror  due t o  

counting s t a t i s t i c s ,  an assumed e r ro r  of 8% in conversion efficiency 

and an estimated 7% er ror  i n  t r igger  cross section. The uncertainty due to 

the conversion of y-rays w i t h i n  the ta rge t  has not been included since i t  

would not influence the shape of the observed d is t r ibut ions .  I t  i s  important 

to  note, therefore,  t ha t  the absolute double d i f fe rent ia l  spectra presented 

are  additionally uncertain by 15%. Overall, cross section data derived 

from the present experiment are  thought to  be accurate within 20-25% 

aside from the overflow d i f f i cu l ty  discussed above. Alternatively,  fo r  

reasons beyond the scope of th i s  work, absolute cross sections derived from 

experiment 486H are only accurate within a fac tor  of two, although in t h i s  

instance the shape of the double d i f fe rent ia l  spectra i s  thought to  be 

correct .  
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For each o f  t he  d i s t r i b u t i o n s  which has been presented, t h e  r e s u l t s  

o f  a Monte Car lo  c a l c u l a t i o n  t a k i n g  an assumed momentum d i s t r i b u t i o n  o f  IT" 

mesons i n t o  account has been presented as we1 1 ( s o l  i d  1 i ne curve) .  The 

normal iza t ions  used are  a r b i t r a r y  and are  i-ntended t o  represent  the  bes t  

f i t  by eye. I n  the  ins tance o f  1.05 GeV/n 12c + 2 0 8 ~ b ,  the  i n c l u s i v e  data of 

2 
Nagamiya f o r  .8 GeV/n 12c + 2 0 8 ~ b  -+ IT- + Y have been used f o r  comparison, 

3 w h i l e  IT- data from a simi1a.r stream chamber experiment have been used t o  

i n t e r p r e t  t he  2.1 GeV/n 12c + '08Pb and 1.8 GeV/n 4 0 ~ r  + 2 0 8 ~ b  r e s u l t s .  To 

make the  p r e d i c t i o n s  o f  t he  Monte Car lo  as accurate. as poss ib le ,  t h e  number 

o f  computat ional IT" mesons thrown per  event was determined by a poisson 

d i s t r i b u t i o n  having a r e a l  i s t i c  average est imated f rom o t h e r  experimental 

resu l  t s .  Speci fi c a l  l y  , f o r  the  th ree  reac t i ons  d i  scussed above, t h e  average 

number of computat ional IT" mesons thrown pe r  event  was 1, 2, and 5 r e s p e c t i v e l y .  

It i s  a l s o  noted t h a t  t he  c h a r a c t e r i s t i c  r e s o l u t i o n  f u n c t i o n  f o r  t he  NaI 

system was n o t  unfo lded i n  determining the  double d i f f e r e n t i a l  spect ra  

presented above, and, the re fo re ,  had t o  be inc luded  as p a r t  o f  t he  Monte 

Car lo c a l c u l a t i o n .  

Upon inspec t ion  o f  F igs.  7-9 and 12, i t  appears t h a t  w h i l e  the  

p r e d i c t i n n s  of t h e  Monte Car lo  g e n e r a l l y  reproduce t h e  o v e r a l l  trend o f  

the  data, ser ious  d iscrepancies do e x i s t ,  no tw i ths tand ing the  ove r f l ow  

d i f f i c u l t y  discussed above. 

One problem i s  t h a t  t he  observed spectra do n o t  t u r n  over  below 

-60 MeV as one might  expect i f  IT" decay were the  s o l e  source o f  gamma rays 

i n  t h i s  energy range. Th is  i s  p a r t i a l l y  due t o  the  poor r e s o l u t i o n  

c h a r a c t e r i z i n g  the  1"  NaI c r y s t a l  i n  t h i s  reg ion.  However, i t  was a l s o  

determined using a 3 "  x 3"  NaI c r y s t a l  t h a t  t he re  i s  an exponent ia l  low 



energy gamma component which makes a  s u b s t a n t i a l  c o n t r i b u t i o n  t o  the  observed 

c ross  s e c t i o n  below -22 MeV. T o , a s c e r t a i n  whether o r  n o t  t he  low energy 

component might  r e s o l  ve t h e .  d iscrepancy noted above, an ex t rapo la ted  1  ow 

energy gamma r a y  spectrum "smeared" w i t h  an 80% r e s o l u t i o n  f u n c t i o n  was 

sub t rac ted  from each double d i f f e r e n t i a l  s i n g l e  photon i n c l u s i v e  spectrum 

under cons ide ra t i on .  The r e s u l t s  i n d i c a t e  t h a t  the  1  ow energy component 

cannot account f o r  t h e  excess o f  gamma rays  observed i n  t he  20-50 MeV energy 

range. Consequently, assuming the re  are  no systemat ic  e r r o r s  which have 

n o t  been a n t i c i p a t e d ,  one i s  l e d  t o  cons ider  t he  p o s s i b i l i t y  t h a t  t he  excess 

i s  r e a l  and impor tan t ,  a1 though t o  be c e r t a i n  o f  these conclusions, f u r t h e r  

exper imenta t ion  w i t h  an improved 1 "  NaI c r y s t a l  would be requ i red .  

A second obse rva t i on  i s  t h a t  a l though the  Monte Car lo  does suggest, 

f o r  example, t h a t  t he  double d i f f e r e n t i a l  s i n g l e  photon i n c l u s i v e  spectrum 

assoc ia ted  w i t h  t h e  1.8 GeV/n 4 0 ~ r  + '08pb r e a c t i o n  should f a l l  o f f  more 

s l o w l y  than t h a t  assoc ia ted  w i t h  the  1.05 GeV/n 1Zc + L " ' O O ~ b '  r e a c t i o n ,  t h e  data 

do n o t  f o l l o w  t h e  d e t a i l e d  s p e c t r a l  shape which i s  p red i c ted .  Th is  i s  

equal l y  t r u e  o t  t h e  curve generated f o r  t h e  2.1 GeV/n 12c + 2 0 8 ~ b  reaction. 

I n  t h i s  ins tance,  t he  d iscrepancy between the  Monte Car lo  and the  observed 

spec t ra  cou ld  be an i n d i c a t i o n  t h a t  t he  momentum d i s t r i b u t i o n  c h a r a c t e r i z i n g  

t h e  emission o f  n e u t r a l  TO mesons d i f f e r s  s u b s t a n t i a l l y  f rom t h a t  charac- 

t e r i z i n g  charged p i o n  product ion .  I f  so, t h i s  d i s p a r i t y  would tend t o  support  

heavy i o n  c o l l  i s i o n  t h e o r i e s  which invoke the  exf stence o f  hydr -uc ly r~d~~~i  c 

e f f e c t s ,  e.g., nuc lea r  " b l a s t  waves." Un fo r tuna te l y ,  t o  be c e r t a i n  o f  t h i s  

conc lus ion  would once aga in  r e q u i r e  f u r t h e r  exper imenta t ion  w i t h  an improved 

1"  NaI c r y s t a l ,  as w e l l  as a  thorough i n v e s t i g a t i o n  o f  the  Monte Car lo  

program i t s e l  f. 



Using a  Monte Car lo  developed t o  i n t e r p r e t  t he  r e s u l t s  o f  the  present  

experiment, i t  was determined by th rowing 1  computat ional no meson pe r  event,  

t h a t  f o r  the  .8 GeV/n 12c + '08pb -+ n- + Y r e a c t i o n ,  t he  NaI system would have 

detec ted  2 .15% of a l l  t he  no mesons thrown. Addi t iona.1 l y ,  s i m i l a r  c a l c u l a t i o n s  

f o r  2.1 GeV/n "C + Pb304 + n- + Y ,  and 1.8 GeV/n 4 0 ~ r  + Pb304 - n- + Y 

y j  e lded corresponding e f f i c i e n c i e s  o f  .13% and .14% r e s p e c t i v e l y .  Assuming 

the  .8 GeV/n e f f i c i e n c y  t o  remain a p p l i c a b l e  a t  1.05 GeV/n,- t he  i n te rmed ia te  

e f f i c i e n c y  da ta  l i s t e d  i n  Table I V  as a  f u n c t i o n  o f  beam energy and p r o j e c t i l e  

mass were es t imated by i n t e r p o l a t i n g  between the  .8 GeV/n and 2.1 GeV/n r e s u l t s .  

For  t h e  .4 GeV/n "C + 2 0 8 ~ b  r e a c t i o n ,  however, t h e  procedure o u t 1  i n e d  above 

was n o t  fol lowed. I n  t h i s  instance,  the  e f f i c i e n c y  was determined by 

assuming the  emission o f  gamma rays  t o  be approximate ly  i s o t r o p i c  i n  t he  . 

l a b o r a t o r y .  Not ing,  t h e r e f o r e ,  t h a t  the  NaI system subtended .26% o f  the  

a v a i l a b l e  s o l i d  angle, and two gamma rays are  em i t ted  per  no decay, t he  

e f f i c i e n c y  i n  t h i s  i ns tance  was es t imated t o  be .15%, assuming t h a t  t he  

1"  Na.1 c r y s t a l  conver ted 2 .30% o f  the  gamma rays e n t e r i n g  i t s  acceptance. 

Using t h e  e f f i c i e n c y  da ta  l i s t e d  i n  Table I V Y  t he  r a t e  o f  h igh  

energy (?  50 MeV) gamma r a y  p roduc t i on  measured by the  NaI system was 

t rans la ted ,  f o r  each r e a c t i o n  under study, i n t o  an average number o f  no 

mesons produced per  c e n t r a l  c o l  1  i s i  on. These r e s u l t s  have been presented 

i 'n  Table V as a  f u n c t i o n  o f  beam energy, p r o j e c t i l e  mass, and mu1 t i p l i c i t y  

cu t .  For  reference,  t h e  assoc ia ted  abso lu te  no p roduc t i on  cross sec t i ons  have 

been noted i n  Table V as w e l l .  The e r r o r s  shown f o r  t he  <Nno> r e s u l t s  r e f l e c t  

t he  e r r o r  due t o  count ing  s t a t i s t i c s  and an assumed 8% e r r o r  i n  convers ion 

e f f i c i e n c y .  For t he  abso lu te  cross s e c t i o n  da ta  which have been presented, 

the  e r r o r s  shown i n c l u d e  an a d d i t i o n a l  7% e r r o r  i n  t r i g g e r  cross sec t i on ,  



TABLE I d :  E s t i m t e d  Abso lu te  E f f i c i e n c y ;  NaI  System 

Beam Energy P r o j e c t i l e  Targe; Estimat.ed To ta -  Absol u:e E f f i c i e n c y  f o r  

(GeV/n ) I on Nucleus Detec t -  ng r0 Mesons (%) 



as w e l l  as an est imated 15% u n c e r t a i n t y  due t o  the  t a r g e t  c o r r e c t i o n  discussed 

above. It i s  noted t h a t  the  u n c e r t a i n t y  due t o  the  t a r g e t  c o r r e c t i o n  has 

n o t  been inc luded i n  es t ima t ing  t h e  e r r o r  associated w i t h  the  <NIT.> r e s u l t s ,  

s ince i t  would n o t  a f f e c t  the  dependence o f  t he  r a t e  o f . r rOproduct ion  on 

m u l t i p l i c i t y .  

From the  data l i s t e d  i n  Table V ,  i t  would appear t h a t ,  f o r  t he  

"C + '08pb reac t ion ,  t h e  number o f  IT' mesons produced per  c e n t r a l  c o l l i s i o n  

e x h i b i t s  a  genera l l y  smooth increase from 2 (1.17f .06) a t  1.05 GeV/n (Cut g )  

t o  2 (2.845'. 10) a t  2.1 GeV/n (Cut 0 ) .  For 1.8 GeV/n 4 0 ~ r  + *08pb, t h e  

corresponding r a t e  o f  p roduct ion  i s  (4.82k.19) IT" mesons per  c e n t r a l  

c o l l i s i o n .  These r e s u l t s  compare favo rab ly  w i t h  those o f  s i m i l a r  streamer 

chamber experiments! i n  which the  number o f  n- mesons produced per  c e n t r a l  

c o l l i s i o n  was est imated t o  be 2 (1.79f .16) f o r  2.1 GeV/n "C + Pb304 and 

2 5.6 f o r  1.8 GeV/n 4 0 ~ r  + Pb304 I t  i s  observed f rom Table V t h a t  t he  r a t e  

of .rrO p roduc t ion  i s  a  moderately s t rong  f u n c t i o n  o f  t he  " c e n t r a l i t y "  of t he  

c o l l i s i o n .  Consequently, d iscrepancies noted above between the  r e s u l t s  of 

the  present  experiment and those o f  s i m i l a r  experiments may be p a r t i a l l y  due 

t o  d i f fe rences i n  t r i g g e r  c r i  t e r i  a. Addi ti onal l y  , d i  screpanci es between the  

observed r a t e  o f  h igh  energy garnma r a y  product ion  and the  p r e d i c t i o n s  o f  t he  

Monte Car lo  program may c o n s t i t u t e  another c o n t r i b u t i n g  f a c t o r .  It i s  a l s o  

observed t h a t  t h e  smooth increase w i t h  beam energy noted i n  Table V f o r  t he  
4  

r a t e  o f  .rrO p roduct ion  i 's cons is ten t  w i t h  cascade model p r e d i c t i o n s  of t h e  

behavior  expected t o  cha rac te r i ze  charged p i o n  product ion .  

A second observat ion af forded by the  data presented i n  Table V i s  

t h a t  as t h e  charged p a r t i c l e  mu1 t i p 1  i c i  t y  increases and the  c o l l  i s i  on 



TABLE V: <N,.>; NaI System 
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Cut 1 1 1  

<NnO> Orl a 

(mb) 

(1.19~.09)(161f29)(1.29*.35)(12.#4.0) 

(1.57f.51)(24.9f9.0) 

.41)(51.4f12.5) 

Beam Energy 
(GeVIn) 

.4 

1.05 

1.3 

1.5 

Cut I Cut I 1  I 
< N,, 2 one 

(mb) 

(2.14f.11)(9;6f167.1 2.39f.16)(514f91)(1.77f.36)(56.~14.9) 

.18) (673*120:(3.07*.48)(125 t 28) 

Cut I V  

<n,. > O710 

(mb) 

( .96f .ll)( 84f17) 

(1.611f.l7)(255f50) 

(1.73f .13)(335f61) 

(.026f .017)(. 15f.09 

(1.17+.07)(2€9-)50) 

(1 .i7f .12)(5E7+99) 

(1.90+.09)(6~5-+117 

Cut 0 
<Nil,> 

(mb) 

(.025+~016)(.15+.09) 

(1.172.06) (347+60) 

(1 .nf. 11)(685*121) 

(1 .E5* 08)(916*156) 

1.7 

1.9 

2.1 

1.8 

Projecti le 
Ion 

2~ 

2~ 

2~ 

2~ 

I .023~.021)(.07~06)1 

[2.02*.20)(274+52) 

[[1.95+. 14)(313+56)(2.29f 

(l.Wf.l5)(488f88) 

(2.52d.17)(716*12?) 

(?.%1.15)(940f16C) 

( 9 .  t2f .24) (3465t56.5) 

lZC I 2 0 8 ~ t a  

*C 208~b 

2~ 208~b 

4 0 ~ r  208~b 

li 

Target 
Nucleur 

208~b 

208~b 

208Pb 

208~t 

(2.10f .09)(1265f215) 

(2.50+,11)(1877f317) 

(2.~;5f.10)(2279+383) 

(4.82f. 19) (6459t1015) 



presumably becomes more c e n t r a l  the  measured r a t e  o f  T O  product ion  appears 

t o  incre'ase s u b s t a n t i a l l y .  This e f f e c t  becomes more pronounced as t h e  beam 

energy and/or p r o j e c t i l e  mass a re  ra ised,  being o n l y  s l i g h t l y  ev iden t  f o r  

1.05 GeV/n 'C + '08pb ( .95*.22 -+ 1.29f. 35),  more apparent f o r  2.1 GeV/n 

12c + '08pb (2.56t.  15 -+ 4.07*. 56),  and q u i t e  dramat ic  f o r  1.8 GeV/n 

4 0 ~ r  + '08pb (4.12f .24 -+ 7.84f1.07). The o r i g i n  o f  t h i s  increase i s  n o t  

immediately apparent. It cannot, f o r  example, be accounted f o r  by increased 

i s o t r o p y  o f  t h e  IT" momentum d i s t r i b u t i o n .  Since, however, t he  "explos ive-  

ness" o f  the  c o l l i s i o n  i s  thought t o  increase as the  impact parameter 

decreases, ' the observed e f f e c t  might  be p a r t i a l l y  due t o  an increase i n  the  

average number o f  nucleon-nucleon c o l l i s i o n s  o r  an increased " s u r v i v a l  r a t e "  

:( . . f o r  t h e  rO mesons which are  produced. 

It i s  g r a t i f y i n g  t o  note  t h a t  t he  est imated r a t e  (.025*.016) of 

rO produc t ion  f o r  .4 GeV/n "C + '08pb i s  cons is ten t  w i t h  t h e  r a t e  est imated 

5  by Bertsch f o r  t h resho ld  p ion  product ion  i n  s i m i l a r  heavy i o n  c o l l i s i o n s .  

It i s  est imated, f o r  example, by e x t r a p o l a t i n g  the  c a l c u l a t e d  r e s u l t s  f o r  

160 + 2 3 8 ~ ,  t h a t  a t  .4 GeV/n the  number o f  r mesons produced a  p r i o r i  should 

be -(1/2.5).  Assuming the  product ion  o f  IT" mesons accounts f o r  one-th i  r d  

the  t o t a l ,  and a l l o w i n g  as w e l l  f o r  an "escape" probability .of 113, the  

observed r a t e  o f  T O  product ion  would be .044 per  c o l l i s i o n .  Sca l ing  t h i s  

r a t e  o f  p roduct ion  by the  mass o f  "C r e l a t i v e  t o  160 (.75),  one would 

expect the  measured r a t e  o f  no product ion  f o r  .4 GeV/n "C + '08pb t o  be 

.033 pe r  c o l l . i s i o n  which agrees, w i t h i n  s t a t i s t i c s ,  w i t h  the  experimental 

r e s u l t .  It i s  thought,  t he re fo re ,  t h a t  t he  NaI data presented above con ta in  

l i t t l e  o r  no background, and t r u l y  r e f l e c t  t h e  r a t e  o f  IT" product ion  which 

i occurs i n  c e n t r a l  c o l l i s i o n s  o f  r e l a t i v i s t i c  "C and 4 0 ~ r  on '08pb. 



To provide an independent measurement of the production of high 

energy gamma rays from r0 decay, two walls of lead glass blocks, one on 

e i t h e r  s ide  of the beam l i n e ,  were also employed. Each wall consisted of 

twelve pieces of lead g lass ,  configured as 3 rows of 4 blocks each. Eighty-one 

percent of each lead glass  hodoscope was shielded by an upstream Cerenkov 

telescope., which eliminated spurious counts due to  f a s t  charged par t ic les .  

Using the i ncl usi ve data of ~ a ~ a m i ~ a '  fo r  .8 GeV/n 'C + 208~b,-+~, 

3 and data from similar  streamer chamber experiments for  2.1 GeV/n 

2~ + Pb304 + r' + Y ,  a Monte Carl o program taking an assumed momentum 

dis t r ibut ion  of re mesons in to  account was developed in order t o  in te rpre t  

the response of the lead glass detector system. 

From the r e su l t s  of the Monte'Carlo program, i t  was determined by 

throwing 1 computational r0 meson per event, t ha t  for  the .8 GeV/n 

12c + 2 0 8 ~ b  + r- + Y reaction the upstream lead glass columns under study 

would have detected 2 3.5% of a l l  the r0 mesons thrown. Additionally, 

s imilar  calculations f o r  2.1 GeV/n "C + PbgOq + r- + Y and 1.8 GeV/n 

4 0 ~ r  + '08pb -+ .I,- + Y yielded corresponding ef f ic ienc ies  of 2 2.9% and 

3.1% respectively.  Assuming the .8 GeV/n efficiency to  remain applicable 

a t  1.05 GeV/n, intermediate efficiency data were estimated by interpolating 

between the .8 GeV/n and 2.1 GeV/n resu l t s .  The efficiency f o r  .4 GeV/n 

12c + '08pb was determined by extrapolating below .8 GeV/n. 

Using the eff ic iency data derived in th i s  manner the ra te  o f  high 

energy (-50 MeV) gamma ray production measured by the upstream lead glass 

columns was t ranslated f o r  each reaction under study, in to  an average number 

of r0 mesons produced per central  co l l i s ion .  The r e su l t s  have been presented 



in Table VI as a function of beam energy, pro jec t i le  mass, and mult ipl ic i ty  

cut.  For reference, the associated absolute a0 production cross sections 

have been noted in Table VI as well. The er rors  shown re f l ec t  the e r ro r  

due t o  counting s t a t i s t i c s ,  as well as an estimated 5% uncertainty due to  

the ta rge t  corrections.  

From the data l i s t e d  in Table VP, i t  would appear tha t  several 

observations previously noted from measurements made with the NaI system 

apply to  the resu l t s  of the lead glass measurement as well. 

For the 12C + '08pb reaction, the number of a0 mesons produced 

per central col l is ion exhibi ts  a generally smooth increase from ( .99'.05) 

a t  1.05 GeV/n ( C u t  .@) ,  t o  % (2.92f. 15) a t  2.1 GeV/n ( C u t  g) . For 1.8 GeV/n 

4 0 ~ r  + '08pb, the corresponding ra te  of production: i s  ' (5.37f .27) no mesons 
, . 

per central co l l i s ion .  These resu l t s  compare favorably with those of s imilar  
3 

stream chamber experiments, in which the number of a- mesons produced per 

central col l is ion was estimated t o  be (1.79t.16) fo r  2.1 GeV/n 

12C + Pb304 and 2 5.6 f o r  1 .8 GeV/n 4 0 ~ r  + Pb304 I t  i s  noted from the 

l i t e r a t u r e  tha t  in determining the l a t t e r  streamer chamber r e su l t ,  special 

care was taken t o  insure tha t  the events analyzed were acutely cent ra l ,  

having b 5 4.5 fm in an ideal geometric picture .  However, in specifying 

the resu l t s  f o r  2.1 GeV/n '*c + pb304, ' the t r igger  i s  described as " ine la s t i c , "  

re ject ing only the most noni nteract i  ve col 1 i s i  ons . Consequently, since the 

r a t e  of pion production in general i s '  thought to  be a moderately strong 

function of impact parameter, the re la t ive ly  large discrepancy observed 

above the 2.1 GeV/n 12C + '08pb reaction might be a ref lect ion of d i f fe r ing  

t r igger  c r i  t e r i  a.  
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A second observation afforded by the data presented in Table VI i s  

t ha t  as the charged p a r t i t l e  mu1 tip1 i c i  ty increases,  and the co l l i s ion  becomes 

more cent ra l ,  the ra te  of IT" production increases substant ial ly .  Further- 

more, t h i s  e f f ec t  becomes more pronounced as the beam energy and/or pro jec t i le  

mass are  raised, being only s l igh t ly  evident fo r  1.05 GeV/n 12c + 2 0 8 ~ b  

(.89'.05 -+ 1.00'.1), b u t  quite dramatic f o r  1.8 GeV/n 4 0 ~ r  + 2 0 8 ~ b  

(4.29k.22 -+ 8.22k.48). Since both of the trends were also observed in 

measurements made w i t h  the NaI system (Table V )  i t  would appear tha t  they 

are  real and important, a1 though, once again, the origin of the increased 

r a t e  of IT" production i s  not immediately clear .  I t  i s  possible tha t  as the 

impact parameter of the col l is ion decreases, e i the r  the average number of 

nucleon-nucleon col l is ions becomes la rger ,  or the "survival ra te"  f o r  IT" 

mesons which a re  produced increases . 
The ra te  of r0 production fo r  .4 GeV/n 12c + 2 0 ' 8 ~ b  has not 

been presented in Table VI since the as.sociated.tota1 absolute efficiency 

i s  somewhat uncertain. I t  i s  observed, however, t ha t  were the .4 GeV/n 

eff  i ci ency noted above correct ; the correspondi ng r a t e  of IT" producti on 

would be .2-.4 per event under the present assumptions. This resu l t s  i s  

too high by approximately a fac tor  of 10 i f  measurements made with the NaI 

system are  regarded as correct .  

One possible explanation i s  t ha t  because .4 GeV i s  near the 

threshold for  T" production, kinematic correlat ions may cause the back to  

back upstream lead glass columns to  be more e f f i c i e n t  than expected. 

Alternatively,  the d i spa r i ty  noted above could be due to  a neutral background 

component which i s  only s igni f icant  fo r  the .4 GeV/n "C + '08Pb reaction. 

Although i t  i s  not sat isfying to  propose a separate background to account 



f o r  t h e  r e s u l t s  o f  one measurement, i t  i s  t r u e ,  f o r  example, t h a t  t he  np 

t o t a l  and nC i n e l a s t i c  c ross  sec t ions  would become s u b s t a n t i a l l y  l a r g e r  as 

t h e  average neut ron  energy decreased, i nc reas ing  the  o v e r a l l  possi  b i  1  i t y  o f  

i n t e r a c t i o n  w i t h i n  the  d e t e c t o r  system. Un fo r tuna te l y ,  a1 though p l a u s i b l e  

exp lana t i ons  can be rendered f o r  the  excessive s ignature.  r a t e  observed fo r  

.4 GeV/n 2~ + 2 0 8 ~ b ,  i t  i s  n o t  p o s s i b l e  t o  p r o f f e r  a  d e c i s i v e  i n t e r p r e t a t i o n  

of t h i s  d iscrepancy w i t h o u t  f u r t h e r  exper imentat ion.  

It i s ,  however, g r a t i f y i n g  t o  no te  t h a t  the  l e a d  g lass  r e s u l t s  

quoted i n  Table V I  compare very  w e l l  w i t h  the  da ta  presented p r e v i o u s l y  f o r  

t h e  Naf d e t e c t o r  system (Table V). The e x c e l l e n t  agreement between the  t w o ,  

d e s p i t e  t h e  r e l a t i v e l y  l a r g e  d i f f e r e n c e  i n  t he  number and magnitude o f  

t h e  c o r r e c t i o n s  taken i n t o  account suggests t h a t  the  i n t e r p r e t a t i o n  g iven 

t o  t h e  measured r a t e  o f  h igh  energy gamma r a y  p roduc t i on  i s  c o r r e c t  f o r  bo th  

d e t e c t o r  systems. 

A 3!' x 3" NaI crystal  l o c a t c d  a t  900 w i t h  respec t  t o  t h e  beam, 

p rov ided  an i n c l u s i v e  measurement o f  t he  spectrum o f  low energy gamma rays 

( . 7  MeV $ E 2 7 MeV) assoc ia ted  w i t h  c e n t r a l  c o l l i s i o n s  o f  r e l d t l v l s t l c  

heavy i ons .  

For  t h r e e  r e a c t i o n s  which encompass the  range o f  v a r i a t i o n  one 

m igh t  expect  t o  observe l n  the present  experlrnent , 1.05 ar~d 2.1 GeV/rl 

12c + 2 0 8 ~ b  and 1.8 GeV/n 4 0 ~ r  + 'O8Pb , the abso lu te  double d i f f e r e n t i a l  

s i n g l e  ~ h ~ t o n  i n c l u s i v e  spec t ra  d 2 0 ( 9 0 0 ) / d ~ d ~  assoc ia ted  w i t h  the  Cut O 

da ta  sample have been presented i n  F igs .  13, 15 and 17. To i l l u s t r a t e  the  

dependence o f  these r e s u l t s  on charged p a r t i c l e  mu1 ti p l  i c i  t y  , corresponding 

spec t ra  assoc ia ted  w i t h  the  Cut I 1  data  sample a re  shown i n  F igs .  14, 16 and 

18. Several f ea tu res  o f  these spec t ra  r e q u i r e  exp lanat ion .  
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The data shown i n  Figs. 13-18 were calculated by dividing the observed 

gamma ray pulse height dis t r ibut ions by the total  absolute efficiency charac- 

t e r i z ing  a 3" x 3" NaI crystal  loacted a t  a distance of s 23" from a radiating 

point source. Additionally, a veto correction was made to  correct fo r  the 

poss ib i l i t y  of an accidental coincidence between a charged pa r t i c l e  and a 

low energy gamma ray. I t  was not possible to  correct these data for  neutron 

background which i s  therefore estimated t o  comprise (10-15)% of the low 

energy gamma ray spectra presented. Furthermore, i n  calculating the resu l t s  

shown in  Figs. 13-18, the charac ter i s t ic  resolution (;7% a t  1.2 MeV) of the 

3" x 3" NaI crystal  was not unfolded, t h i s  type of reconstruction being 

unwarranted in view of the s t a t i s t i c a l  accuracy of the data.  The er rors  

shown . re f lec t  the e r ro r  due t o  counting s t a t i s t i c s ,  and an estimated 7% 

uncertainty in t r igger  cross section. 

Upon inspection of the spectra presented in Figs. 13-18, several 

qua1 i t a t i v e  observations can be made. 

I t  w i  l i be noted f i r s t ,  for  example, tha t  in general t he  spectra 

of low energy gamma rays associated w i t h  central co l l i s ions  of r e l a t i v i s t i c  

2~ and 4 0 ~ r  on '08pb' decrease monotonically, showing no apparent signs of 

s t ruc tu re ,  subject t o  the i n t r i n s i c  resolution of the 3" x 3" NaI crys ta l .  

This behaiior would appear to  be consistent with the resu l t s  of s imilar  
' 6 

in-beam nuclear gamma ray s tudies  which indicate tha t  d iscre te  t ransi t ions 

a re  only observed in peripheral coll  is ions of re I a t ' iv i s t ic  heavy ions where 

the energy and momentum transferred t o  the ta rge t  nucleus are  small. 

A second observation afford by the data presented in F i g s .  13-18 

i s  t ha t  the spectra generally appear to  consis t  of two components, one 
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component having a l a r g e  decay constant  and ranging up t o  2 1 MeV, t h e  o t h e r  

ex tend ing t o  h ighe r  photon energies and f a l l i n g  o f f  more s lowly .  The low 

energy component was n o t  i n v e s t i g a t e d  i n  t h e  c u r r e n t  study, s ince t h i s  

r e g i o n  o f  t he  observed spect ra  i s  most sub jec t  t o  t h e  e f f e c t s  of neutron 

background, and i s  c lose  as w e l l  t o  the  end o f  the  dynamic range o f  t he  ADC 

used t o  i n t e r p r e t  pu lse  h e i g h t  i n fo rma t ion .  Upon examinat ion of the  h igh  

energy component, however, i t  was observed t h a t  t h i s  reg ion  o f  the low 

energy gamma ray  spect ra  i s  w e l l  f i t  by an exponent ia l ,  rep resen ta t i ve  

curves be ing presented i n  F igs .  19a-c f o r  t he  th ree  reac t i ons  under study. 

The apparent s t r u C t u r e  shown i n  F l g .  19 f o r  L l ~ e  2.1 GrV/n 12c + '08pb 

r e a c t i o n  i s  thought  t o  a r i s e  from count ing  s t a t i s t i c s ,  s ince t h i s  f e a t u r e  

was n o t  observed i n  the  corresponding 1 .Y GeV/n "C + 'ORpb spectra,  n o r  

i n  a s i m i l a r  2.1 GeV/n "C + '08pb gamma r a y  spectrum measured i n  a sub- 

sequent experiment. Values of t he  i nve rse  decay constant  der ived f rom t h i s  

f i t t i n g  procedure a re  presented i n  Table V I I  a long w i t h  associated values 

of t h e  reduced c h i  square. 
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TABLE V I I  : F i t t e d  Values o f  t he  Slope of T y p i c a l  Low Energy Gamma Ray Spec t ra  
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I t  will  be recal led from previous work7 t h a t  t o  measure the production 

of energetic charged pi mesons, two octagonal arrays of luc i t e  Cerenkov 

telescopes were employed. Each telescope consisted of two 1%" thick pieces 

of UVT p las t ic  separated by a removable sheet of %" thick lead. With the 

lead converters removed, charged pions having energies - > 70 MeV would Cerenkov 

radia te  i n  the UVT l u c i t e  and be detected simultaneously in both elements 

of a given Cerenkov telescope. In terms of the notation developed . 

previously, the r a t e  per event of charged pion production measured by a given 

telescope would therefore be expressed, 

the f i r s t ,  index referr ing t o  the inner Cerenkov counter, the second to  the 

outer Cerenkov detector ,  and the " I " ,  (as  opposed to  "O"), denoted fo r  both 

counters .indicating t h a t  each had registered a count. (Primed signature r a t e s ,  

e.g. R 1 ( O , O )  represent measurements made w i t h  the lead converter sheets 

inserted. ) However, before the raw coincidence rates  denoted by expression 1 

could be interpreted properly, several substanti a1 corrections had to  be 

taken in to  account. 

I t  should a1 so be pointed' out tha t ,  since the downstream luci t e  

Cerenkov telescopes were subject t o  substantia1l.y hiqher . levels  of backqround 

than the corresponding upstream detectors ,  only pion data provided by the 

l a t t e r  have been t reated in the discussion which follows. 

~ccount inq  f o r  the poss ib i l i ty  of an accidental coincidence between 

a noise signature,  (1 ,0 ) ,  and a high energy gamma-ray signature,  (0 ,I ) , 



!. c o n s t i t u t e d  one c o r r e c t i o n  impor tan t  t o  a  proper  i n t e r p r e t a t i o n  o f  t he  response 

o f  t h i s  d e t e c t o r  system. This c o r r e c t i o n  was accomplished i n  the  standard 

manner by n o t i n g  t h a t  i f  the  measured r a t e  o f  no ise  s ignatures  were R(1,0), 

and t h e  corresponding r a t e  o f  h igh  energy gamma-ray s ignatures  R(0,1), t he  

p r o b a b i l i t y  o f  an acc iden ta l  co inc idence between the  two was approximate ly  

The t r u e  r a t e  o f  charged p ion  p roduc t i on  would t h e r e f o r e  be c a l c u l a t e d  

Rn (1  91) = RT (1  $1)  - ( R ( ~ ~ O ) X R ( O ¶ ~ ) )  ( 3 )  
TRUE measured 

This method o f  c o r r e c t i n g  f o r  acc iden ta l  co inc idences i s  an approxi  - 
mation, s ince  t h e  measured r a t e s  themselves r e q u i r e  c o r r e c t i o n .  However, 

f rom t h e  sample da ta  l i s t e d  i n  Table V I I I ,  i t  would appear t h a t  t he  R(1,O) 

and R(0, l)  s i gna tu re  r a t e s  bo th  remain smal l  compared t o  u n i t y  f o r  -a1 1  the  

r e a c t i o n s  under s tudy,  and as a  consequence t h i s  method o f  c o r r e c t i o n  can 

be considered v a l i d .  The magnitude o f  t he  c o r r e c t i o n  i t s e l f  appears t o  

range f rom ' 12.5% f o r  1.05 GeV/n 'C + '08pb t o  " 8.5% f o r  1.8 GeV/n 

4 0 ~ r  + '08pb. 

A second impor tan t  c o r r e c t i o n  cons i s ted  o f  e s t i m a t i n g  the  percentage 

of IT" gamma rays  which were conver ted t o  e l e c t r o n  p a i r s  w i t h i n  the  t a r g e t ,  

and subsequently emulated the  (1  , I )  charged p i o n  s. ignature. 

Taking the  acceptance o f  t he  upstream l u c i t e  Cerenkov te lescopes 

i n t o  account, i t  was determined t h a t ,  f o r  t he  "C + '08pb reac t i ons  ( t a r g e t  

th ickness  .015"),  t he  average pa th leng th  o f  l e a d  t rave rsed  by a  gamma r a y  

w i t h i n  the  t a r g e t  was 2 .29 r a d i a t i o n  lengths ,  a  r a d i a t i o n  l e n g t h  o f  l e a d  

t being .25". Not ing  t h e r e f o r e  t h a t  t he  p r o b a b i l i t y  o f  convers ion i s  7/9 

per  r a d i a t i o n  l e n g t h  i n  t h i s  energy range, i t  was est imated . . t h a t  22% 
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of the gamma rays entering the acceptance of an upstream l u c i t e  Cerenkov 

telescope shoul'd have converted within the ta rge t .  A s imilar  analysis fo r  

the 4 0 ~ r  + '08pb reaction in which a thicker ta rge t  (.04Z1')' was used, 

indicated a 'corresponding conversion. ra te  of 34%. 

Having calculated the percentage of gamma rays which should have 

converted within the t a rge t ,  the number of gamma rays per event entering 

the acceptance of an upstream Cerenkov telescope was estimated using the 

IT" production rates  presented in the previous section. 

Using the inclusive data o f  ~ a ~ a m i ~ a ~  fo r  .8 GeV/n "C + '08pb -+ 

a- + Y ,  and data from a s imilar  streamer chamber experiment3 fo r  2.1 GeV/n '*c 
+ Pb304 -+ r- + Y, and 1.8 GeV/n 4 0 ~ r  + Pb304 -+ n- + Y ,  a Monte Carlo program 

taking an assumed momentum dis t r ibut ion  of IT" mesons in to  accouit was 

developed to  determine the geometric efficiency of an upstream luc i t e  

Cerenkov telescope for  detecting high energy gamma rays emanating from T" 

decay. The efficiency data derived i n  t h i s  manner are  l i s t e d  i n  Table IX 

as a function of beam energy and pro jec t i le  mass. Using these r e su l t s ,  

i t  was possible fo r  each reaction under study to  t r ans l a t e  the ra te  of IT" 

production indicated i n  Table VI in to  the average number of h i g h  energy 

gamma rays entering the accepta.nce of the upstream Cerenkov detector system 

per event. The conversion probabi l i t ies  discussed above were then used to  

estimate the r a t e ,  per event, of f a l se  (1 , I )  charged pion signatures due t o  

gamma-ray conversion within the ta rge t .  The magnitude of t h i s  correction 

i s  indicated hy the sample data presented i n  Table X from which i t  i s  noted 

tha t  subtraction of the f a l se  ( 1 , l )  signature r a t e  due t o  t h i s  source of 

e r ror  general ly reduces the observed "charged pion" signature ra te  by 
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Beam Energy P r o j e c t i l e  T a r g e t  Es t ima ted  Geometr ic E f f i c i e n c y  
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25% f o r  the  12c + '08pb reac t ions ,  and 2 40% f o r  t h e  4 0 ~ r  + '08pb r e a c t i o n .  

A  t h i r d  c o r r e c t i o n  e s s e n t i a l . t o  a  proper i n t e r p r e t a t i o n  o f  t he  

response o f  t he  Cerenkov te lescope.detec. tor  system cons is ted o f  es t ima t ing  

the  background due t o  protons energe t i c  enough t o  emu1 a t e  the  ( 1  ,.I ) charged 

p i o n  s ignature .  

Using standard formulae8 t o  c a l c u l a t e  the  i o n i z a t i o n  energy l o s s  

expected f o r  a  pro ton t r a v e r s i n g  a  g iven th ickness o f  m a t e r i a l ,  i t  was 

est imated t h a t  a t  90° a  pro ton would r e q u i r e  2 350 MeV t o  be above the  

e f f e c t i v e  th resho ld  f o r  d e t e c t i o n  by the  l u c i t e  Cerenkov te lescope counters. 

Furthermore, i t  was noted from t h e  i n c l u s i v e  data o f  ~ a ~ a m i y a '  f o r  

.8 GeV/n "C + '08pb +- p + X t h a t  t he  measured l a b o r a t o r y  p ro ton  i n c l u s i v e  

spectrum was f i t  qu i  t e  we1 1  by an exponent ia l  having an i n v e r s e  decay constant  

of (107 M ~ V ) "  . ~ o n s e i j u e n t l y ,  assuming t h a t  i n  the  energy range - o f  

i n t e r e s t  i n  t h e  present  experiment t h e  pro ton spect ra  f o r  the  "C + *08pb 

reac t ions  might  be cha rac te r i zed  by an exponenti  a1 having a  decay constant  

o f  z (115 MeV)-', i t  was c a l c u l a t e d  t a k i n g  the  Cerenkov e f f i c i e n c y  

i n t o  account t h a t  g4.8X o f  t h e  protons produced should have been energe t i c  

enough t o  d u p l i c a t e  the  (1  ,l ') charged p.ion s igna tu re  and e f f e c t i v e l y  17.3% 

o f  these should have been detected by t h e  l u c i t e  Cerenkov telescopes. A 

40 s i m i l a r  ana lys i s  f o r  t he  A r  + 2 0 8 ~ b  r e a c t i o n  i n d i c a t e d  t h a t  18.2% o f  

the  protons above 350 MeV (2  5.4% o f  the  t o t a l  spectrum) should have produced 

f a l s e  p i o n  si 'gnatures. Using t h e  mu1 ti p l  i c i  t y  informa.t ion prov ided by the  

dE/dx counter  system, i t  was t h e r e f o r e  poss ib le  t o  es t imate  and s u b t r a c t  t he  

r a t e  per  event  o f  f a l s e  (1 , l )  s ignatures  due t o  t h i s  source o f  background. 

Some i n d i c a t i o n  o f  t he  magnitude o f  t h i s  c o r r e c t i o n  may be obta ined from t h e  
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sample da ta  l i s t e d  i n  Table X I ,  f rom which one notes t h a t  t h i s  source o f  back- 

ground appears t o  range from ; 8% o f  t h e  observed. charged p i o n  s igna tu re  r a t e  

f o r  1.05 GeV/n 'C + '08pb t o  4% o f  t he  corresponding r a t e  f o r  1.8 GeV/n 

The measured r a t e  o f  [1,1) charged p i o n  s igna tu res  was a l s o  

co r rec ted  f o r  background due t o  knock-on e lec t rons  and the  "preconvers ion"  

of h igh  energy gamma rays  i n  t he  f i r s t  l u c i t e  Cerenkov counter  o f  a  g iven 

telescope. 

To e f f e c t  the  l a t t e r  c o r r e c t i o n ,  t h e  mass a t t e n u a t i o n  c o e f f i c i e n t  

-2 . 2  -2 2  f o r  a  65 MeV photon was noted9 t o  be 1 . 6 5 ~ 1 0  cm /gm and 1  .50x10 cm /gm 

1  f o r  ''c and H r e s p e c t i v e l y .  Therefore,  observ ing t h e  chemical fo rmula  f o r  

l u c i t e  t o  be C5H802, and i t s  mo lecu lar  weight  ' 6.7 gms/mole, the  co r re -  

sponding mass a t t e n u a t i o n  c o e f f i c i e n t  f o r  l u c i t e  was es t imated t o . b e  

2  ,016 cm /gm us ing  the  r e l a t i o n s h i p  

and assuming the  mass a t t e n u a t i o n  c o e f f i c i e n t  f o r  160 t o  be t h e  same as 

t h a t  f o r  12C. The f a c t o r s  Wi appearing i n  equat ion  4  represent  t he  percentage 

by weight ,  o f  l u c i t e  made up by t h e  i t h  element. 

Having est imated t h e  mass a t t e n u a t i o n  c o e f f i c i e n t  o f  l u c i  t e ,  i t  

was assumed t h a t  i f  a  h igh  energy gamma r a y  conver ted t o  an e l e c t r o n  p a i r  

be fore  i t  came w i t h i n  1  cm o f  t he  back sur face o f  t he  f i r s t  l u c i  t e  Cerenkov 

o f  a  g i ven  telescope, i t  would be detec ted  i n  bo th  t h e  f i r s t  and second 

l u c i t e  Cerenkov counters and thereby  d u p l i c a t e  the  charged p i o n  s igna tu re .  

Not ing  t h a t  t h i s  assumption i m p l i e d  an average pa th leng th  o f  2.25 cm f o r  



TABLE X I :  The Product ion o f  False t 1 , l )  Charged Pion Signatures Due t o  Energet ic  Protons 

Beam Energy P r o j e d i  l e  Target  Rn(l , l  :l=R,(i , l ) - ( R N ( l  , ~ ) x q ( O , l ) )  False ( 1 , l )  Percentage 

w i n  ) Nucleus TRUE 
Signatures Due Reduction o f  

Iom t o  Ene.rgeti c  ( 1 , l )  S ignature 

(per  event )  
- 

Protons Rate ~ u e - t o  
(per  event )  Proton Cor rec t i on  



a gamma ray traversing the f i r s t  counter of a given upstream telescope, i t  

was calculated tha t  

or 4.2% of the high energy gamma rays incident upon the upstream Cerenkov 

telescope system should have produced fa l se  (1 , I  ) signatures d u e  to  ' 

"preconversion" in the f i r s t  luc i te  Cerenkov detector.  Using the IT" pro- 

duction rates  presented i n  Table VI and the geometric efficiency data of 

Table IX, i t  was then possible to  reduce the observed ra te  of charged pion 

production by the background ( 1  $1) signature ra te  due to  t h i s  source of 

error-a re la t ive ly  constant correction of approximately 5%. 

To estimate the level of background due to  del ta  ( t i ) ,  or knock-on 

electrons,  i t  was necessary to calculate ,  fo r  a proton or a pion of a given 

energy, the average number of energetic knock-on electrons produced i n  

traversing one of the 1%" thick luc i t e  Cerenkov counters. 

For a "heavy" charged par t ic le  (e.g. pion, proton) traversing a 

thickness dx ( in  cm) of a given medium, the number of knock-on electrons 

produced having kinetic energies in a range dT about the energy T may be 

expressed as 

2 2 where D = 4 n ~ ~ r , m ~ c ~  = ,3070 MeV-cm /gm. Zmed and Amed are respectively 

the e f fec t ive  charge and mass numbers of the medium, pmed i s  i t s  density 

(g/cm3) , and zproj and B are  respectively the charge and speed of the 

incident charged par t ic le .  T i s  the kinet ic  energy of the knock-on electron 



and me i t s  mass. P h y s i c a l l y ,  t he  k i n e t i c  energy o f  a  knock-on e l e c t r o n  i s  

cons t ra ined  t o  be much g r e a t e r  than the  average i o n i z a t i o n  p o t e n t i a l ,  I, 

3 
of t h e  medium (s  65.6 ev f o r  l u c i t e ) .  Kinematica' l ly, '  i t .  must be l e s s  than 

t h e  maximum energy t r a n s f e r a b l e  f rom the  i n c i d e n t  charged p a r t i c l e ,  namely 

where m 
p r o j  

i s  t he  mass of t he  i n c i d e n t  charged p a r t i c l e .  

I n  t he  p a r t i c u l a r  ins tance o f  a  p ro ton  o r  a  p ion  i n c i d e n t  upon 

one o f  t h e  l u c i t e  Cerenkov counters employed I n  the pr-esent experiment, 

- 3 
'med = 1.17 g/cm , Zproj = 1, and 

where Wi i s  t h e  percentage by weight  o f ,  the  i th element making up the  

compound C5H802. Consequently, assumi ny Lhd 1 the 1  u c i  t e  de tec to rs  i n  

ques t i on  a re  " t h i n "  w i t h  respec t  t o  t he  energy o f  t he  i n c i d e n t  charged 

p a r t i c l e  ( i  . c .  P i s  approximate ly  cons tan t ) ,  and i n t e g r a t i n g  equat ion 6  

t o  o b t a i n  the  t o t a l  number o f  knock-on e lec t rons  produced between an 

a r b i t r a r y  low energy c u t o f f ,  1 6 ,  (>> I), and the  I I ~ ~ X ~ I I I U I I I  a1 lowable t r a n s f c r  

energy, T,,,, i t  was c a l c u l a t e d  t h a t  

z2 1 zrn~d praJ = ) Pmed 097 ( x )  
A,~~ed  f32 max 

However, i t  was a1 so noted wi.th regard  t o  the  fa1 se ( 1 , l )  s i gna tu re  

r a t e ,  t h a t  t he  o n l y  e l e c t r o n s  o f  real i n t e r e s t  were thosc which produced 

s u f f i c i e n t  Cerenkov r a d i a t i o n  t o  be de tec ted  w i t h  some e f f i c i e n c y .  



5 Empirically th i s  constraint was found to  imply t h a t ,  in f a c t ,  only knock-on 

electrons having energies 2 .84 MeV contributed to  t h i s  source of background, 

even though theore t ica l ly ,  the Cerenkov threshold fo r  an electron in  th i s  

type of p l a s t i c  was 2 174 keV. Furthermore, observing tha t  the range of an 

.84 MeV electron in luc i t e  i s  .33 cm, i t  was assumed tha t  e f fec t ive ly ,  

only energetic electrons produced before the .incident charged pa r t i c l e  came 

within -.3 cm of the back surface of a given Cerenkov counter contributed t o  

t h i s  source of background, making the functional thickness of luci t e  x g  2.8 cm. 

Introducing t h i s  information into equation 9 ,  the average number of e f fec t ive  

knock-on electrdns produced per incident charged par t ' i c le ,  or equivalently , 

the probability per incident charged pa r t i c l e  of registering a f a l s e  

Cerenkov count due to  t h i s  source of background may be expressed, 

with Tma, defined as above. The plus s ign,  "+", appearing in the subscripts 

(1 , (0+1) ) ,  and ((O+1) , I )  shown above i s  intended to represent a logical 

"or". Consequently, the expression P g ( E )  , (0+1 ) )  , f o r  example, denotes 

the probabili ty,  per charged p a r t i c l e ,  as a function of the energy of the 

Sficfdent charged pa r t i c l e ,  tha t  the f i r s t  element of a given luc i te  Cerenkov 

telescope reg is te rs  a count due to  the production of a knock-on electron,  

regardless of whether the second element does or not. For purposes of 

i l l u s t r a t i o n ,  t h i s  probability i s  graphed in Fig. 20 as a function of proton 

kinet ic  energy along with associated values of the maximum a1 lowable t ransfer  

Having calculated, as a function of energy, the probabili ty f o r  a 
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p r o t o n  t o  produce a  f a l s e  (O+1 ) ,I ) o r  (1, (0+1) ) s i gna tu re  due t o  knock-on 

e l e c t r o n s ,  i t  was assumed once again  t h a t  i n  the  p resen t  exper iment the  

p r o t o n  spec t ra  f o r  t h e  ' 2 ~  + 2 0 8 ~ b  r e a c t i o n s  m igh t  be cha rac te r i zed  by an 

exponen t ia l  hav ing  a  decay cons tan t  o f  2 ( 1  15 M ~ v ) - '  , ( (120  M ~ v ) - '  . for  

4 0 ~ r  + 2 0 8 ~ b ) .  The knock-on e l e c t r o n  probabi  1  i t y  curve shown i n  F i g .  20 

was then  weighted us i ng  t h e  exponen t ia l  decay presumed t o  cha rac te r i ze  t he  

p r o t o n  energy spec t ra  i n  o rde r  t o  determine t h a t y o n  the  average, .0092 

e f f e c t i v e  knock-on e l e c t r o n s  would be produced p e r  i n c i d e n t  p ro ton ,  o r  

e q u i v a l e n t l y ,  .92% o f  a l l  p ro tons  e n t e r i n g  an upstream l u c i t e  Cerenkov 

coun te r  should have produced a  count by t h i s  mechanism. Furthermore, f o r  

t h e  p ro tons  e n t e r i n g  t h e  acceptance o f  an upstream l u c i t e  Cerenkov te lescope,  

o r  2 .008% should  have produced f a l s e  (1  , I )  s igna tu res  due t o  t h i s  source 

o f  background. Using the  mu1 ti p l  i c i  t y  i n fo rma t i  on p rov i ded  by t he  dE/dx 

coun te r  system, i t  was t h e r e f o r e  p o s s i b l e  t o  es t imate  and s u b t r a c t  t h e  

spur ious  ( 1  , I )  s i gna tu re  r a t e  due t o  t h i s  source o f  e r r o r .  

A  s i m i l a r  a n a l y s i s  f o r  charged p ions below the  e f f e c t i v e  Cerenkov 

th resho  I d  i n  t h e  upstream 1  u c i  t e  de tec to r s  (g 68% o f  the. .tots l spectrum) 

i n d i c a t e d  t h a t  i n  t h i s  i ns tance  approx imate ly  3.9% o f  t h e  subthreshold  

charged p ions i n c i d e n t  upon an upstream l u c i t e  Cerenkov coun te r  should have 

been de tec ted  by t h i s  mechanism. S p e c i f i c a l l y ,  t he  magnitude o f  t he  f a l s e  

( 1  , I )  and ( 0 , l )  s i g n a t u r e  r a t e s  f o r  an upstream Cerenkov te lescope would 

be expressed 



and 

R6(0y1) = P g ( ( O + l ) y l )  x ( I -Pg(IY(O+I))x<NIT+> 
e f f e c t i v e  

2 ( .039) ( .96) ( .026)<N# -1 x1 O - ~ < N ~ ? >  (13) 

respec t ive ly ,  where the fac to r  .026 accounts f o r  the  so l  i d  angle o f  the  

counter (g .48 s r ) ,  and the f a c t  t h a t  subthreshold pions represent  

2 68% o f  the t o t a l  spectrum. Charged pions above the e f f e c t i v e  Cerenkov 

th resho ld  were found t o  be 30.8% e f f i c i e n t  (F ig .  20) f o r  producing an 

e f f e c t i v e  knock-on e l e c t r o n  (2.84 MeV) al though i n  t h i s  case account a l so  

had t o  be taken o f  the p r o b a b i l i t y  t h a t  a  g iven p ion  would be detected 

d i r e c t l y .  Therefore, i f  the average e f f i c i e n c y  o f  an upstream 1  uc i  t e  

Cerenkov counter i s  assumed t o  be E 70% f o r  de tec t i ng  a  charged p ion  

d i r e c t l y ,  the corresponding (1  ,I ) and (0 , l )  spurious background ra tes  f o r  

energe t ic  charged pions would be expressed, 

2 
Rg( l  . I )  - Pg( (O+l ) , l )Pg( l  ,(O+l))]<NITr> 

e f f e c t i v e  
2  

% (.30)'(.308) (.012)<N IT- +> - 1 x 1 0 - ~  <NIT+>, and 

~ ~ ( d , l ) = [ ( l i e ) ~ P ~ ( ( O + l )  , l ) ( l - P g ( l  ,(O+l))]<N IT- +> 
e f f e c t i  ve 

( .3) ( .3) ( .31) ( .69) ( .012)<N +z - 2 x 1 0 - ~ < ~  +z 
IT- IT- 

(15) 

respec t i ve l y ,  where the f a c t o r  .012 accounts once again f o r  the s o l i d  angle 

of the  detector ,  and. the  f a c t  t h a t  on ly  32% o f  the p i o n i c  spectrum i s  

above the e f f e c t i v e  Cerenkov threshold.  



The magni tude  o f  t h e  f a l s e  ( 1 , l )  and (0 , l )  s i gna tu re  r a t e s  due t o  

knock-on e l e c t r o n s  produced by protons and p ions i s  i n d i c a t e d  by t he  sample 

da ta  l i s t e d  i n  Table X I I .  I t  i s  observed f rom these r e s u l t s  t h a t ,  i n s o f a r  

as t h e  ( 1 , l )  charged p i o n  s i gna tu re  i s  concerned, t h e  background due t o  

knock-on e l e c t r o n s  i s  smal l  enough t o  be cons idered n e g l i g i b l e ,  rang ing  f rom 

2 .7% o f  the  measured r a t e  f o r  1.05 GeV/n 'C + '08pb, t o  2 .5% o f  the  co r re -  

sponding r a t e  f o r  1.8 GeV/n 4 0 ~ r  + '08pb. With regard  t o  t he  ( 0 , l )  h i gh  

energy gamma r a y  s i gna tu re ,  however, i t  appears t he  background due t o  t h i s  

i o u r c e  of e r r o r  i s app rec i ab le  (e  .g. 10.4% f o r  1.05 GeV/n 'C + 2 0 8 ~ b ) ,  

and consequent ly,  i n  t h i s  ins tance ,  a s u b t r a c t i o n  must be made i f  t he  

response o f  t h e  l u c i t e  Cerenkov te lescope system i s  t o  be i n t e r p r e t e d  

c o r r e c t l y .  

Perhaps, however, t he  most impor tan t  c o r r e c t i o n  as ide  f rom the  

convers ion o f  gamma rays  w i t h i n  the  t a r g e t  was t h a t  made t o  account f o r  t h e  

spur ious  ( 1 , l )  background r a t e  due t o  1 ow energy gamma rays.  

I n  t h e  course o f  pe r fo rming  the  exper iment,  i t  was determined t h a t  

t h e  l u c i t e  Cerenkov coun te rs  used t o  measure charged p i o n  p roduc t i on  were 

approx imate ly  3% e f f i c i e n t  f o r  d e t e c t i n g  t he  1.17 and 1.33 MeV gamma rays 

of co60. Consequently, hav ing observed t h a t  a l a r g e  number (g 43 f o r  

1 .05 GeV/n "C + '08pb) o f  1 ow energy photons ( .7 M ~ V  1 E ? 7 MeV) do i n  

f a c t  accompany a c e n t r a l  c o l l i s i o n  o f  two r e l a t i v i s t i c  heavy n u c l e i ,  i t  

was found necessary t o  c o r r e c t  t h e  measured ( 1 , l )  and ( 0  ,I ) s i gna tu re  r a t e s  

f o r  spur ious counts due t o  t h i s  source o f  background. 

The manner i n  which a photon i n t e r a c t s  w i t h  ma t t e r  i s  dependent 

on i t s  energy. I n  t he  1-5 MeV range, f o r  example, t h e  Compton e f f e c t  i s  



T.able X I I :  The Production o f  False (1 $1 ) and (0  ,I ) Cerenkov Telescope Signatures 

Due t o  Knock-on Electrons 

Beam Energy 

P r o j e c t i l e  Ion  2~ 

Target Nucleus 2 0 8 ~ b  

R 1 1  1 , -  x (1 ,0)) ( .0372'. 0003) 
TRUE, c u t  p (per eventy 

R6( l  , l ) ,  Cut $3 (per event) ( .00025' .00002) 

Percentage Reduction o f  b ( . l  

due t o  Knock-on E l e c t r o m  -.67% 

Ry(O,l), Cut fl, Lead Out (per event) ( .0684'. 0005) 

Rg(O,l ) due t o  Protons and Charged 

Pions, Cut @, Lead Out (per event) ( .0071f .0003) 

Percentage Reduction o f  \(O,l) Signature 

due tcl Knock-on Electrons . 10.4% 



t h e  p r ima ry  means by which a  photon i n t e r a c t s  w i t h  t h e  ma t t e r  through which 

i t  passes. Above t h i s  energy, t h e  p a i r  p roduc t i on  process predominates. 

Since, however, i t  was no ted  i n  t he  p resen t  exper iment t h a t  approx imate ly  

90% o f  t he  measured low energy gamma r a y  spec t ra  t y p i c a l l y  1  i e  below 5  MeV, 

Compton s c a t t e r i n g  was judged t o  be t h e  p r imary  source o f  low energy gamma 

r a y  background i n  t h e  l u c i t e  Cerenkov te lescopes.  

The probabi  1  i ty  t h a t  a g iven  phntnn w i  11 , i n  f a c t ,  i n t e r a c t  w i t h  

m a t t e r  i s  dependent on bo th  i t s  energy and t h e  chemical composi t ion o f  t he  

m a t e r i a l  i n  ques t ion .  

Consider,  f o r  example, a  c o l l i m a t e d  beam o f  photons o f  energy E  

and i n t e n s i t y  Io. The number o f  photons expected t o  i n t e r a c t  i n  a  g i ven  

t h i ckness  o f  m a t e r i a l  may be c a l c u l a t e d  accord ing t o  t h e  r e l a t i o n s h i p  

P(E) t ]  ( I / I o )  = exp [ - - 
P 

where p (E ) / p  i s  t h e  mass a t t e n u a t i o n  c o e t t ~ c i e n t  o f  me m a t e r i a l  (cn12/yll) 

f o r  a  photon o f  energy E, and I i s  t h e  i n t e n s i t y  o f  t he  photon bear11 a f t e r  

i t  t r ave rses  a d i s t ance  t (g/cm2).  The o p a c i t y  n f  a p a r t i c u l a r  counter ,  
'* 

f o r  example, f o r  photons o f  energy E  migh t  t h e r e f o r e  be r e a d i l y  determined 

if i t s  c h a r a c t e r i s t i c  mass a t t e n u a t i o n  c o e f f i c i e n t  were known. 

I n t e r p r e t i n g  t h i s  i n f o r m a t i o n  i n  t he  con tex t  o f  t h e  p resen t  

exper iment,  t h e  mass a t t e n u a t i o n  c o e f f i c i e n t  f o r  l u c i t e  (C5H8O2) was 

es t imated  as a  f u n c t i o n  o f  energ,y, us i ng  the  we igh t i ng  procedure suggested 

by equa t ion  4 and known va lues o f  t h e  mass a t t e n u a t i o n  c o e f f i c i e n t s  f o r  

carbon, hydrogen, and oxygen. Assuming an e f f e c t i v e  th i ckness  o f  3.87 g/cm 2 

(p2 1.2 g/cm3), i t  was then  p o s s i b l e  t o  c a l c u l a t e ,  as a  f u n c t i o n  o f  photon 



energy, the  opac i t y  expected t o  cha rac te r i ze  t he  upstream l u c i t e  Cerenkov 

counters used t o  d e t e c t  charged p ions.  The r e s u l t s  a re  i n d i c a t e d  by t he  

complement o f  the t ransmiss ion  curve p l o t t e d  i n  F jg .  21, f rom which i t  i s  

noted t h a t ' t h e  percentage o f  gamma rays which i n t e r a c t  i n  the  upstream 

l u c i t e  Cerenkov de tec to rs  drops s l ow l y  f rom 21.9% a t  1  MeV t o  2 9.0% 

a t  7 MeV. 

I t  w i l l  be r e c a l l e d ,  however, f rom the  d iscuss ion  o f  knock-on 

e lec t rons ,  t h a t  a l though t he  number o f  gamma rays  sca t t e red  i n  t r a v e r s i n g  

a  g iven  l u c i t e  de tec to r  might  be c a l c u l a t e d  accord ing t o  the  procedure 

o u t l i n e d  above, the  o n l y  Compton sca t t e red  e l ec t rons  o f  r e a l  i n t e r e s t  were 

those which produced s u f f i c i e n t  Cerenkov r a d i a t i o n  t o  be detected w i t h  
. - 

some e f f i c i e n c y - a  c o n s t r a i n t  p r i m a r i l y  on t h e i r  energy. To est imate 

t he  f a l s e  s i gna tu re  r a t e  due t o  t h i s  source o f  background, i t  was t h e r e f o r e  
. 

necessary t o  determine what e l e c t r o n  energy c o n s t i t u t e d  an e f f e c t i v e  low 

energy c u t o f f ,  and what f r a c t i o n  o f  t he  Compton sca t t e red  e l ec t rons  would 

be produced w i t h  energies g rea te r  than o r  equal t o  t h a t  va lue.  

To address t h i s  problem, a  b r i e f  rev iew o f  t he  k inemat ic  con- 

sequences o f  the  Compton e f f e c t  was requ i red .  

The convent ional  n o t a t i o n  assoc ia ted w i t h  the  Compton e f f e c t  i s  

i l l u s t r a t e d  i n  F ig .  22, i n  which a photon i n c i d e n t  from the  l e f t  i s  

sca t t e red  through an angle 8 by an e l ec t ron .  The e l e c t r o n  i t s e l f  r e c o i l s  

a t  an angle @. Since energy and momentum must bo th  be conserved, the  wave- 

l e n g t h  o f  t he  sca t t e red  photon, A ' ,  i s  r e l a t e d  t o  t h a t  o f  t he  incoming 

photon, A, by the  expression 
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\ T (electron kinet ic energy) 
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where h i s ' P l a n c k 4 s  constant  and me the mass o f  the  e lec t ron .  Equation 17 

may a l so  be rearranged t o  g i ve  an equ iva len t  expression, 

h v 4  = hv 
(18) 

hv (I-COS~)] +y  
met 

r e l a t i n g  the energies o f  the i n c i d e n t  and sca t te red  photons (hv and hv '  

r espec t i ve l y )  . Furthermore, s ince  energy which i s  1 o s t  by the  i n c i d e n t  

photon must be t rans fe r red  t o  the r e c o i l  e lec t ron ,  i t s  energy, Te, may be 

g iven as 

2 where hv/mec has been expressed as a f o r  convenience. 

What i s  noted from equations 17, 18, and 19 i s  t h a t  v,  T,, and 0 

are uniquely  re la ted ,  so t h a t  i f  any two are known, the t h i r d  may be 

determined. Consequently, f o r  example, i f  the energy o f  the i n c i d e n t  photon 

and the  r e c o i l  e l e c t r o n  are known, the corresponding s c a t t e r i n g  angle 0 

may be determined unambiguously. Furthermore, i t  i s  observed from equat ion 18 

t h a t  as 0 + IT, t he  energy o f  the  sca t te red  photon decreases, and t h a t  o f  the 

r e c o i l  e l ec t ron  increases. Therefore, f o r  a given i n i t i a l  photon energy hv, 

a low energy c u t o f f ,  To, imposed on the energy o f  t he  r e c o i l  e l e c t r o n  con- 

s t r a i n s  the  angle o f  sca. t ter ing,  8, t o  be grea ter  than o r  equal t o  a 

m i  n i  mum va l  ue 



The cross sec t i on ,  averaged over p o l a r i z a t i o n  f o r  s c a t t e r i n g  a  @ 
g i ven  photon i n t o  a  p a r t i c u l a r  s o l i d  angle,  may be determined from the K le i n -  

N ish ina  formula,  

1  2  h v '  hv tlv ' 
kN = a E l  + ( 1  - sin20] 9 

where ro i s  t he  c l a s s i c a l  r ad ius  o f  t he  e l ec t ron ,  a once again equals 

hv/mec2, and t he  second express ion was der ived  from the  f i r s t  by the  sub- 

s t i t u t i o n  o f  equa t ion  18. The p r o b a b i l i t y ,  t he re fo re ,  t h a t  a  p a r t i c u l a r  

Compton event w i l l  r e s u l t  i n  the  i n c i d e n t  photon be ing sca t t e red  through 

an angle g rea te r  than o r  equal t o  some a r b i t r a r y  va lue o f  emin-which i s  

e q u i v a l e n t  t o  t he  p r o b a b i l i t y  t h a t  t he  r e c o i l  e l e c t r o n  w i l l  have an energy 

g r e a t e r  than o r  equal t o  t he  corresponding va lue o f  To-may be c a l c u l a t e d  

by t a k i n g  the  r a t i o  o f  t he  t o t a l  s c a t t e r i n g  cross s e c t i o n  which r e s u l t s  

when t h e  range o f  8  i s  r e s t r i c t e d  t o  the  t o t a l  s c a t t e r i n g  cross s e c t i o n  

ob ta ined  when t he  s c a t t e r i n g  angle i s  unconstrained. S p e c i f i c a l l y  



where the  lower l i m i t  imposed on the s c a t t e r i n g  angle, 8 ,  i s  understood 

. . to imp ly  a corresponding lower l i m i t ,  To, on the  energy o f  the r e c o i l  

e l e c t r o n  f o r  a gamma r a y  o f  energy E. I n t e r p r e t i n g  t h i s  i n fo rma t i on  i n  

terms o f  ' the present experiment, one f i n d s  t h a t  i f  the probabi 1 i t y  o f  . . 

producing a Compton s c a t t e r i n g  i n  one o f  the upstream l u c i t e  Cerenkov 

de tec to rs  were denoted 

f o r  a gamma ray  o f  energy E, the  o v e r a l 1 , p r o b a b i l i t y  p e r  i n c i d e n t  photon 

o f  producing a spurious count due t o  t h i s  mechanism would be, expressed 

assuming the low energy c u t o f f  To were known. 

To f i n d  the e f f e c t i v e  low energy c u t o f f ,  To, germane t o  the  

present study, i t  was noted once again t h a t  the l u c i t e  Cerenkov de tec to rs  

used i n  the  upstream telescopes were % 3% e f f i c i e n t  f o r  de tec t i ng  the  

6 0 1.17and 1.33 MeV gamma rays o f  Co , i .e .  P(1.2)(1,(0+1)) .03. Fur ther -  

more, i t  was determined t h a t  f o r  these photons, having an average energy of 

2 1.2 MeV, the  probabi 1 i t y  per  i n c i d e n t  photon o f  s c a t t e r i n g  due t o  the Compton 

e f f e c t  was P c ( l  .2)  .22 f o r  t he  same l u c i t e  de tec to rs .  Consequently, 

by i n v e r t i n g  equat ion 25 i t  was ca l cu la ted  t h a t ,  i n  t h i s  instance,  

P(1.2) 2 .13, o r  t he  p r o b a b i l i t y  per  Compton s c a t t e r i n g  o f  r e g i s -  
Te'To 

t e r i  ng a count was approximately 13%. Having empi r i  c a l  l y  determined , 

there fore ,  t h a t  f o r  1.2 MeV photons the  r a t i o  expressed i n  equat ion 23 

was approximately .13, the imp l i ed  low energy c u t o f f  was found t o  be 



To ' .84 MeV by va ry i ng  t he  value of emin appearing i n  t h a t  express ion.  

Using .84 MeV as. the  e f f e c t i v e  low energy c u t o f f  f o r  a  r e c o i l  

e l e c t r o n  t o  be e f f i c i e n t l y  detected by an upstream l u c i t e  Cerenkov counter ,  

t h e  p r o b a b i l i t y  of produc ing such an e lec t ron ,  P(E)Te,.84 MeV, was then 

c a l c u l a t e d  f o r  each energy i n  the  range o f  i n t e r e s t ,  us ing  t he  procedure 

o u t l i n e d  i n  equa t ion  23 and vary ing  the  va lue o f  emin a p p r o p r i a t e l y  (eq. 20).  

The r e s u l t s ,  p l o t t e d  i n  F ig .  21: a long w i t h  c0s(0,~,) , . i n d i c a t e  t h a t  t he  

p r o b a b i l i t y ,  p e r  photon, of produc ing a r e c o i l  e l e c t r o n  having more than 

.84 MeV r i s e s  sha rp l y  f rom 2.3% a t  1.0 MeV t o  80% a t  3  MeV, above 

which i t increases s l  owdy. 

Having c a l c u l a t e d  both Pc(E) and P(E)T,, 84 as a f u n c t i o n  o f  

energy, equa t ion  25 was employed t o  determine the o v e r a l l  p r o b a b i l i t y  pe r  

photon, P(E)( l  , (0+1)),  o f  producing a spur ious (1  , (0+1)) o r  ( (O+1 ) ,1) 

s i gna tu re  i n  t h e  energy range of i n t e r e s t .  The r e s u l t s  of t h i s  c a l c u l a t i o n ,  

a l s o  p l o t t e d  i n  F i q .  21', i n d i c a t e  t h a t  above 1 MeV, t he  p r o b a b i l i t y  

pe r  photon o f  produc ing a background count by t h i s  mechanism i s  r e l a t i v e l y  

constant ,  and approx imate ly  equal t o  10%. 

Using the  c a l c u l a t e d  p r o b a b i l i t i e s ,  P(E) ,(o+l , p l o t t e d  i n  

F ig .  21: as a f u n c t i o n  o f  gamma r a y  energy, i t  was poss ib l e  t o  t r a n s l a t e  

t he  measured 900 low energy gamma r a y  spect ra ,  dN(E)/da, assoc ia ted w i t h  

a  g i ven  r e a c t i o n  i n t o  an est imated count r a t e ,  o r  p r o b a b i l i t y ,  p e r  event,  

o f  spur ious ( 0 , l )  and ( 1 , l )  s igna tu res  due t o  t h i s  source o f  background. 

S p e c i f i c a l l y ,  t h e  r a t e  pe r  event o f  background counts f o r  t he  i n n e r  and 

o u t e r  elements o f  t he  upstream Cerenkov telescopes were ca l cu la ted  us ing  

the  expressions, 



and, 

dN(E) , respec t i ve ly ,  (27)  RB((0+1)91) = L Q;p(E)((o+l),l) 7 
EY 

where denotes the  s o l i d  angle o f  t he  Cerenkov, counter  considered, 
C 

( 2  .78 s r  and .48 s r  f o r  the i n n e r  and ou te r  coun te rs ) .  The f a 1  se 

(1  , I )  and ( 0 , l )  s i gna tu re  r a t e s  due t o  Compton sca t t e red  gamma rays,  

(CSG) , were then est imated accord ing t o  t he  formulae, 

and 

RCSG(O.l) = RB((O+l ) , l )  x ( l - R B ( l  , (O+ l ) ) )  (29) 

r e s p e c t i v e l y .  For  purposes o f  i l l u s t r a t i o n ,  the  measured low energy gamma 

r a y  spectrum, dN(E)/dQ, and the  spectrum e f f e c t i v e  f o r  produc ing spur ious 

( 1  ,(0+1)) and ( (O+ l )  , I )  s ignatures,  P(E)dN(E)/dQ, a re  p l o t t e d  i n  F ig .  23 

f o r  1.05 GeV/n 12c + 2 0 8 ~ b ,  Cut O. 

It should be noted a t  t h i s  p o i n t  t h a t ,  i n  c a l c u l a t i n g  the 

spur ious count r a t e  accord ing t o  equat ions 28 and 29 above, i t  has been 

t a c i t l y  assumed t h a t  gamma rays which Compton s c a t t e r  and r e g i s t e r  a count  

i n  t he  f i r s t  l u c i  t e  Cerenkov de tec to r  o f  a g iven  te lescope,  may a l s o  do 

so i n  the  corresponding o u t e r  element o f  the counter .  

Th is  i s  an approximat ion, s ince  i t  i s  ev iden t  t h a t  some o f  t he  

photons which a re  Compton sca t t e red  and thereby de tec ted  i n  the  f i r s t  

counter  o f  a g iven  telescope, w i l l  n o t  have enough remaining energy t o  be 

detected i n  the  second wi t h  any apprec iab le  probabi 1 i ty  . .However, i t  i s  
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observed f rom F ig .  .2T t h a t  the  probabi 1  i t y ,  pe r  photon, o f  produc ing a  back- 

ground count, Pc(E)P(E)Te,.84, i s  approx imate ly  cons tan t  throughout  the  

energy range o f  i n t e r e s t ,  and does n o t  decrease apprec iab ly  u n t i l  t he  energy 

o f  t h e  i n c i d e n t  gamma r a y  . f a l l s  below 1  MeV. Furthermore, i t  i s  ev iden t  

f rom F i g .  21 t h a t  sub jec t  t o  t he  low energy c u t o f f  imposed on t h e  energy 

o f  t h e  r e c o i l  e l e c t r o n  ( 2  .84 MeV), the  minimum a l lowab le  s c a t t e r i n g  angle 

emin decreases sharp ly  w i t h  i nc reas ing  gamma ray  energy. Therefore,  even 

f o r  photons having energ ies o n l y  s l i g h t l y  g r e a t e r  than 1  MeV, t h e  p r o b a b i l i t y  

o f  a  smal l  angle s c a t t e r i n g  event  r e s u l t i n g  i n  minimal momentum t r a n s f e r  i s  

g r e a t l y  enhanced. Consequently, i:t i s  c l e a r  t h a t ,  except  f o r  energ ies 

below 1  MeV, photons which s c a t t e r  once i n  the  f i r s t  element o f  a  g iven 

l u c i t e  Cerenkov te lescope a re  j u s t  as l i k e l y  t o  s c a t t e r  i n  t he  second 

element o f  t he  counter,  suppor t ing  the v a l i d i t y  o f  t h i s  approximat ion. 

The magnitude o f  t he  f a l s e  (1  ,I ) and (0, l ) .  s i gna tu re  r a t e s  due t o  

Compton sca t t e red  gamma rays i s  i n d i c a t e d  by the  sample data l i s t e d  i n  

Table X I I I .  It i s  observed from these r e s u l t s  t h a t ,  w i t h  regard  t o  the  

(1  , I )  charged p ion  s igna tu re ,  t he  count r a t e  due t o  t h i s  source o f  back- 

ground decreases w i t h  i nc reas ing  beam energy, rang ing  f rom 2 23% o f  the  

measured ( 1  , I  ) s i gna tu re  r a t c  f o r  1.05 GeV/n ''c + 2 0 8 ~ b ,  (Cut O ) ,  t o  

g 8.7% o f  the  corresponding r a t e  f o r  2.1 GeV/n "C + '08pb (Cut O) . Th is  

r e s u l t  i s .  cons i s ten t  w i t h  t he  r e l a t e d  observat ion,  t h a t  t he  r a t e  o f  low 

energy gamma r a y  p roduc t ion  increases o n l y  s l i g h t l y  w i t h  i nc reas ing  beam energy 

( f r qm 242.61event f o r  1.05 GeV/n 1 2 ~ + 2 0 8 ~ b  t o  g5O04/event f o r  2.1 GeV/n 

+ 2 0 8 ~ b ,  having energies .7  MeV S E 6 7 MeV), and as a  consequence o the r  

backgrounds present ,  due t o  gamma preconvers ion o r  knock-on e lec t rons  f o r  



Table X I I I :  The Pr3duct ion o f  Falso (1  $1 ) and ( 0 , l )  Cerenkov Telescope Signatures 

Due t o  Compton Scat tered Gamma Rays 

Beam Energy (GeV,'n) 

P r o j e c t i l e  I on  

Target Nucleus 

RT( l  ,I )=Rv( l  , I ) - (R(0, l )xR (1 , O ) )  ,Cut 0 
TRUE . (3er  eventy  

* 
R ~ ~ t i  (1 ,I ) , Cut B (per  even<) 

Percentage Reduction o f  R,:1 ,I )TRUi 

due t o  RCSG(l  . I )  

~ $ 0  ,l ) , Cut O, Lead Out (per event)  
* 

RCSG(O.l). Cut Pry Lead Out (p?r event )  

Percentage Reduction o f  R .(C ,I ) 
S igna tu re  due t o  ~ ~ ~ ~ ( 0 . 1 )  

* CSG stands 'or Compton sca t te red  gamma rays 



example, c o n s t i t u t e  a  h igher  percentage o f  the t o t a l .  With regard t o  t he  

( 0 , l )  h igh  energy gamma ray  s ignature,  i t  appears t h a t  when the lead  con- 

ve r te rs  were removed from the upstream Cerenkov telescopes,the observed 

count r a t e  was due almost e n t i r e l y  t o  Compton sca t te red  gamma rays, the  

est imated background ranging from = 92.4% o f  the  measured (0 , l )  c o i n c i -  

12 dence r a t e  f o r  1.05 GeV/n C + 2 0 8 ~ b  t o  2 62% o f  the corresponding r a t e  

f o r  2.1 GeV/n 12c + *08pb. Consequently, i n  t h i s  instance,  the spurious 

s ignature  r a t e  due t o  Compton sca t te red  gamma ray  background must be t r e a t e d  

q u i t e  c a r e f u l l y  i n  o rder  t o  i n t e r p r e t  the response o f  the  l u c i t e  Cerenkov 

telescope system c o r r e c t l y .  
1 

Using a  Monte Car lo  program developed t o  est imate the e f f e c t i v e  

acceptance o f  each detector '  system, i t  was determined by throwing 1  

computational charged p ion  per event t h a t  g iven the i n c l u s i v e  T- momentum 

d i s t r i b u t i o n  measured by ~ a ~ a m i ~ a '  f o r  .8 - ~ e ~ / n  12c + 2 0 8 ~ b ,  an upstream 

l u c i t e  Cerenkov telescope would have detected .56% o f  a l l  the charged 

pions thrown. S i m i l a r  ca l cu la t i ons  us ing 2.1 GeV/n 12c + 2 0 8 ~ b  + T- + Y, 

3 and 1.8 GeV/n 4 0 ~ r  + '08pb + T- + Y streamer chamber measurements y i e l d e d  

corresponding e f f i : c i enc ies  o f  .69% and .86% respec t i ve l y .  Assuming 

the re fo re  the .8 GcV/n e f f i c i e n e y  t o  r eaa in  dppl i c a b l e  a t  1.05 G e ~ / n ,  

the  in te rmed ia te  e f f i c i e n c y  data l i s t e d  i n  Table X I V  as a  f u n c t i o n  o f  beam 

energy and p r o j e c t i l e  mass were est imated by i n t e r p o l a t i n g  between the  

.8 GeV/n and 2.1 GeV/n.resul ts .  

Using the  e f f i c i e n c y  data l i s t e d  i n  Table X I V ,  and tak ing  a l l  

the cor rec t ions  discussed above i n t o  account, the  r a t e  o f  h igh  energy 

( 2  70 MeV) charged p ion  product ion measured by the  upstream l u c i t e  Cerenkov 



TABLE X I V :  The Estimated Tota l  Absclute E f f i c i ency  o f  an Upstream Luc i te  Cerenkov Telescope , 

fc.r Detect ing Charged r Mesons 

Beam Energy P r o j e c t i l e  Target Estimated Tota l  Absolute Ef f i c iency  

(GeV/n) I c n  Nucleus f o r  Detect ing n' Mesons 
(% 



telescope system was translated, for each reaction under study, into an 

average number of n' mesons produced per central collision. The results 

have been presented in Table X V  as a function of beam energy, projecti le 

mass, and mu1 t i  pl i ci ty cut. For reference, the- associated absolute IT' 

production cross sections have been noted there as well. The errors shown 

for the <Np> results ref lect  the error  due to  counting s t a t i s t i c s .  For 

the absolute cross section data which have been presented, the errors shown 

include an additional 7% error in trigger cross section. 

Upon inspection of these data, i t  would appear tha t ,  for  the 

12c + 2 0 8 ~ b  reaction, the number of charged n' mesons produced per central 

coll ision exhibits a generally smooth increase from (2.53f. 18) a t  

1.05 GeV/n ( C u t  g ) ,  to  2 (7.35*.34) a t  2.1 GeV/n ' ( C u t  g )  .. For 

1 .8  GeV/n 4 0 ~ r  + 2 0 8 ~ b  , the corresponding rate of production i s  (8.73*. 75) 

Overall , these resul t s  compare favorably wi t h  those of simi 1 a r  

streamer chamber experiments ,) a1 though discrepancies do exis t .  I t  i s  

noted, for example, that  assuming the rate  of IT+ production i s  approxi - 
mately equal to  that for  negative pions, the rate of IT- production pre- 

viously reported for 2.1 GeV/n 12c + Pb304, (1.79k.16)~ implies a total  

IT' production rate only ha1 f that  measured in the. present experi~nent. 

However, i t  i s  also observed with regard to  the 2.1 GeV/n 12c + Pb304 

resu l t ,  that the trigger used was " inelast ic" ,  rejecting 'only the most 

noninteractive collision,s. Consequently, since the rate  of pion production 

i s  in general thought to be a moderately s.trong function of impact para- 

meter, the relatively large discrepancy discussed above may be a reflection 

of differing trigger c r i t e r i a .  The rate of IT- production previqusly 



TABLE X V :  <lhm,: ; Luci  t e  ~Cerenkov Telescope jys :en1 

Beam Energy P r o j e c t i  l~ 
(GeV/n) [on 

T a ~ e t  
Nucleus :ut IV Cut I 1  I - Cut I 1 1  

cN+ > nnt < Nnt :. <N, ' m - ant <N,,i> ant 



r epo r ted  f o r  1.8 GeV/n 4 0 ~ r  + Pb304, ( 2  5.6 per  even t ) ,  tends t o  suppor t  t h i s  

conc lus ion,  s i nce  i.n t h i s  ins tance  t he  t r i g g e r  used was much more r e s t r i c t i v e  

(b  - < 4.5 f m  i n  an i:deal geometr ic p i c t u r e ) ,  and t he  i m p l i e d  r a t e  o f  IT' 

p roduc t ion  ( g  11.2 per  event )  much c l o s e r  t o  that '  l i s t e d  i n  Table XV,  be ing 

o n l y  s l i g h t l y  g rea te r  than t he  Cut $ r a t e  measured i n  t he  c u r r e n t  s tudy,  

and approx imate ly  equal t o  t he  corresponding Cut I 1  r a t e  o f  IT' p roduc t ion ,  

(12.06'1.05). 

A second observa t ion  a f f o r d e d  by t he  data presented i n  Table X V ,  

a l s o  noted i n  t h e  T O  p roduc t ion  data presented i n  the  prev ious sec t ions ,  

i s  t h a t  as t h e  charged p a r t i c l e  m u l t i p l i c i t y  increases,  and the  c o l l i s i o n  

becomes more c e n t r a l  , the  r a t e  o f  IT' p roduc t i on  increases subs t a n t i  a1 l y  . 
Furthermore, t h i s  e f f e c t  becomes more pronounced as the  beam energy and/or 

p r o j e c t i l e  mass a re  ra i sed ,  be ing o n l y  s l i g h t l y  ev i den t  f o r  1.05 GeV/n 

2~ + 2 0 8 ~ b  (2.03f. 21 -+ 4.29'. 55), somewhat more apparent f o r  2.1 GeV/n 

12C + 2 0 8 ~ b  (5.79t.29 -+ 9.99!.73), and q u i t e  dramat ic  f o r  1.8 GeV/n 

4 0 ~ r  + *08pb (5.21t.61 + 13.89f1.48). Both these t rends  were a l s o  

apparent i n  t h e  IT" p roduc t i on  measurements made w i t h  the  NaI and lead-  

g lass  systems, and i t  would t h e r e f o r e  appear they a re  r e a l  and impor tan t .  

Once again, however, t he  o r i g i n  o f  t h i s  behav io r  i s  n o t  e n t i r e l y  e l ea r .  

It i s  poss ib le ,  f o r  example, t h a t  as the  impact parameter o f  the  c o l l i s i o n  

decreases the  average number o f  nucleon-nucleon c o l l i s i o n s  increases.  

Furthermore, s ince  t he  nucleon-nucleon s c a t t e r i n g  cross s e c t i o n  i n  t h i s  

energy range i s  thought  t o  decrease s l o w l y  w i t h  i nc reas ing  beam energy, 

i t  may a l s o  be t r u e  t h a t  as the  bombarding energy i s  r a i sed ,  the  impact 

parameter o f  t he  c o l l i s i o n  becomes i n c r e a s i n g l y  c r u c i a l  i n  de te rmin ing  t h e  



number of nucleon-nucleon co l l i s ions  which occur, and the resul tant  r a t e  of 

pion production which i s  observed. I t  i s  a l so  possible t ha t ,  since the 

"explosiveness" of the co l l i s ion  i s  thought t o  increase as the impact para- 

meter decreases, the "survival ra te"  f o r  pions which a re  produced increases 

as well.. 

Using the IT' production measurements presented in Table X V ,  the 

r a t i o  of the average number of charged pions produced per central  co l l i s ion  

t o  the corresponding average t o t a l  number of charged fragments produced 

per centra l  col l  i s ion was calculated fo r  each reaction and mu1 t ip1 i c i  t y  

cu t  under study. The resu l t s  a re  presented in Table XVI as a function of 

beam energy and p ro j ec t i l e  mass. The e r ro rs  shown r e f l e c t  the e r ro r  due 

t o  counting s t a t i s t i c s .  .Upon inspection of these data,  two in teres t ing 

observations can be made. 

The f i r s t  i s  t ha t  the r a t i o  reported in Table XVI f o r  2.1 GeV/n 

1 2 t  + '08pb ( C u t  O), (.22?.02), i s  close t o  ' t h a t  implied by The n- ratio 

measured by Fung e t  a1 . 3  f o r  2.1 GeV/n ''c + Pb;o4 

= .101f .006), i f  in f a c t  the r a t e  of IT+ production i s  approximately equal 

t o  t h a t  f o r  negative pions. Consequently, i t  wou.ld appear the resu l t s  

of the present study compare favorably with those of the l a t t e r ,  although 

the agreement i s  not as good f o r  1.8 GeV/n 4 0 ~ r  + '08pb. In t h i s  instarice, 

the r a t i o  reported in  Table XVI (.15f .02) ,  i s  somewhat lower than t ha t  

expected .208*.004 f o r  1.8 GeV/n 4 0 ~ r  + Pb304), though not perhaps 

exceptionally so i n  view.of the large number of secondary charges undoubtedly 

produced which were not associated with the primary in te rac t ion ,  and which 

could not be isola ted in the current  study. 



Table X V I :  cN +>j<N >; The Ra t i o  o f  the Average Number o f  Charged Pions Produced per  Event 
IT- chg 

t o  the Average To ta l  Number o f  Charged Fragments Produced pe r  Event 

Beam Energy P r o j e c t i  l e  'Target Cut I V  CuZ 0 Cut I Cut I 1  Cut I 1 1  
(GeV/n ) I on Nucleus <NITk>/<Nchg> <NIT+>/<N chg > 'NITk>/<Nchg> <N,+>/<Nchg> <NITk>/<Nchg> 



Perhaps the  most i m t e r e s t i n g  observat ion,  however, i s  t h a t ,  w i t h i n  

s t a t i s t i c s ,  the  r a t i o  o f  t h e  number o f  charged p ions produced per  c e n t r a l  

c o l l i s i o n  t o  t h e  t o t a l  number o f  charged fragments produced pe r  c e n t r a l  

c o l l  i s i o n  depends a lmost  e n t i  r e l y  on t he  beam energy o f  the  reac t i on ,  showing 

1  i t t l e ,  if any, r e l a t i o n  t o  the  assoc ia ted charged p a r t i c l e  mu1 t i p l  i c i  ty.  

This  r e s u l t  suggests t h a t  beam energy i s  by f a r  the  most impor tan t  f a c t o r  

i n  de te rmin ing  t h e  number o f  p ions produced pe r  nucleon, and t h a t  perhaps 

t he  increased number o f  p ions observed i n  h i gh  mu1 t i p l  i c i  t y ,  low impact 

parameter c o l l i s i o n s  i s  due p r i m a r i l y  t o  an inc rease  i n  the  number o f  nucleon- 

nucleon c o l  1  i s i  ons . 
F i n a l l y ,  us i ng  t he  .rr' p roduc t ion  measurements rilade w i t h  the  l u c i t e  

Cerenkov te lescope system, and the T O  produc t ion  r a t e s  der i ved  f rom the  

lead-g lass  Cerenkov de tec to r s  (Table V I ) ,  t he  r a t i o  o f  the  average number 

of charged p ions  t o  t he  average number o f  n e u t r a l  p ions produced per  c e n t r a l  

c o l l  i s i o n ,  N N  was examined as a  fu r ie r lon  o f  bod111 el~ergy, p r a j e c t i  l c  

mass, and charged p a r t i c l e  mu1 ti p l  i c i  t y  . The r e s u l t s  a re  presented i n  

Table X V I I ,  t h c  e r r o r s  .shown being ~ I I P  t.n coun t ing  s t a t i s t i c s .  What i s  

noted f rom these da ta  is t h a t  f o r  t h e  "C I- '08pb r e a c t i o n  t he  r a t i o  of 

charged p ions t o  n e u t r a l  p.iur~s pr.oduced per c e n t r a l  c o l l i s i o n  i s  2 ;4-7.7, 

and appears t o  be approx imate ly  constant ,  independent o f  both Ltie energy 

of t h e  c o l l i s i o n  and the  assoc ia ted charged p a r t i c l e  m u l t i p l i c i t y .  P r o j e c t i l e  

mass does appear t o  i n f l u e n c e  the r e l a t i v e  charge s t a t e  abundance, however, 

the  corresponding r a t i o  f o r  1.8 GeV/n 4 0 ~ r  + '08pb being s u b s t a n t i a l l y  

1  ower ( 2  1 .65) than t h a t  noted f o r  'C + '08pb. 

I f  one assumes t h a t  i n d i v i d u a l  p r o j e c t i l e  nuc leon- ta rge t  nuc leur~ 



Table X V I I :  N N I T  The Ra t i o  o f  the  Average Number o f  Charged Pions Produced pe r  Event 
IT- 

t o  the  Average Number o f  Neutra l  Pions Produced per  Event 

Beam Energy ~ r o j e c t i  l e Target Cut I V  Cut P) Cut I Cut I 1  Cut I 1 1  
(GeV/n) . '  I o n  'Nucleus <Nm+>/<NITo> <NIT+>/<NITo> <NIT+>/<NITo> cNIT+>/<NITo> <N IT- +>/<NITO> 



c o l l i s i o n s  a re  t he  dominant means by which..pion p roduc t ion  procedes, and 

t h a t  t he  f i r s t  such c o l l i s i o n  i s  by. f a r  the; most e f f i c i e n t  i n  t h i s  regard, 

then, n o t i n g  t h a t  t he  pp, pn, and nn c o l l i s i o n  cross sec t ions  a re  approx i -  

mate ly  equal i n  t he  energy range o f  i n t e r e s t ,  the  r e i a t i v e  abundance o f  t h e  

t h r e e  p i o n  charge s t a t e s  can be est imated i f  the  r e l a t i v e  p r o b a b i l i t y  o f  

p roduc ing 'a  g i ven  charge s t a t e  i n  a  p a r t i c u l a r  type o f  nucleon-nucleon 

c o l l i s i o n  i s  known. These p r o b a b i l i t i e s  have been est imated i n  t a b l e  X V I I I ,  

u s i ng  symmetry arguments and i n t e r p o l a t i o n  f o r  2 GeV nucleon-nu.cleon 

c o l l i s i o n  data.  lo Assuminq they a re  approx imate ly  constant  f rom 1.05 t o  

2.1 GeV/n, and n o t i n g  as we1 1  t h a t  f o r  t he  'C + '08pb t a r g e t - p r o j e c t i l e  

combinat ion t h e  r e l a t i v e  p r o b a b i l i t y  o f  pp, nn, and pn c o l l i s i o n s  i n d i c a t e d  

by a  s t r a i g h t f o r w a r d  charge t o  mass r a t i o  argument i s  2 .20:.30:.5, t he  

es t imated  n+:rO :IT- p roduc t i on  r a t i o  i s  .33: .28: .29. Consequently, f o r  

a  12c p r o j e c t i l e  i n c i d e n t  upon a  t a r g e t  o f  2 0 8 ~ b ,  one would expect  the  

r a t i o  o f  the number o f  charged p ions t o  the  number o f  n e u t r a l  p ions 

produced per  c e n t r a l  c o l l i s i o n  t o  be <Nm+>/<Nmo> ' 2.6. A s i m i l a r  ana l ys i s  

f o r  t he  4 0 ~ r  + '08pb t a r g e t - p r o j e c t i l e  system y i e l d s  a  n+:rO :r- charge 

s t a t e  r a t i o  o f  .32: .28: .40, which once again r e s u l t s  i n  an est imated 

charged p ion  t o  n e u t r a l  p i o n  p roduc t ion  r a t i o  o f  2.6. 

Having determined t h a t  one migh t  expect t he  r a t i o  <N,r>I<NT,> 

t o  be approximate1 y 2.6 f o r  12c + 2 0 8 ~ b ,  i t  i s  i n t e r e s t i n g  t o  note t h a t  

the  r a t i o  measured exper imenta l l y  does indeed l i e  i n  t h i s  range. Th is  

r e s u l t  cou ld  be an i n d i c a t i o n  t h a t  f o r  12c + '08pb, i n d i v i d u a l  t a r g e t  

n u c l e o n - p r o j e c t i l e  nucleon c o l l i s i o n s  occu r r i ng  i n  the  f a s t  p r imary  stages 

o f  t h e  r e a c t i o n  dominate t he  observed p roduc t ion  o f  charged and n e u t r a l  



TABLE XV1II:The P r o b a b i l i t y  f o r  a Given Type o f  Nucleon-Nucleon C o l l i s i o n  o f  Producing 

a P a r t i c u l a r  Pion Charge State 

Approximate Approximate Approxi mate 
Type o f  Probabi 1 i t y  of Probabi 1 i t y  o f  Probabi 1 i t y  o f  

Nucleon-Nucleon Producing a T+ Producing a T O  Producing a T -  

C o l l i s i o n  Meson Meson Meson 



pions,  though t o  be sure o f  t h i s  conc lus ion,  a  more s o p h i s t i c a t e d  est imate o f  

t he  <NIT+>/<NT,> r a t i o  expected t h e o r e t i c a l  l y  would undoubtedly be requ i red .  

It i s  a l s o  i n t e r e s t i n g  t o  note t h a t  t he  observed r a t i o  f o r  

4 0 ~ r  + '08pb i s  s u b s t a n t i a l l y  lower  than t h a t  observed f o r  "C + 2 0 8 ~ b ,  

as w e l l  as t h a t  p r e d i c t e d  f o r  the  4 0 ~ r  + '08pb r e a c t i o n  i t s e l f .  Th is  r e s u l t  

i s  due, t o  some degree, t o  a  p a r t i a l  s a t u r a t i o n  o f  the  upstream Cerenkov 

te lescope sys tem r e s u l  t i  ng from the  h i gh  average charged p i  on mu1 t i  p l  i c i  t y  

assoc ia ted  w i t h  t he  4 0 ~ r  + 2 0 8 ~ b  reac t i on .  However, s ince  the  est imated 

Cut 0 and Cut I charged p i o n  p roduc t ion  r a t e s  f o r  4 0 ~ r  + '08pb are  only 

15-20% h ighe r  than t he  corresponding r a t e s  f o r  2.1 GeV/n "C + '08pb, 

t he  reduced <NTt>/<NII,> r a t i n  nhwrved f o r  the  formcr  r c s c t i o n  i s  n o t  

thought  t o  r e s u l t  p r i m a r i l y  f rom counter  s a t u r a t i o n .  Even, f o r  example, 

if t h e  r e s u l t s  o f  a  s i m i l a r  streamer chamber exper iment3 a re  used 

(<NIT-> 2 5.6) t o  es t imate  t he  r a t e  o f  charged p i o n  p roduc t ion ,  the  

<N +>/<NT,> r a t i o  which r e s u l t s  ( 2  1.7-1.9) i s  s t i l l  s u b s t a n t i a l l y  lower  
IT- 

than t h a t  p red i c ted .  Consequently one i q  led t o  cons ider  t hc  poss ib i1 i t . y  . 

40 
t h a t  t h e  reduced r a t i o  f o r  A r  + '08pb i s  r e a l  and impor tant ,  and an 

i n d i c a t i o n  perhaps t h a t  i n  t h i s  ins tance  the  c o l l i s i o n  dynamics a re  

Pundamenta l ly d i f f e r e n t  than  those f o r  'C + '08pb. Once again, however, 

t o  be sure o f  t h i s  conc lus ion  would r e q u i r e  f u r t h e r  experimentat. ion w i t h  

an improved d e t e c t o r  system. 

For completeness, t,he two p a r t i c l e  azimuthal  angle c u r r e l a t i o n  

f u n c t i o n ,  

measured f o r  ene rge t i c  charged p ions and i n te rmed ia te  energy protons i s  



p l o t t e d  i n  F ig .  24(a-g) and F ig .  25(a-c) , r e s p e c t i v e l y .  

It w i l l  be r e c a l l e d  f rom prev ious work t h a t , f o r  each c e n t r a l  

c o l l i s i o n  t r i g g e r ,  cu t s  were taken on pu lse  h e i g h t  i n  the  dE/dx coun te r  

system, so t h a t  a  g iven  s c i n t i l l a t o r  cou ld  o n l y  r e g i s t e r  the  passage o f  a  

charged p a r t i c l e  i.f i t s  energy was i n  a  s p e c i f i e d  range. By c u t t i n g  on very  

smal l  pu ise  he igh ts ,  (p ions  2 140 MeV, protons >, 900 MeV), i t  was assumed 

the charges se lec ted  would be p r i m a r i l y  ene rge t i c  p ions.  A f u r t h e r  c l a s s i -  

f i c a t i o n  was made as t o  the number o f  s c i n t i l l a t o r s  r e g i s t e r i n g  a count  i n  

a  g iven  event.  . Events o f  the same use fu l  "mu1 t i p l i c i  t y "  were then examined 

f o r  azimuthal  c o r r e l a t i o n s :  For example, t o  i n v e s t i g a t e  the  c o r r e l a t i o n  

behavior  between ene rge t i c  p ions,  events i n  which two f a s t  charges were 

observed were s tud ied  by p l o t t i n g  the r e l a t i v e  angle ( ~ 1 8 0 0 )  - between them, 

t o  see i f  any angular  reg ion  might  be favored. Since t h i s  procedure becomes 

much more compl icated when more than two charged p a r t i c l e s  a re  observed, 

o n l y  events w i t h  a  use fu l  mu1 t i p l i c i t y  o f  2 were se lec ted  f o r  s tudy.  Th is  

technique was used t o  study t w o - p a r t i c l e  azimuthal  c o r r e l a t i o n s  f o r  p ions 

(E ? 140 MeV), and in te rmed ia te  energy protons (200 MeV 5 E 2 600 MeV).. 

It i s  po in ted  ou t  t h a t  i n f o r m a t i o n  f rom the  Cerenkov te lescope 

a r rays  could n o t  be used It1 t h i s  ins tance ,  s i ncc  t hc  azimuthal  angle sub- 

tended by a g iven  Cerenkov te lescope was much l a r g e r  than t h a t  subtended 

by a dE/dx s c i n t i  1  l a t o r  s t r i p .  Consequently, use o f  t he  Cerenkov i n f o r m a t i o n  

would b i as  t he  measurement o f  t he  r e l a t i v e  angle between f a s t  charges towards 

smal l  azimuthal  angles, s ince,  f o r  example, ad jacent  s c i n t i  1  l a t o r s  subtending 

t he  same angular  r eg ion  as a s i n g l e  Cerenkov te lescope migh t  bo th  r e g i s t e r  

a  p ion,  even i f  o n l y  one had a c t u a l l y  been present .  
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I t  i s  a l s o  noted t h a t  p a r t i c l e  i d e n t i f i c a t i o n  was n o t  p o s s i b l e  i n  t he  

p resen t  exper iment and, as a r e s u l t ,  p a i r s  o f  l i k e  s i g n  p ions cou ld  n o t  be 

d i s t i n g u i s h e d  f rom those of oppos i te  charge. Consequently, any conc lus ions 

drawn f rom these da ta  a r e  s u b j e c t  t o  t h e  presence of a r e s i d u a l  background 

o f  =+a- p a i r s ,  even though t h e r e  i s  r ecen t  evidence1' which suggests t h a t  

p ions  o f  oppos i te  s i g n  a re  t r u l y  unco r re l a ted  and would n o t  obv ia te  t h e  

observed c o r r e l a t i o n  behav io r .  

The p o s i t i v e  c o r r e l a t i o n  e v i d e n t  i n  F i g .  24(a-g) f o r  p a i r s  o f  

e n e r g e t i c  charged p a r t i c l e s  of smal l  r e1  a t i  ve azi l l luth i s interpreted t o  

b e - a  consequence o f  t h e  p o s i t i v e  Bose c o r r e l a t i o n  expected f o r  l i k e  s i g n  

p a i r s  o f  charged p i  mesons. It i s  appa ren t l y  q u i t e  narr~crw, Lhe cor.r.eldl iurl  

f u n c t i o n  expressed above be ing  s u b s t a n t i a l l y  g r e a t e r  than u n i t y  o n l y  f o r  

t h e  f i r s t  data  p o i n t  of each graph, o r  r e l a t i v e  angles o f  A$ - < 36'. 

The main source o f  background t o  the  measured c o r r e l a t i o n  behav ior  

presented i n  F i g .  24(a-g) was judged t o  be knock-on e l ec t r ons ,  a g i ven  

knock-on e l e c t r o n  produc ing a f a l s e  count when i t  passed through one 

s c i n t i l l a t o r ,  and t he  f a s t  charge which "produced" t h e  e l e c t r o n  passed 

through t h a t  ad jacen t  t o  i t .  The magnitude o f  t he  background due t o  t h i s  

source o f  e r r o r  was es t imated  t o  range f rom 11% o f  t h e  f i r s t  data  p o i n t  

va lue  f o r  1.05 GeV/n 'C + '08ph, tn 2 75% nf t h e  cor responding r a t e  f o r  

2.1 GeV/n 12c + '08pb. ' The es t imated  background f o r  1.8 GeV/n 4 0 ~ r  + 2 0 8 ~ b  

was ' 22% o f  t h e  f l r s t  da ta  p o i n t  va lue.  

These est imates were prepared by t a k i n g  t he  known geometry o f  t h e  

dE/dx counter  system i n t o  account, and assuming t h a t  t h e  spec t ra  o f  p ions  

pass ing through i t  were cha rac te r i zed  by an exponen t ia l  decay o f  (70 MeV)". 



However, due t o  unce r ta i n t y ,  f o r  example, i n  t he  minimum e f f e c t i v e  e l e c t r o n  

energy corresponding t o  the  minimum produc t ion  angle requ i red  t o  e f f e c t u a t e  

2 t he  s i d e  by s i de  s c i n t i l l a t o r  s i gna tu re  (cos 9=Te/Tmax) the  p rec i se  magni- 

tude o f  t he  background due t o  knock-on e lec t rons  cou ld  n o t  be ca l cu la ted .  

Consequently, s ince  i t  was n o t  poss ib l e  t o  i s o l a t e  knock-on e l e c t r o n s  

d i r e c t l y ,  no c o r r e c t i o n  has been app l i ed  t o  the  data o f  .Fig.  24(a-g) , even 

though the  background est imates presented above a re  thought  t o  be approx i -  

mate ly  c o r r e c t .  Were t h i s  n o t  t he  case and the  background due t o  knock-on 

e lec t rons  s u b s t a n t i a l l y  g rea te r  than t h a t  est imated, t he  observed smal l  

angle c o r r e l a t i o n  would be expected t o  increase w i t h  i nc reas ing  beam energy, 

t h e  l e v e l  of background due t o  t h i s s o u r c e  o f  e r r o r  be ing g rea te r  f o r  the  . 

h i ghe r  energy reac t i ons .  

The conversion o f  gamma rays w i t h i n  the  target .was est imated n o t  

t o  c o n t r i b u t e  any s u b s t a n t i a l  background i n  t h i s  ins tance,  due t o  t h e  

k inemat ics  o f  p a i r  p roduc t ion ,  t he  no momentum d i s t r i b u t i o n  thought  t o  be 

e f f e c t i v e ,  and t he  f a c t  t h a t  f o r  any shower which had progressed even 

marg ina l l y  beyond t he  i n i t i a l  stages o f  development, the  pu lse  h e i g h t  

observed i n  t he  dE/dx s c i n t i l l a t o r s  would n o t  be c o r r e c t .  Consequently, no 

c o r r e c t i o n  was made t o  account f o r  gamma r a y  conversion. Once again,  were 

t h i s  judgement i n  e r r o r  and the  background due t o  gamma r a y  convers ion 

s u b s t a n t i a l ,  the  p o s i t i v e  smal l  angle c o r r e l a t i o n  ev iden t  i n  F ig .  24(a-g) 

would be expected t o  increase w i t h  i nc reas ing  beam energy. 

The s i g n i f i c a n c e  o f  t he  p o s i t i v e  smal l  angle c o r r e l a t i o n  observed 

f o r  p a i r s  o f  energe t i c  charged p a r t i c l e s  i s  d i f f i c u l t  t o  a s c e r t a i n  due t o  

the  l i m i t e d  angular  r e s o l u t i o n  o f  the  dE/dx counter  system (A@,.,,~, 360) , 



and t he  l a r g e  r e g i o n  o f  p o l a r  angle over which i t  i n t e g r a t e d  ( 8  320-161'). 

Furthermore, Gyul assy has r e a e n t l y  suggested1 * t h a t  any c o r r e l a t i o n  o f  t h i s  

na tu re  i s  ambiguous, un less t he  complete f i n a l  sta/te c o n f i g u r a t i o n  can be 

observed and dynamic c o r r e l a t i o n s  e l  i m i  nated. Consequently, i n  view o f  

these fac ts  and t he  observa t ion  t h a t  more p rec i se  c o r r e l a t i o n  da ta  f o r  

1.8 GeV/n 4 0 ~ r  + 2 0 8 ~ b  a l ready  ex is t ,13 no at tempt  was made t o  analyze these 

data f u r t he r .  The main s i g n i f i c a n c e  o f  these r e s u l t s  i n  the  con tex t  o f  t he  

p resen t  exper iment would t h e r e f o r e  appear t o  be that,under t he  app rop r i a te  

c o n s t r a i  n t s  , t h e  exper imenta l  apparatus i s  indeed ~ a p s b l  c  of sepel-ati  nq PI-ulur~s 

and p ions,  l end ing  suppor t  t o  the  v a l i d i t y  o f  t he  spec t ra l  data presented. 14 

One behav io r  which was t hn~ rgh t  t o  be o f  i n t e r e s t  was t ha t ,w i t h  

i nc reas ing  beam energy o r  p r o j e c t i l e  mass, the  observed c o r r e l a t i o n  f o r  

ene rge t i c  charged p a r t i c l e s  o f  small r e l a t i v e  azimuth was s u b s t a n t i a l l y  

reduced (F ig .  2 4 ( h - i ) ) .  Th is  observa t ion  would tend t o  i n d i c a t e  t h a t  e i t h e r  some - 

l e v e l  of coherent p i o n  p roduc t i on  had become apparent,  o r  the s i z e  o f  t he  

p i on  e m i t t i n g  source had become l a r g e r  and t h e  s t r e n g t h  o f  the  c o r r c l a t i o n  

expected Fur l i k e  s i g n  p a i r s  corresponding ly  weaker. I t  was found, however, 

by Monte Car lo  technique, t h a t  the  inc rease  i n  t he  average p ro ton  and p i o n  

m u l t l p l S c i t i e s  observed as a  f u n c t i o n  o f  beam energy and p r o j e c t i l e  mass i n  

t he  p resen t  exper iment a re  more than s u f f i c i e n t  t o  obv ia te  t h i s  r e s u l t ,  

t he  observed c o r r e l a t i o n  expected t o  decrease approx imate ly  w i t h  t he  square 

r o o t  o f  t he  charqed p a r t i c l e  m u l t i p l i c i t y  due t o  t he  inc rcasc  p r o b a b i l i t y  

o f  observ ing an unco r re l a ted  p a i r ,  and decrease f a s t e r  y e t  due t o  the  

increased i n f l u e n c e  o f  co inc idence summing. 

The t w o - p a r t i c l e  azimuthal  c o r r e l a t i o n  f u n c t i o n  measured f o r  



i n te rmed ia te  energy charged p a r t i c l e s  i s  presented i n  F ig .  25(a-c).. 

The data presented i n  F i g .  25(a-c) a re  thought  t o  r e s u l t  p r i ,ma r i l y  

from p a i r s  o f  protons, s ince  t he  energy t h resho ld  r e q u i r e d  t o  en te r  t he  

dE/dx counter  system l a r g e l y  prec luded t h e  observa t ion  of heavy charged 

p a r t i c l e s ,  s t a t i s t i c a l  f i s s i o n  fragments, e t c .  The o n l y  apprec iab le  

source o f  background i n  ' t h i s  ins tance  was cons idered t o  be i n te rmed ia te  

energy pions, which should i n  any event have c o n t r i b u t e d  6 20% o f  t he  

data sample examined, judg ing  by t he  IT' produc t ion  measurements presented 

e a r l i e r .  Un fo r tuna te ly ,  however, a l though t he  background due t o  charged 

p ions may n o t  be e n t i r e l y  n e g l i g i b l e ,  p a r t i c l e  i d e n t i f i c a t i o n  was n o t  

poss ib l e  i n  t h e  present  exper iment and,since t h i s  source o f  e r r o r  cou ld  

n o t  be i s o l a t e d  d i r e c t l y ,  no c o r r e c t i o n  t o  account f o r  i t  has been - a p p l i e d  
L 

t o  t he  data presented. 

One observa t ion  which i s  immediately apparent upon i n s p e c t i o n  

o f  these r e s u l t s  i s  that ,hav ing made a d i f f e r e n t  c u t  i n  t he  range o f  

pu lse  he igh t s  accepted by the  dE/dx counter  system, t he  observed c o r r e l a t i o n  

behavior  changes d r a m a t i c a l l y  f rom the  enhanced p r o b a b i l i t y  noted p r e v i o u s l y . f o r  

pion p a i r s  o f  smal l  r e l a t i v e  azimuth t o  t he  negat i ve  a n t i c o r r e l a t i o n  observed 

i n  r i g .  25(a-c)  f o r  the  ssmc angular  reg ion .  I t  i s  concluded f rom t h i s  

observa t ion  t h a t  t he  c o r r e l a t i o n  behavior  measured i n  the  p resen t  exper iment 

i s  r e a l  and impor tant ,  and n o t  merely an a r t i f a c t  o f  the  de tec to r  system. 

It i s  a l s o  noted, however, t h a t  the  na tu re  o f  t he  curves shown i n  F ig .  25 

i s  n o t  e n t i r e l y  understood. 

When these da ta  were f i r s t  obtained, i t was thought  be fo re  normal i za- 

t i o n  t h a t  t he  c o r r e l a t i o n  observed f o r  .4 GeV/n 12c + *08pb, f o r  example, 



represented t he  sharp nucleon knockout c o r r e l a t i o n  p r e d i c t e d  by ~ o o n i n ' ~  a t  

@ = IT, broadened perhaps by nuc lear  shadowing, o r  t he  l a r g e  k inemat ic  r eg ion  

i n t e g r a t e d  over  by t h e  dE/dx counter  system. However, upon complet ion o f  

t he  norma l i za t ion ,  i t  was determined t h a t  a l though t h e r e  i s  a slow broad 

r i s e  f o r  l a r g e  r e l a t i v e  azimuthal  angles,  t he  pr imary f e a t u r e  of the  data 

i s  an a n t i c o r r e l a t i o n  f o r  small r e l a t i v e  @. 

This  behavior  i s  n o t  complete ly  understood. While p a i r s  o f  protons 

should be a n t i c o r r e l a t e d  a t  smal l  r e l a t i v e  momenta due t o  fe rmi  s t a t i s t i c s ,  

and t h i s  observa t ion  has, i n  f a c t .  been repor ted  16," f o r  r e l a t i v i s t i c  

heavy i o n  c o l l i s i o n s ,  t he  a n t i c o r r e l a t i o n  expected would be sma l le r  and 

narrower than observed i n  the  p resen t  experiment, e s p e c i a l l y  i n  view o f  t he  

1 i m i  t e d  r e s o l u t i o n  o f  the  measuring apparatus. Furthermore, if the  dE/dx 

counter  system were indeed s e n s i t i v e  enough t o  measure the p ro ton  a n t i -  

c o r r e l a t i o n  due t o  f e rm i  s t a t i s t i c s ,  one would a l s o  expect t o  observe a 

s t r ong  p o s i t i v e  c o r r e l a t i o n  a t  in te rmed ia te  r e l a t i v e  azimuth due t o  t he  

e f fec ts  of p o s i t i v e  nucleon-nucleon i n t e r a c t i o n s .  Since t h i s  i s  no t  the  

case, one i s  l e d  t o  cons ider  the  p o s s i b i l i t y  t h a t  the  observed behavior  

i s  due t o  a mechanism n o t  considered, o r  a combinat ion o f  compl icated 

processes, making the  c o r r e c t  i n t e r p r e t a t i o n  o f  these r e s u l t s  d i f f i  c l ~ l  t. t.o 

asce r ta i n .  The one t r e n d  apparent. i n  t he  d a t a  o f  F ig .  25(a-c) which i s  

thought  t o  be understood i s  t h a t  the  decreased magnitude of the  c o r r e l a t i o n  

observed f o r  1.05 and 2.1 BeV/n 12c + " ' ~ b  r e s u l t s  f rom the  increased 

charged p a r t i c l e  mu1 t i  p l  i c i  t y  c h a r a c t e r i z i n g  those i n t e r a c t i o n s  . 
Consequently, the  s i g n i f i c a n c e  o f  the  azimuthal  c o r r e l a t i o n  behavior  

observed f o r  p a i r s  o f  i n t e rmed ia te  energy charged p a r t i c l e s  i s  unc lear .  



Since t he  complete f i n a l  s t a t e  c o n f i g u r a t i o n  cannot be observed, i t  i s  poss ib l e ,  

f o r  example, t h a t  c o l l i s i o n  dynamics p l a y  an impor tan t  r o l e  i n  determin ing 
/ 

the  c o r r e l a t i o n  behavior  which w i l l  be observed. A l t e r n a t i v e l y ,  t he  co r re -  

l a t i o n  .shown i n  F ig .  25(a-c) may be r e a l ,  b u t  bad ly  d i s t o r t e d  due t o  t r i g g e r  

c r i t e r i a ,  l i m i t e d  de tec to r  r e s o l u t i o n ,  o r  the  l a r g e  r e g i o n  of p o l a r  angle 

subtended by the  dE/dx counter  system. Un fo r t una te l y ,  however, a l though 

con jec tu re  as t o  the  na tu re  o f  the  observed c o r r e l a t i o n  i s  poss ib l e ,  i t  

i s  imposs ib le  t o  p r o f f e r  a  d e c i s i v e  i n t e r p r e t a t i o n  o f  these data w i t h o u t  

f u r t h e r  exper imentat ion w i t h  an improved de tec to r  system. 

It i s  concluded f rom these analyses t h a t ,  f o r  "C + *08pb, the  

r a t e s  o f  bo th  IT' and IT" p roduc t ion  increase smoothly as a  f u n c t i o n  o f  

i nc reas ing  beam energy, showing no s igns o f  e i t h e r  e x t r a o r d i n a r y  p i on  

p roduc t ion  o r  unusual p roduc t ion  th resho lds  w i t h i n  t he  est imated e r r o r  o f  

the  data.  Furthermore, the  IT?, IT" p roduc t ion  data de r i ved  f rom t h e  p resen t  

experiment appear i n  general  t o  compare f avo rab l y  w i t h  those of prev ious 

work i n  t h i s  f i e l d .  The r a t e ,  per  event,  o f  charged and n e u t r a l  p i o n  

p roduc t ion  increases s u b s t a n t i a l l y  f o r  h i gh  mu1 t i p 1  i c i  t y ,  low impact 

parameter c o l l i s i o n s ,  a l though t h e  corresponding r a t e ,  f o r  example, o f  

charged p ions produced pe r  charged fragment does no t .  Th is  suggests t h a t  

the  increased p i o n  p roduc t ion 'observed  f o r  c o l l i s i o n s  charac te r i zed  by 

h i gh  charged p a r t i c l e  m u l t i p l i c i t i e s  i s  due p r i m a r i l y  t o  an inc rease  i n  

t he  number o f  nucleon-nucleon c o l l i s i o n s  and n o t  t o  any fundamental change 

i n  t he  p roduc t ion  mechanism. That the  increase observed f o r  h i gh  

m u l t i p l i c i t y  events becomes more dramat ic  w i t h  i nc reas ing  beam energy may 

be due t o  t he  f a c t  t h a t  i n  t h i s  energy range the  nucleon-nucleon s c a t t e r i n g  



cross section decreases slowly with increasing energy, and as a consequence 

the impact parameter of the coll'ision may become much more crucial in 

determining the number of nucleon-nucleon collisions which occur. Although 

in general the average energy of the characteristic pion spectra, for  example, 

does appear to decrease for  high multiplicity events, there i s  no primary 

evidence t o  suggest t ha t ,  for  a given project i le ,  these events are more 

equilibrated in any thermodynamic sense, and the observation noted above 

would appear simply to  indicate increased energy sharing among the hadronic 

participants of the coll i s i  on. Consequently, overall these prel imi nary 

resul ts  appear to  be consistent with a cascade process such as that described 

by cupnon.l8 The only observation which i s  n n t  in nhvinlrs egr~~rnent.  with 

the above conclusion i s  that  the observed ra t io  < N n i > / < N n D >  for 4 0 ~ r  + 2 0 8 ~ b  

appears to  be substantially lower than that for 12c + 2 0 8 ~ b  ( 2  1 . 7  vs. 2.6),  

indicating that perhaps the means of pion production for the former reaction 

i s  fundamentally different  from that for the l a t t e r .  However, to  be sure 

of th is  conclusion would require further experimentation with an improved 

detector system. 

There appears to be a large number of low energy gamma rays ("= 50/event 

for  2.1 GeV/n 12c + '08pb having energies .7 MeV E 5 7  MeV) associated 

with the collision of two re l a t iv i s t i c  heavy ions. However, despite a 

secondary dependence on charged particle multiplicity,  the observed gamma 

ray yield appears t o  be largely independent of beam energy as well as other 

detai ls  of the collision. Therefore, i t  might be concluded that e i ther  the 

fragmentation of the target i s  limited in the energy range of in te res t ,  

or the gamma rays observed are produced in a f a s t  i n i t i a l  stage of the 



r e a c t i o n  by a mechanism f o r  which subsequent d e t a i l s  o f  the  c o l l i s i o n  a re  o f  

no consequence. Nucleon-nucleon bremsstrahlung, however, i s  n o t  thought  

t o  account f o r  t he  e n t i r e  gamma r a y  y i e l d ,  s ince  t he  p roduc t ion  r a t e  f o r  

4 0 ~ r  + 2 0 8 ~ b  i s  n o t  l a r g e  enough compared t o  t h a t  f o r  ''c + '08pb t o  j u s t i f y  

t h a t  conc lus ion.  Consequently, the  primary.gamma r a y  p roduc t ion  mechanism 

remains un iden t i f i ed ,  i n  t h i s  ins tance,  and because of the  l a r g e  p a r t i c l e .  

backgrounds gene ra l l y  p resen t  i n  r e l a t i v i s t i c  heavy i o n  c o l  1  i s i o n s  , a l a r g e  so1 i d  

angle,  mu1 t i p l  e  element counter  exper iment wi 11 probably  be necessary 

be fo re  s u b s t a n t i a l  progress can be made i n  t h i s  area. 
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CERN ALPHA-ALPHA WORK 

L. Madansky 

L. Madansky was a member o f  the R807 c o l l a b o r a t i o n  a t  CERN i n  

which exper iments were performed s tudy ing  the  var ious  aspects o f  alpha- 

a1 pha , a1 pha-p and p-p c o l l  i sions. 

The r e s u l t s  o f  t he  anal.ysis, ma in ly  c a r r i e d  o u t  i n  c o l l a b o r a t i o n  

w i t h  t h e  members o f  t he  Pennsylvania group (S. Frankel  e t  a1 . )  have been 

pub l i shed  o r  a r e  i n  press. They a re  "Very High Centra l  Mu1 t i p l i c i  t y  

63 GeV-63 GeV aa I n t e r a c t i o n s , "  T. Akesson e t  a l . ,  Physics L e t t e r s  l lOB  

344 (1982) ; "Hadronizat ion o f  Exc i t ed  Nucleons i n  Nuclear C o l l  i s i o n s  a t  

I S R  Energies," T. akesson e t  a l . ,  submi t ted t o  Nuclear Physics B; and 

"Mu1 t i p 1  i c i  ty D i s t r i b u t i o n s  i n  p-Alpha and Alpha-Alpha C o l l i s i o n s  i n  

t h e  CERN I S R , "  T. Akesson e t  a l . ,  submi t ted t o  Nuclear Physics.  The 

pub l i shed  paper i s  c h a r a c t e r i s t i c  o f  the r e s u l t s ,  namely, t h a t  they are 

understood as s imple products  o f  mu1 t i p l e  c o l l i s i o n s  w i t h  no evidence 

of c o l l e c t i v e  e f f e c t s .  



THE ANOMALON EXPERIMENT (E630 : Koontz e t  a1 . ) 
T. Hallman and L. Madansky 

An exper iment t o  search f o r  the r a d i a t i v e  decay o f  t he  so -ca l l ed  

anomalon t h a t  i s  produced i n  heavy- ion reac t i ons  was proposed by a LBL 

group (R.  Koontz, G. Roche, L. Schroeder, H. Pugh, G. Krebs).  The main 

po i 'n t  o f  t he  exper iment was t o  d e t e c t  protons,  deuterons and o t h e r  l i g h t  

elements f rom reac t i ons  o f  12c w i t h  var ious  nuc lear  t a r g e t s  and t o  s tudy 

t he  gamma rays  i n  the  r e g i o n  (-100 MeV) t h a t  were c o i n c i d e n t  w i t h  such 

p a r t i c l e s .  Any unusual s t a tes  t h a t  were assoc ia ted w i t h  the  e x c i t e d  

t a r g e t  f o r  t h e  p r o j e c t i l e  fragment t h a t  would decay v i a  gamma r a d i a t i o n  

could,  i n  p r i n c i p l e ,  be an independent s i gna tu re  o f  the  anomalon, which 

has been seen o n l y  , i n  emulsion experiments. The Hopkins group and o the rs  

(J. C a r r o l l ,  T. Mulera, T. Hallman, L. Madansky) was i n v i t e d  t o  j o i n  t he  

c o l l a b o r a t i o n  and s e t  up a NaI gamma de tec to r  s i m i l a r  t o  t he  ones used i n  

prev ious experiments t h a t  were designed t o  s tudy h igh  energy gamma p roduc t i on  

i n  heavy i o n  c o l l i s i o n s .  

The p r o j e c t i l e s  were de tec ted  w i t h  an a r r a y  o f  s o l i d  s t a t e  counters .  

The gamma-ray system cons is ted  o f  a  1"  NaI conver te r  f o l l owed  by a s c i n t i l l a t o r  

t o  d e t e c t  t he  converted e l ec t rons ,  and f o l l owed  by two 5 "  t h i c k  NaI c y l i n d e r s  

o f  approx imate ly  12" diameter.  A ve to  counter  r e j e c t e d  spur ious events i n  

which charged p a r t i c l e s  may have accompanied t he  gamma rays.  The 5 "  d e t e c t o r  

absorbed t he  shower w i t h  good r e s o l u t i o n  and t he  s p l i t  p rov ided  an a d d i t i o n a l  

m a n s  f o r  r e j e c t i n g  neut ron events which produced abnormal pu lse  he igh t  

d i s t r i b u t i o n s  i n  the  two counters .  The exper iment was run  i n  t h e  l a t e  

sp r i ng  and t he  r e s u l t s  a re  be ing analyzed a t  t h i s  t ime.  



The ve ry  p r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  the  gamma-ray spectrum 

assoc ia ted  w i t h  e i t h e r  protons o r  deuterons, as determined by t h e  charged 

p a r t i c l e  te lescopes, looks  very  much l i k e  one from p i - ze ro  p roduc t ion  f o r  

t he  most p a r t .  A d e t a i l e d  study i s  underway t o  e s t a b l i s h  cross sec t ions  

so t h a t ,  w i t h i n  t he  exper imenta l  s t a t i s t i c s  and t h e  expected p i - z e r o  

p roduc t ion ,  some l i m i t s  on r a d i a t i v e  anomalon decay can be es tab l i shed .  

The main a n a l y s i s  i s  be ing  c a r r i e d  ou t  a t  LBL and some q u a n t i t a t i v e  r e s u l t s  

w i l l  be a v a i l a b l e  i n  t he  near f u t u r e .  



The Neutron and Charged P a r t i c l e  Emission F o l l  owing p- -capture i n  1 6 5 ~ o  

* 
E. McIntyre,  T. Hallman, Y.  K. Lee, R. Levin,  L. Madansky, G. Mason and 

B.  Olan i y i *  

p'-capture i n  n u c l e i  has been i n t e n s i v e l y  s tud ied  i n  t he  past ,  

and much o f  our  i n s i g h t  in to .weak  i n te rac t i omcame  f rom such i n v e s t i g a t i o n s .  1  

The p- -capture i s  a l s o  used as a probe o f  nuc lear  i n t e r a c t i o n s  through 

such phenomena as muonic x-rays, c o l l e c t i v e  nuc lear  e x c i t a t i o n ,  and 

p a r t i c l e  emissions .2 Recent ly the ene rge t i c  components o f  bo th  neut ron 

and p ro ton  emission f o l l o w i n g  p'-capture i n  medium-heavy n u c l e i  have 

3 become the  focus o f  a t t e n t i o n  s ince  the  o r i g i n  and na tu re  o f  such 

ene rge t i c  components a re  n o t  exp la i nab le  on the  bas is  o f  a v a i l a b l e  t heo r i es  

o f  p'-capture o r  nuc lear  de -exc i t a t i on  processes. It nay be necessary 

t o  take a f r e s h  look  a t  t he  p i o n i c  processes i n  t he  nucleus. These may 

be taken i n t o  account i n  the weak hadronic  c u r r e n t  i n  o rder  t o  e x p l a i n  

ene rge t i c  p ro ton  emi ss ion.  4 

Review o f  Experimental S i t u a t i o n s  

The s u r p r i s i n g l y  h i gh  ncu t ron  energy component was f i r s t  suggested 

by an unpubl ished r e p o r t Y 5  i n  which t he  neut ron spec t ra  f rom Pb was 

repo r ted  t o  have an exponent ia l  form w i t h  a  decay cons tan t  Eo= 12k l  MeV 

up t o  t he  neut ron energy o f  50 MeV. Subsequently, Schrdder e t  a1 .6 repor ted  

a neut ron spectrum up t o  20 MeV which was i n  e s s e n t i a l  agreement w i t h  

K r i e g e r ' s  r e s u l t .  More data were repo r ted  f o r  l i g h t e r  n u c l e i  by Sundel in  

e t  a1 .7 f o r  neut ron energ ies up t o  50 MeV w i t h  a  decay cons tan t  of 7 MeV. 

* U n i v e r s i t y  o f  V i c t o r i a  and TRIUMF, Canada 



Sunde l i n ' s  r e s u l t  f o r  the  neu t ron  energy measurements depends on t he  un- 

f o l d i n g  of pu lse  h e i g h t  spec t ra  f rom the s c i n t i l l a t i o n  counter  which i s  a t  

b e s t  a  d i f f i c u l t  procedure. 

t 
Energe t i c  charged p a r t i c l e  emission was f i r s t  repor ted  by Russian 

groups. 8 y 9  The l a t e s t  measurement by Krane e t  a l . l 0  r e p o r t s  p ro ton  spec t ra  

between 40 and 70 MeV f o r  severa l  t a r g e t s  w i t h  the  decay constant  o f  

I I Eo = 9.9f 1.1 MeV Furq Pb. T t~e  b e s t  lheor- .et ical  er ro i ' t  by Singer e t  e l  . , 
based on p r e - e q u i l i b r i u m  models us ing  phenomenological nucleon-momentum 

d i s t r i b u t i o n  f a 1  1  s  f a r  s h o r t  of e x p l a i n i n g  t he  ene rge t i c  p ro ton  components. 

An a d d i t i o n a l  puzz le  i s  t he  f a c t  t h a t  the  p ro ton  spec t ra  of Krane e t  a l .  10 

have t he  same s lope as t he  high-energy neut ron spec t ra .  These exper imental  

r e s u l t s  i n d i c a t e  a  cap tu re  mechanism based on many-body processes, s i m i l a r  

t o  t h a t  i n  nuc lear  p h o t o - d i s i n t e g r a t i o n  and i n  T--capture,  i n  which h i gh  

energy nucleons are em i t t ed .  

Review o f  Theo re t i ca l  I n t e r p r e t a t i o n s  

I n  o rde r  t o  e x p l a i n  t he  unusua l l y  ene rge t i c  p ro ton  and neutron 

i p e c t r a ,  a  hydrodynamic model was proposed by T. Kozlowsky e t  a1 .I2 i n  which 

t he  nuc lear  muon cap tu re  process was s tud ied  as an e x c i t a t i o n  o f  the  

analogues o f  va r ious  harmonics o f  t he  m u l t i p o l e  g i a n t  resonance, us ing  

t h e  hydrodynamic model o f  the  nucleus. Amado e t  a1 .' t r i e d  a  phenomenological 

model i n  which an ad hoc "nuc lcar  r c c o i l  f u n c t i o n "  was in t roduced t h a t  

cha rac te r i zed  t h e  a b i l i t y  o f  t h e  t a r g e t  nucleus t o  absorb the momentum. 

The "nuc lear  r e c o i l  f u n c t i o n "  was then assumed t o  be dominated by the  

minimum poss ib l e  va lue o f  t he  momentum c a r r i e d  by t h e  nuc lear  deb r i s .  



A comprehensive d iscuss ion  o f  bo th  neut ron and p ro ton  spec t ra  

f o l l o w i n g  p- -capture was g iven  by s inger3  i n  which the  cap tu r i ng  nucleus 

was t r e a t e d  as c o n s i s t i n g  o f  quas i - f r ee  nucleons moving i n  a  momentum- 

dependent p o t e n t i a l  and having a  phenomenological e f f e c t i v e '  nucleon- 

momentum d i s t r i b u t i o n .  The model accounts w e l l  f o r  t he  observed p a r t i c l e  

emission ra tes ,  b u t  t he  c a l c u l a t e d  nuc lear  e x c i t a t i o n  f u n c t i o n  s t i  11 l acks  

i n  s t r e n g t h  i n  t h e  high-energy t a i l .  

A novel  and parameter- f ree approach t o  p- -capture was in t roduced 

by Bernabeu. The key p o i n t  was t h e  deep connect ion between a x i a l  p'-capture and 
+ 

The p--capture probabi 1  i ty  r can be w r i t t e n  as r -q2+ AZ +A; 

where V and A  a re  t he  hadronic  vec to r  and a x i a l  vec to r  cu r ren ts ;  I n  
lJ P 

the  l i m i t  151 + 0, we have, from, the  PCAC hypothes is  ', ~ 

qoAo - cXI+,IN, f o r  the  nuc lear  t r a n s i t i o n  N -X,. 

@, be ing  the  p i o n  f i e l d .  Hence, the  term A. can be obta ined by t he  e x t r a -  

p o l a t i o n  o f  t h e  S-wave p ion  absorp t ion  ampl i tude from the  phys ica l  p i on  

mass m, t o  t h e  mass m This  p rov ided  a  lower  l i m i t  f o r  the  q u a n t i t y  
1-1 ' 

d ~ ~ + ~ / d ~ ~  a t  l$ l=  0. Th is  leads t o  the  conc lus ion  t h a t  about 1% o f  the  

capture event should have an energy t r a n s f e r  o f  more than 80 MeV. This  

conc lus ion means t h a t  t h e r e  a re  s t r ong  reasons t o  b e l i e v e  c o r r e l a t e d  nucleons 

a re  emi t ted  i n  p'-capture. 

Experimental Method 

D i f f i c u l t y  w i t h  the  p a r t i c l e  d e t e c t i o n  f o l l o w i n g  p'-capture l i e s  

ma in ly  i n  t he  low coun t ing  r a t e  and the  ;evere background. We t ry  t o  over-  

come these problems by us ing  the  bes t  slow p--beam w i t h  a  good du t y  cyc le ,  



1 arge-vo l  ume s c i  n t i  11 a t o r s  , and by i n c l u d i n g  co inc iden t  gamma rays i n  t he  

t r i g g e r .  , . . 

For t he  neu t ron  spec t ra  t he  t i m e - o f - f l i g h t  method i s  f a r  supe r i o r  

t o  t h e  method o f  un fo ld ing  pu lse  he igh t  ~ p e c t r a . ~  The neutron counters,  

p r e v i o u s l y  descr ibed  i n  connect ion w i t h  t h e  n- -capture experiment ,14 a re  

used w i t h  the  a d d i t i o n  o f  charged p a r t i c l e  counters.  U n l i k e  the  case 

o f  t h e  n'-capture exper iment,  t h e  te lescope s i gna l  f o r  p - -s top  cannot be 

used f o r  the  t ime-zero because o f  t he  long  l i f e t i m e  o f  the  p- i n  t he  1s 

atomic s ta te .  It was decided t o  use the  nuc lear  y- rays f o l l o w i n g  11--capture 

as t h e  t ime-zero s i g n a l .  I t  i s  a l so  c r u c i a l  t h a t  such nuc lear  gamma rays 

should be reso lved  and i d e n t i f i e d .  

For t he  charged p a r t i c l e ,  t he  pu lse  h e i g h t  spect ra  g i ve  good energy 

r e s o l u t i o n  f o r  ene rge t i c  protons and deuterons ( >  30 MeV), b u t  t ime-o f -  

f l i g h t  measurement g ives  supe r i o r  r e s u l t s  i n  the  low energy reg ion .  Both 

methods were used s imul taneously .  A dE/dx counter  was used t o  d i s t i n g u i s h  

p a r t i c l e s .  

The t i m e - o f - f l i g h t  system cons is ted  o f  12 l a r g e  p l a s t i c  s c i n t i l l a t o r s  

(NE110, Nuclear En te rp r i se )  w i t h  the  dimension o f  24" x  6 "  x  3 "  a t  the  f l i g h t  

pa th  o f  5 ft. A dE/dx counter  o f  +" th ickness  made o f  p l a s t i c  s c i n t i l l a t o r  

(NE110) was p laced  as a  s h i e l d  i n  f r o n t  o f  t he  main counters.  The geometry 

of t h e  s.ystem w i t h  r espec t  t o  t he  u- beam i s  shown i n  F igure  1. The l ong  sc i n -  

t i l l a t o r s  are vlewed from bo th  ends by 58DVP p h o t o m u l t i p l i e r s  i n  a  p o s i t i o n -  

s e n s i t i v e  and mean-time mode. 14 

During our  i n i t i a l  runs we t r i e d  var ious NaI(T1) counters as w e l l  

as Ge (L i )  counters as the  t ime-zero counters.  The Ge(L i )  counters gave a  



Figure 1 .  Geometry of the neutron and charged part ic le  counters in the 

plane perpendicular to the beam. The tubular aluminum frame 

does not eclipse the counters. 



t ime  r e s o l u t i o n  o f  6  nanoseconds a t  bes t  f o r  200 keV y rays,  and t h i s  c a l l e d  

f o r  a  neut ron f l i g h t  pa th  o f  a t  l e a s t  15 '  f o r  10% energy r e s o l u t i o n  f o r  

80 MeV neutrons. Th i s  i s  a  v i a b l e  a1 t e r n a t i v e  f o r  a  f u t u r e  experiment i f  

h i g h  r e s o l u t i o n  f o r  y - ray  energy i s  requ i red ,  b u t  we chose t o  use a  2"xZ" 

NaI(T1) counter  as t h e  t ime-zero counter  w i t h  a  t i m i n g  r e s o l u t i o n  o f  2  

nanoseconds. 
- 
I he mu1 t i p l e  p a r t i c l e  counter  system, which i s  a  c a r e f u l  compromise 

o f  e f f i c i e n c y ,  t i m i n g  and background cons idera t ion ,  was o r i g i n a l l y  worked 

o u t  f o r  t he  r - - c a p t i r e  experiment.14 I t  i s  capable o f  angular  c o r r e l a t i o n  

and p a r t j c l e - p a r t i c l e  c o r r e l a t i o n .  The l a t t e r  f e a t u r e  i s  necessary i n  

o rde r  t o  determine t he  c r u c i a l  s i gna tu re  o f  t he  back-to-back neutrons 

as a r e s u l t  o f  the  p a r t i c i p a t i o n  o f  IT- i n  the  process o f  p--captu.re, 4 

d iscussed above. 

The p--beam was ob ta ined  a t  the  r e c e n t l y  developed slow p-channel 

a t  t h e  TRIUMF.'~ The U- beam was a t  55 MeV/c and the  three-element 

te lescope and t he  t a r g e t  combinat ion produced 20,0001sec stopped p- 

i n  t h e  t a r g e t .  The l a s t  element o f  the  telescope was used as the  ve to  

counter .  The t a r g e t  was m e t a l l i c  1 6 5 ~ o  300 mg/cm2 i n  th ickness,  which 

was p laced  i n  t he  beam a t  such an anqle t h a t  a l lowed o n l y  one o f  t he  neut ron 

counters  t o  be severe ly  e c l i p s e d  by absorp t ion  i n  the  t a r g e t .  The th ickness 

of the  t a r g e t  was a  compromise between a  qood s toppinq r a t e  and t o l e r a b l e  

s e l  f - abso rp t i on  o f  protons i n  t he  t a r g e t .  

The p' are  se lec ted  f rom background IT- and e' us ing  the  t ime-o f -  

f l i g h t  w i t h  r espec t  t o  m ic ro - s t r uc tu re  o f  t he  acce le ra to r  beam. As shown 

i n  F igu re  2, t h e  event  ga te  serves as t he  main t r i g g e r  f o r  CAMAC. I t  
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F i g u r e  2:  E l e c t r o n i c s  schematic. Connections t o  d i s c r i m i n a t o r s  , s c a l e r s ,  and ADC's a r e  m o s t l y  

o m i t t e d  f o r  c l a r i t y  . 



i s  enabled by a delayed gate from the p'stop telescope signal in order to 

- eliminate prompt photons, which were mostly muonic and target x-rays. . . 

Thi.s event .gate required a t  least  one neutron counter and the NaI (TI  ) 

time-zero counter to  f i r e .  The event gate provided the common s t a r t  signals 

for a1 1 of the time-to-digi tal  converters for  telescopes, NaI ('TI ) counters, 

n -  and p-counters. In Figure 2 individual connections of each counter 

anodes and dynodes to  TDC's and ADC's are not included for simplicity. 

Each channel for the n-counters and the telescope counters was 

provided with a constant fraction discriminator in order to achieve 

sub-nanosecond timing resolution. Each proton counter, which was also 

viewed by two phototubes from both ends, was provided with leading edge 

discriminators and electronic meantimers with 2 nanosecond resolution. 

The timing spread for the p-counter was mainly due t o  pulse height-dependent 

walk, and we are hopeful that  a software walk compensation can substantially 

reduce the spread. 

Data Acquisition and Preliminary Analysis 

The p'-capture experiment was intended to provide a spectra of 

energetic protons and neutron. These spectra were obtained in the 

following manner. Proton and neutron counters were considered in pairs 

(see Fig. I ) ,  the proton counter acting as a charged particle 'veto for 

the neutron. counter. A signal in the neutron counter was considered t o  be 

due to  a neutron i f  the proton counter did not detect the passage of a 

par t ic le .  I n  the situation where the proton counter did register a count 

in coincidence with the neutron counter, examination of the pulse height 



i n  each p rov ided  a means o f  d i s t i n g u i s h i n g  a charged p a r t i c l e  f rom a neut ron 

which i n t e r a c t e d  i n  the  4" pro ton  counter .  (Based on r e l a t i v e  th ickness ,  

a  detected neut ron has -10% choice o f  i n t e r a c t i n g  i n  t he  p ro ton  counter . )  

The 3" t h i c k  neut ron counter  acted approx imate ly  as a t o t a l  energy dump 

de tec to r .  The k" pro ton  counter  then acted as a E measurement. (Charged 

p a r t i c l e s  o f  l e s s  than -35 MeV are t o t a l l y  absorbed i n  the  k" t h i c k  p ro ton  

counter  and so a re  - n o t  seen by t h i s  method.) A s c a t t e r  p l o t  comparing 

pu lse  he igh t  i n  the  neut ron counter  w i t h  t h a t  i n  the  p ro ton  counter  shows 

sma'll pu lse  he igh t s  assoc ia ted w i t h  neut ron i n t e r a c t i o n  i n  t he  k" 

s c i n t i l l a t o r  as w e l l  as a c l e a r l y  de f i ned  band o f  counts ahowing the  AE/E 

r e l a t i o n  between pu lse  he igh ts  i n  t he  two counte'rs f o r  charged p a r t i c l e s .  + "  

Th is  was an e f f i c i e n t  technique o f  i d e n t i f y i n g  p ro tons  w i t h  energy 

g rea te r  than -35 MeV. A 2 " x Z "  NaI c r y s t a l  was used t o  de tec t  y rays from 

the nuc lear  p capture and served as a t ime-zero f o r  ToF ( t i m e - o f - f l  i g h t )  

measurements. The p o r t i o n  o f  t he  delayed y - ray  spectrum o f  i n t e r e s t  i s  

shown i n  F igure  3. Th is  r eg ion  o f  the  spectrum con ta ins  severa l  dysprosium 

y- rays.  The prompt muonic x-rays were suppressed by t he  e l e c t r o n i c  l o g i c  

system. I f  a y - ray  f e l l  i n t o  t h i s  r e g i o n  o f  the  NaI spectrum, then the  

neut ron counter  data was added t o  t he  neut ron spectrum. The neutron 

spectrum f rom p capture on Ho i s  presented i n  F igure  4. A background 

s u b t r a c t i o n  has been made on t h e  assumption t h a t  the  spectrum g rea te r  than 

105 MeV i s  spur ious.  T h i s  f i x e s  an approximate l e v e l  o f  background counts 

per  MeV which has been, sub t rac ted  o u t  o f  t he  neut ron spectrum. 

Al though the  l a s t  run  on p- -capture was meant t o  be exp lo ra to r y ,  

we were ab le  t o  o b t a i n  p r e l i m i n a r y  r e s u l t s  f o r  bo th  neut ron and p ro ton  
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F i g u r e  3 :  The Delayed Photon Spectrum i n  ' the  Time-Zero Counter 

(NaI,  2 "  x 2 " )  



FJ e u b n  
Figure  4 :  Neutron Spectrum from 11--capt.lrre i n  by t i m e - o f - f l  i g h t .  

The t ime-zero inc ludes  main ly  (4+-ZC) t r a n s i t i o n s  i n  1 6 4 ~ ~  and 16ZDy. 



emission spectra. The neutron spectrum obtained by t ime-o f - f l i ' gh t  i s  shown 

i n  F igure  4. An increase i n  s t a t i s t i c s ,  more carefu l  pu lse-height  cuts  
t 

i n  each counter, the  e f f e c t  o f  absorpt ion i n  dE/dx counters and counter 

e f f i c i e n c y  are  some o f  t h e  areas y e t  t o  be worked on. However, we could 

see two exponent ia l  components: Eo = 5.120.8 MeV extending from 11 t o  

32 MeV, and Eo = 11 .9f 1  MeV extending from 32 t o  80 MeV. The second decay 

constant  i s  t o  be compared t o  K r i ege r ' s  r e s u l t  o f  Eo = 12'1 MeV f o r  Pb. 

The pro ton  spectrum measured by TOF i s  shown i n  F igure 5. During 

the  l a s t  run the  energy dump counter was inc luded i n  the  t r i g g e r  so t h a t  

those charged p a r t i c l e  events where the p a r t i c l e  stopped i n  the dE/dx 

counter  are n o t  measured. Therefore, the proton spectrum i s  v a l i d  on ly  

above -35 MeV, s ince  t h a t  was the energy requ i red  t o  "punch through" 
! 

the  pro ton  counter.  No peaks i n  the NaI spectra were i d e n t i f i e d  as being due 

t o  Tb, which would r e s u l t  from pro ton  emission a f t e r  u- capture. Hence, 

t he  pro ton  spectra was c o l l e c t e d  i n  coincidence w i t h  any pulse above the 

noise i n  t.he 2"xZ" NaI c r y s t a l .  There i s  a l a r g e  drop i n  the  pro ton  spec t ra  

below -40 MeV, due t o  the absorpt ion o f  the pro ton  i n  the  proton counter.  

This spectra g ives a slope o f  Eo = 14*2 MeV extending up t o  

90 MeV, which i s  t o  be compared t o  the r e s u l t  o f  Eo = 9.9fl . I  MeV f o r  

Pb, extending from 40 t o  80 MeV repor ted  by ~ r a n e .  lo The i n a b i  1 i ty t o  

i d e n t i f y  the s p e c i f i c  y- rays from the  f i n a l  i so tope o f  Tb i s  a source 

o f  unce r ta in t y  b u t  y - ray  data on 1 6 4 ~ b  are n o t  ava i l ab le .  ( U n i d e n t i f i e d  

peaks i n  the Ge(Li )  spectra from p capture [F igure  61 may correspond t o  

Tb qamma rays). AS t he  .analys is  progresses, we can use the  pu lse  he igh t  



Figure  5 :  Proton Spectrum from p--capture i n  1 6 5 ~ o  Measured by Time-of-Fl i g h t .  

The range below 35 MeV i s  t o  be ignored because o f  the  e f f e c t  o f  

the  dF/dx c n ~ ~ n t e r .  
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i n f o rma t i on  i n  t he  combinat ion o f  dE/dx and energy dump de tec to r s  t o  determine 

the  charged p a r t i c l e  energy accu ra te l y .  I n  the  f u t u r e  we should employ a  

t a r g e t  f o r  which the nuc lear  phys ics o f  t he  daughter nucleus w i t h  2-2 i s  

we1 1  known. 

We should n o t  draw any f i r m  conc lus ion a t  the  p resen t  moment as 

t o  the  na tu re  o f  the  ene rge t i c  components o f  charged p a r t i c l e  emission 

i n  p--capture.  The most impor tan t  observa t ion  a t  t h i s  stage would be t h a t  

the  s lope o f  the  exponent ia l  decay o f  bo th  neut ron 'and p ro ton  spec t ra  i s  

o f  the  same magnitude, and t he re  i s  one a d d i t i o n a l  exponent ia l  component 

below 32 MeV i n  t he  neut ron spect ra .  
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The Neutron, Charged P a r t i c l e ,  and y - ray  C o r r e l a t i o n  i n  n'-capture i n  

1 6 5 ~ 0  and 

E. McIntyre,  T. Hallman, R. Levin,  Y .  K. Lee, L. Madansky and G .  Mason* 

and B. O lan i y i *  

The i n v e s t i g a t i o n  o f  t he  n'-capture i n  medium heavy n u c l e i  i s  now 

i n  i t s  f i n a l  phase o f  ana l ys i s  a f t e r  the  l a t e s t  r un  a t  t he  TRIUMF du r i ng  

May and June, 1982. We con t inue  t o  s tudy the  neut ron and p ro ton  spec t ra  

i n  co inc idence wi t h  d i s c r e t e  nuc lear  gamma rays,  t o  e x h i b i t  c o r r e l a t i o n s  

o f  the  spec t ra  t o  neut ron m u l t i p l i c i t y  and r e s i d u a l  nuc lear  s ta tes .  We 

f i n i s h e d  t he  examinat ion o f  the data f rom the runs c a r r i e d  ou t  

du r i ng  1981, and t h e  r e s u l t s  a re  publ ished.  ' I n  our  e a r l y  data a d i s c r e t e  
0 

component i n  the pre-compound neutron spec t ra  i s  reso lved  f o r  t he  f i r s t  t ime, 

and i t s  c o r r e l a t i o n  t o  the  popu la t ion  o f  h i gh  s p i n  nuc lear  s ta tes  i s  

observed. 

The major improvements and m o d i f i c a t i o n  i n  the  l a t e s t  r un '  du r i ng  

1982 were t he  a d d i t i o n  o f  charged p a r t i c l e  counters,  which acted a l s o  as 

charged p a r t i c l e  s h i e l d s  f o r  the  neut ron counters;  i n c l u s i o n  o f  an a d d i t i o n a l  . 

Ge(L i )  counter  f o r  a h igher  e f f i c i e n c y  and p o s s i b l e  photon-photon c o r r e l a -  

t i o n ;  b e t t e r  beam o p t i c s  and t a r g e t i n g  . f o r  a  h i ghe r  s topping r a t e  o f  n-. 
, 

The upgraded experiment was presented t o  the  TRIUMF as a new experiment f o r  

a  s u f f i c i e n t  running t ime and h ighe r  p r i o r i t y ,  and was approved as Experiment 

211. I n  o rde r  t o  accommodate h i ghe r  y i e l d s ,  t h e  event  t r i g g e r  requirements 

were a l s o  t igh tened .  S u f f i c i e n t  s t a t i s t i c s  were accumulated i n  o rde r  t o  

* U n i v e r s i t y  o f  V i c t o r i a ,  and t he  TRTIIMF, Canada 



determine the shape and i n t e n s i t y  o f  the  d i s c r e t e  component o f  the exc lus i ve  

neu t ron  spect ra ,  t he  n-n-y r ay  c o r r e l a t i o n s ,  and t he  n-y angular  d i s t r i -  

b u t i  ons . 
t 

Dur ing the  l a t e s t  r un  a t  TRIUMF we a l so  measured t he  photon-photon 

c o r r e l a t i o n  w i t h  a p a r t i c u l a r  emphasis on the  l ineshape s tudy o f  t h e  

quadrupole s p l i t  p i o n i c  x - ray  as a f u n c t i o n  o f  neut ron mu1 t i p l i c i  t y .  The 

da ta  are s t i l l  under ana l ys i s ,  b u t  t he  r a t i o n a l e  f o r  t h e  experiment, which 

i n tends  t o  d e t e c t  t he  c o r r e l a t i o n  between t he  neut ron m u l t i p l i c i t y  and the  

o r i e n t a t i o n  o f  t he  atomic o r b i t  o f  TT- w i t h  respect  t o  t h e  deformed nucleus, 

i s ' g i v e n  a t  t h e  end o f  t h i s  chapter.  

Purpose o f  t h e  Experiment 

Recent ly progress i n  understanding the  d e - e x c i t a t i o n  process i n  

heavy i o n  co l  1 i s i o n s 2  '3 has g iven  new i n s i g h t  i n t o  the  nuc lear  processes 

i n v o l v e d  i n  T--capture.  bevera l  choices of ta rgee  nuclei e x i s t ,  1 fi!iHo 

and 1 8 ' ~ a .  f o r  f o r  which nuc lear  p r o p e r t i e s  o f  r es i dua l  i so topes  

are w e l l  understood from heav.y i o n  ph.ysics. 
6 

The exper iment descr ibed  below i s  an e f f o r t  t o  make more exc lus i ve  

measurements o f  t he  T--capture process by i d e n t i f y i n g  t he  r e a c t i o n  channel 

l e a d i n g  t o  a p a r t i c u l a r  nuc lear  s t a t e  o f  a d e f i n i t e  i so tope .  T h i s  yoal  i s  

achieved by .us ing an e f f i c i e n t  t i m e - o f - f l  i g h t  system f o r  neutrons i n  c o i n c i  - 

dence w i t h  d i s c r e t e  nuc lear  gamma rays .  Peaks a t  t he  h i gh  energy end o f  

e x c l u s i v e  neut ron spec t ra  i n  1 6 5 ~ o  a re  reso lved,  and they  revea l  a s t r ong  

e f f e c t  on t h e  popu la t i on  o f  h i gh  s p i n  nuc lear  s ta tes .  Th is  i s  the  f i r s t  

measurement where t h e  neut ron m u l t i p l i c i t y ,  t h e  angular  momentum o f  the  



r e s i d u a l  n u c l e i ,  and t h e  neut ron spec t ra  a re  c o r r e l a t e d  t o  e x h i b i t  t h e  reso lved  

d e t a i l s  o f  pre-compound neutron emission, as w e l l  as the e f f e c t s  o f  nuc lear  

s t r u c t u r e .  

I n  t h i s  s tudy we address ourse lves t o  t h r e e  ca tegor ies  o f  quest ions.  

The f i r s t  one i s  about the  p r imary  process o f  capture o f  the  IT' by nucleons. 

It seems t h a t  the  m a j o r i t y  o f  IT- a re  captured by a c o r r e l a t e d  p a i r  o f  

nucleons. Our data i n d i c a t e s  t h a t  t he  nuc lear  s t r u c t u r e  p lays  an impor tan t  

r o l e  i n  determin ing the  na tu re  o f  t he  c o r r e l a t e d  nucleon p a i r s ,  and the  

n-y r a y  c o r r e l a t i o n  c.an supply a  p a r t i a l  answer t o  t he  l o c a t i o n  o f  t he  

capture events and t he  spec t ra  o f  the  pr imary nucleons. 

  he' second ques t ion  concerns the  d e - e x c i t a t i o n  o f  h i g h l y  e x c i t e d  

n u c l e i  which occurs p r i m a r i l y  by emission o f  f a s t  and slow neutrons, and 

i n  some cases charged p a r t i c l e s .  We be1 i e v e  t h a t  n - ( y - ray )  c o r r e l a t i o n  

s tud ies  p rov ide  the  most d e t a i l e d  i n f o r m a t i o n  o f  t h i s  process, which i s  

o f t e n  d iscussedas "p re -equ i l i b r i um"  p a r t i c l e  emission. The t h i r d  category 

i nvo l ves  the  nuc lear  phys ics o f  t he  y - ray  e m i t t i n g  s ta tes  o f  the  r e s i d u a l  

n u c l e i .  Our da ta  show t h a t  t h e r e  i s  a  complex c o r r e l a t i o n  between t he  

neut ron spec t ra  and the  f i n a l  nuc lear  s ta tes ,  which can be e f f e c t i v e l y  

s tud ied  by t he  p resen t  approach. 

The c u r r e n t  r e s u l t s  a re  t i m e l y  i n  view o f  t he  recen t  i n t e n s i v e  

e f f o r t s  t o  descr ibe  the  broad category o f  pre-compound emission by severa l  

d i f f e r e n t  models. 7 y 8 y 9  Dec is ive  experiments t o  r eso l ve  the  ambigui ty  i n  

such models a r e  beginn ing t o  appear i n  terms o f  channel-def ined measure- 

ments.1° The =--capture i n  medium heavy n u c l e i  o f f e r s  a  p a r t i c u l a r l y  

impor tan t  oppo r tun i t y  t o  make such measurements s ince  an exper imenta l l y  



c l e a r  t ime-zero s i g n a l  i s  a v a i l a b l e  f rom the  stopped n-, and a wide range o f  

r e s i d u a l  i so topes  and nuc lea r  s ta tes  o f  h i gh  sp in  a re  reached. 

Experimental  Arrangements 

The p resen t  exper iment was c a r r i e d  ou t  w i t h  t he  slow beam f rom 

the  MI3 Channel a t  t he  TRIUMF acce le ra to r .  The d e t a i l s  o f  the  major components 

o f  t he  t i m e - o f - f l i g h t  apparatus were descr ibed p rev ious l y  i n  our  Annual 

Report  f o r  1981 ,11 and t h e  d e s c r i p t i o n  of t he  new counters f o r  the  charged 

p a r t i c l e s  i s  g i ven  i n  connect ion w i t h  the  p--capture experiment i n  the  

preceding chapter  of t he  p resen t  r e p o r t .  B r i e f l y ,  twelve l a r g e  p l a s t i c  

s c i n t i l l a t o r s  (NE110, 24" x 6 "  x 3 " )  were employed i n  a t i m e - o f - f l i g h t  

system w i t h  a f l i g h t  pa th  o f  5 f 0.25 ft. The counters were spaced t o  

measure the  angu la r  d i s t r i b u t i o n  a t  steps o f  23 * 5O. Both ends o f  each 
0 

neut ron  counter  were viewed by i n d i v i d u a l  phototubes. .The data from each 

counter  were u t i l i z e d  i n  a mean-time mode ach iev ing  o v e r a l l  t i m i n g  r e s o l u t i o n  

b e t t e r  than 1 ns. 

The charged p a r t i c l e  counters were k" t h i c k ,  subtending the  same 

s o l i d  angle as t he  neu t ron  counter .  Two Ge(Li  ) gamma-ray de tec to r s  

were p laced  approx imate ly  2 '  f rom the  t a r g e t  i n  t he  p lane de f i ned  by t he  

neut ron de tec to rs .  The background s i gna l s  i n  t he  neut ron counters due t o  

e l e c t r o n s  and y- rays were e f f e c t i v e l y  e l im ina ted  by the  t i m e - o f - f l i g h t  

I n fo rma t i on .  I n  t he  neu t ron  spec t ra  the  background due t o  protons was 

e l i m i n a t e d  through i d e n t i f i c a t i o n  o f  r es i dua l  isotopes by i t s  co inc iden t  

y- rays,  and by t he  vetoes generated by t h e  charged p a r t i c l e  counter .  



? Resul ts  
- 

The experiment was c a r r i e d  o u t  i n  two separate'  stages. The f i r s t  

stage i nvo l ved  shake-down runs du r i ng  November o f  1980, and da ta - tak ing  runs 

du r i ng  February o f  1981, us ing two m e t a l l i c  t a r g e t s  o f  1 6 5 ~ o  and 1 8 ' ~ a .  

The r e s u l t s  o f  these measurements were analyzed mos t l y  f o r  t h e  neut ron 

spect ra  i n  co inc idence w i t h  r e a d i l y  observed y - rays  f rom the  ground s t a t e  

band (g  . s. b. , f rom now on) t r a n s i t i o n s  o f  even-even i so topes .  Residual 

nuc lear  s ta tes  w i t h  sp ins up t o  8 r)( were s tud ied.  

Our f i n a l  runs du r i ng  the  second stage were c a r r i e d  ou t  du r i ng  

May, 1982, w i t h  t h e  a d d i t i o n  o f  charged p a r t i c l e  counters ,  another Ge(L i )  

de tec to r ,  and w i t h  a s i g n i f i c a n t  increase i n  IT- -s top r a t e .  I n  o rde r  t o  

accommodate t he  increased data r a t e ,  t he  event t r i g g e r  requirement was 

t igh tened  t o  reduce background events and t o  f avo r  events i n v o l v i n g  f a s t  

neutrons over thermal neutrons. The exper iment was l i m i t e d  t o  t he  1 6 5 ~ 0  

t a r g e t  on ly ,  b u t  s u f f i c i e n t  beam t ime was a l l o c a t e d  t o  achieve t he  q u a l i t y  

and s t a t i s t i c s  o f  t he  data t o  enable t he  i n c l u s i o n  o f  (12' + 10') and 

(10' -t 8') t r a n s i t i o n s  , p a r t i  c l e - p a r t i c l e  c o r r e l a t i o n s  , and p a r t i  c l e - y  

r a y  c o r r e l  at i 'ons . 
We f i n i s h e d  t he  f ac to r  of 20 cnmpression o f  our o r i g i n a l  da ta  tapes 

f rom the  l a t e s t  runs, and s t a r t e d  t he  ana l ys i s  o f  spec t ra  and c o r r e l a t i o n  

on a VAX 11/780, us ing  the  CERN histogramming package HBOOK. The complet ion 

o f  t he  data ana l ys i s  and i n t e r p r e t a t i o n  w i l l  take  us w e l l  i n t o  the  midd le  

o f  nex t  year .  The r e s u l t s  o f  t he  ana l ys i s  o f  the  data f rom our 1981 run  

was p a r t l y  f i n i s h e d  and presented i n  t h e  prev ious annual repor t , ' '  and 

has been r e c e n t l y  publ ished.  1 



Figure 1. S~.rmmi\ry sf e a r l y  (1981) d a t a .  Neutron speclra I n  

coincidence w i t h  6' +2+)  and (8' -t 6+) transit ions in 

the g . s .b .  f o r  varlous neutron multiplici tes for  1 6 5 ~ o  and 

I 8 ' ~ a  targets .  Lines are drawn to guide the eye. 





I n t e r p r e t a t i o n  o f  t he  E a r l y  Data on 1 6 5 ~ o  and 1 8 ' ~ a  

I n  F igu re  1, t he  neut ron spec t ra  i n  co inc idence w i t h  t he  (4++2+) 

g.s. b. t r a n s i t i o n s  f o r  two t a r g e t s  a re  shown. The corresponding (8' +6+) 

gsb da ta  are a l s o  shown f o r  a few cases. These spec t ra  have fea tu res  

which a r e  a b s e n t  i n  i n c l u s i v e  neut ron spect ra .  l2 For t h e  1 6 5 ~ o  t a r g e t ,  

peaks a r e  observed a t  t h e  h i gh  energy end o f  the  spectrum f o r  t h r e e  neut ron 

m u l t i p l i c i t i e s .  The peaks. a re  enhanced f o r  the  (8' -+ 6') t r a n s i t i o n s  f o r  

I b U ~ y .  Such peaks a r e  almost unrecognizable f o r  t he  t a r g e t ,  b u t  t he  

o r i g i n  o f  t h i s  e f f e c t  i s  n o t  known. 

i n  o rde r  t o  understand the presence and t h e  s h i f t  i n  p o s i t i o n  o f  

t he  peak f o r  d i f f e r e n t  neu t ron  mu1 t i p 1  i c i  ty  (M,) , we evaluate t he  s i t u a t i o n  

where one f a s t  neut ron i .s  em i t t ed  f rom the  nucleus, l eav ing  an e x c i t a t i o n  energy 

corresponding to .  t he  peak o f  the e x c i t a t i o n  f u n c t i o n  f o r  the  (p ,xn) - reac t ion  

w i t h  x = Mn-1. I f  we use t he  t abu la t i on13  o f  the  values f o r  (Em-Ethres 1 

where Em i s  t hc  c x c i  t o t i  on energy Tur. L t u  ~~~axlrnurn p rabab i l  i ty  f o r  (Mn-1 1 

neu t ron  emission, and t he  Ethr,, i s  t he  t h resho ld  energy f n r  t h e  

(p ,xn)- react ion,  then we can eva lua te  t he  energy o f  the  f a s t  neut ron t o  

where Mn and  BE(^) a r e  t he  p i o n  m a ~ s  and b i n d i n g  energy, r espec t i ve l y ,  and 

Q(M,) i s  the  Q-va lue f o r  t he  Mn neut ron emission f rom the  nuc lear  mass 

tab1 e .  l4 The r e s u l t s  a re  l l s t e d  i n  l a b l r  I. The agreement i n  p o s i t i o n s  

i s  encouraging, b u t  t he  mechanism favor ing  such a s imple process i s  n o t  

c l e a r ,  e s p e c i a l l y  i n  view o f  the  absence o f  such peaks f o r  the  

t a r g e t .  



Table I. Peak Neutron Energy 

. 
Iso topes  

6 2 ~ y  

l G"~.y 

5 n ~ y  

5 6 ~ y  

1 54~y 

3 

5 

7 .  

9 

P I  

Q(Mn) 
M ~ V  

-20 

-35 

- 50 

-67 

-83 

Em - E th res  
MeV 

9 '2 

15 + 2  

17 f , 5  

32 ' 7  

44 * 7  

En 
Ca l cu l a t e d  

MeV 

I 1 0  + 2 

89 * 2 

72 + 5 

40 * 7  

12 + 7 

Observed 
MeV 

- .  

97 + 12 

6 2 2  6  

44f 4 

- 



The a.bove observa t ion  leads t o  the  general  p i c t u r e  o f  d e - e x c i t a t i o n  

based on t he  cap tu re  o f  T' by a quasi-deuteron on the  sur face  o f  t he  

nucleus. One neu t ron  has a l a r g e  p r o b a b i l i t y  f o r  escaping w i t h  a  smal l  

f i n a l  s t a t e  i n t e r a c t i o n ,  and t he  o t h e r  neut ron w i l l  s t a r t  a  s e r i e s  of nuc lear  

r e a c t i o n s  . Such a view i n  i t s  extreme form was sometimes taken by 

authors  i n  t h e  pas t .  ~ u k h o ~ a d h ~ a ~ ~ ~  was ab le  t o  f i t  the  i n c l u s i v e  neut ron 

spec t ra  by assuming onc o f  t hc  p r imary  ncut ron cscapcd w i t h o u t  a  f i n a l  

s t a t e  i n t e r a c t i o n  a t  a l l ,  i f  a c e r t a i n  nucleon momentum d i s t r i b u t i o n  was 

assumed i n s i d e  t he  nucleus. I n  the  r e l a t e d  f i e l d  o f  i n e l a s t i c  s c a t t e r i n g  

o f  nucleons, Hi i fner and co-authors assume t h a t  s i n g l e  s c a t t e r i n g  dominates 

nucleon-nucleus i n c l u s i v e  cross-sect ions f o r  energ ies between 15 and 

100 MeV and s u c c e s s f u l l y  c a l c u l a t e s  the spect ra  f o r :  f a s t  neutrons. 16,17 

I n  the  more f a m i l i a r  (p ,xn)- react ions the  e x c i t a t i o n  f u n c t i o n  o f  

each m u l t i p l i c i t y  i s  r a t h e r  sharp ly  de f ined  ( w i t h i n  20 MeV FWHM) f o r  a  

g iven  i n c i d e n t  p ro ton  enerqy.1° I f  we combine t h i s  observa t ion  w i t h  the  

assumption t h a t  one o f  the  pr imary neutrons i n  IT--capture tends t o  escape 

w i t h  a minimum o f  s c a t t c r i n g ,  onc can scc t hc  importance o f  t hc  cncrgy 

o f  t h e  f i r s t  neu t ron  emiss ion i n  determin ing t he  neut ron mu1 t i p l i c i  t y .  

The pre-equi  1  i br ium c a l  c u l  a t i  on7 based on f o u r  i n i t i a l  exc i  t on  numbers 

i s  n o t  ab le  t o  descr ibe  these aspects, and i n c o r p o r a t i o n  o f  the  spec ia l  

f ea tu res  o f  t he  su r f ace  capture i s  expected t o  be c r u c i a l .  

Tn a d d i t i o n  t o  the  d i s c r e t e  feature of neut ron spect ra ,  t he  

nuc lea r  spin-dependence o f  the  neut ron m u l t i p l i c i t y  and spec t ra l  shape 

should be a cha l lenge  t o  more d e t a i l e d  pre-equi  1  i br ium c a l c u l a t i o n s .  The 

con jec tu re  t h a t  t h e  i n te rmed ia te  reg ion  i n  the  neut ron spec t ra  (e.g.  



10 MeV E < 80 MeV f o r  l6'Dy) i s  due t o  more than one p re -equ i l  i b r i u m  

neutron emission i s  now be ing  t e s t e d  by ana lyz ing  the  l a t e s t  data f o r  a  

n-n c o r r e l a t i o n  exper iment i n  co inc idence w i t h  y rays .  

P re l im ina ry  Resul ts  o f  L a t e s t  Run w i t h  1 6 5 ~ o  Target  

Data from Experiment 211, ab ta ined  i n  May 1982, has been p a r t i a l l y  

analyzed. The r e s u l t s  presented 'here f o r  the  .rr cap tu re  da ta  a re  based on 

approximately 500,000 events.  A f a c t o r  o f  two improvement i n s t a  t i  s t <  cs 

can be expected when t h e  f u l l  s e t  o f  data i s  analyzed. The p resen t  data 

can be considered t o  be o f  h i ghe r  q u a l i t y  than t he  prev ious data,  i n  t h a t  

a  lar 'ger f r a c t i o n  o f  t he  da ta  i s  due t o  h i gh  energy neut ron events.  Th is  

was achieved by r a i s i n g  the  b i as  l e v e l  on t he  neut ron counter  t o  e l i m i n a t e  

a l a r g e r  f r a c t i o n  o f  thermal neutrons. 

The data has been analyzed i n  t he  f o l l o w i n g  fash ion .  Gamma r a y  

spec t ra  f rom the  Ge(L i )  counters a l lowed t he  de te rmina t ion  o f  t he  f i n a l  

s t a te . .  Th is  amounted t o  a  knowledge o f  t he  neut ron m u l t i p l i c i t y  o f  t he  

r e a c t i o n  ( e . g .  1 5 4 ~ y  has a neu t ron  m u l t i p l i c i t y  Mn = 1.1 ) and t he  s p i n  o f  

the  emi t t i n g  n u c l e i .  The s p i n  observed i n  a  p a r t i c u l a r  event  i s  no t ,  

however, necessa r i l y  t he  h i ghes t  sp in  c rea ted  i n  the  r e a c t i o n ,  s ince  severa l  

gamma rays a re  em i t t ed  as the  n u c l e i  de-exc i tes  through the  ground s t a t e  

band (g.s.b.) .  

The d i s c r i m i n a t i o n  l e v e l  (base1 i n e )  o f  the  neu t ron  counter  ( i n  

MeVee) was determined, which f i x e d  the  e f f i c i e n c y  o f  t he  i n d i v i d u a l  neut ron 

counter  a t  each neut ron energy. (The e f f i c i e n c y  o f  t he  neut ron counter  as 

a f u n c t i o n  o f  base l ine  and neut ron energy was c a l c u l a t e d  by computer Monte 



Car lo  s imu la t i on .  18) The abso lu te  e f f i c i e n c y  of t he  two Ge(L i )  de tec to r s  was 

a l s o  determined. Knowledge o f  these e f fSc ienc ies  a l lowed the  assignment o f  

a  we igh t  f a c t o r  t o  co inc idencsbe tween a neut ron o f  a  p a r t i c u l a r  energy and 

a gamma r a y  o f  a  p a r t i c u l a r  energy. A count i n  t he  neut ron de tec to rs  was 

cons idered t o  be due t o  a  neut ron i f  i t s  p ro ton  counter  d i d  n o t  f i r e .  These 

we igh t  f a c t o r s  were used t o  f i l l  a s c a t t e r  p l o t  o f  neut ron energy versus 

gamma r a y  energy. Such a s c a t t e r  p l o t  can be cons idered t o  c o n s i s t  o f  gamma 

r a y  peaks assoc ia ted  w i t h  each neut ron energy. An es t imate  o f  the  background 

t o  each peak a l lowed t he  c a l c u l a t i o n  o f  the  gamma r a y  i n t e n s i t y - f o r  each 

neut ron energy. The i n t e n s i t y  o f  the  gamma r a y  peaks a t  each neut ron energy 

i s  t h e  neut ron spec t ra  assoc ia ted w i t h  the  p a r t i c u l a r  gamma peak. 

F igure  2 ( a  b )  shows such neut ron spec t ra  assoc ia ted w i t h  p a r t i c u l a r  

gsb t r a n s i t i o n s  i n  160Dy (Mn=5), and F igure  3 shows the same f o r  1 5 8 ~ y  

(Mn=7). The spec t ra  a re  p l o t t e d  as Counts/MeV aga ins t  neut ron energy. To 

inc rease  the s i g n a l  t o  nn ise  r a t i o ,  the  spec t ra  a re  computed o n l y  f o r  

channel3 b e t w e n  t he  power p o i n t s  o f  the  Ge(L i )  peak. The r a t i o  o f  t o t a l  

area t o  the  area between t he  ?2 power p o i n t s  w i l l  be used t o  g i ve  

Count/MeV/~-stop f o r  each spect ra .  The l i n e s  on t he  graph are hand drawn 

and should o n l y  "gu ide t he  eye". 

Comparison o f  these spec t ra  i n  F igure  2 suggests the  f o l l o w i n g .  

A l l  t he  spec t ra  show a sharp c u t o f f  i n  neut ron energy, a t  approx imate ly  

90 MeV. This represents  a h igh  energy component i n  the  spect ra ,  which 

becomes r e l a t i v e l y  more impor tan t  f o r  t he  "h igh  s p i n "  spect ra .  Th is  i s  

because t he re  a re  fewer neut rons i n  the 15-70 MeV range f o r  t he  h igh  s p i n  

assoc ia ted  spect ra .  Comparison' o f  the (8' -t 6') and. t he  (6' + 4+) spect ra  



bears ou t  t h i s  observat ion.  It i s  reasonable t o  connect t he  h i gh  energy neut ron 

w i t h  t he  generat ion o f  h i gh  s p i n  s ta tes .  Examination o f  F igure  3 (b )  shows 

t h a t ,  f o r  t he  1 5 8 ~ y  assoc ia ted spec t ra  (Mn=7) the  15-70 MeV r e g i o n  i s  o n l y  

depleted f o r  t he  12' + l o +  t r a n s i t i o n .  The ' 5 8 ~ y  spec t ra  e x h i b i t  peaks a t  

approx imate ly  65 MeV neutron energy. 

Spectra such as these have been generated f o r  dysprosium, i so topes  

154, 156, 158, 160, 162, corresponding t o  neut ron m u l t i p l i c i t i e s  11, 9, 7, 

5  and 3. I t  i s  poss ib l e  t o  sum the  neut ron spect ra  corresponding t o  a1 1  the  

gamma rays  o f  a  p a r t i c u l a r  i so tope ,  g i v i n g  a  spec t ra  assoc ia ted w i t h  t h a t  

i so tope .  A l t e r n a t e l y ,  i t  i s  poss ib l e  t o  sum over  a l l  i s o t o p i c  gamma rays  

o f  a  p a r t i c u l a r  sp in ,  g iven  the  neut ron spec t ra  assoc ia ted  w i t h  the  c r e a t i o n  

of a  p a r t i c u l a r  sp in .  Consider f i r s t  t he  " sp in  summed" neut ron spec t ra  f o r  

p a r t i c u l a r  isotopes,. d isp layed  i n  F igure  4 (a  and b ) .  For 1 6 2 ~ y ,  the  
0 

midenergy component ( f rom 15 t o  70 MeV) dominates the  spectrum, suggest ing 

t h a t  t he  low neutron m u l t i p l i c i t y  (Mn=3) o f  t h i s  f i n a l  s t a t e  i s  c rea ted  

when bo th  neutrons o f  t he  cap tu r i ng  quasi-deuteron escape w i t h  a  s u b s t a n t i a l  

f r a c t i o n  o f  t he  p i on  energy. Th is  scenar io  g ives  two ene rge t i c  neutrons, 

enhancing t he  midenergy range o f  t he  spectrum and l e a v i n g  o n l y  a  smal l  p o r t i o n  

o f  t h e  a v a i l a b l e  p i on  r e s t  mass energy t o  remove t h e  t h i r d  neut ron f r o m  

the  exc i  t e d  nucleus. 

The 160Dy and 1 5 8 ~ y  spect ra  e x h i b i t  peaks a t  about 90 and 65 MeV 

respec t i ve l y .  I n  these cases, i t  may be t h a t  the  f i n a l  neut ron mu1 t i p l i c i t y  (and 

thus the  . i s o t o p e )  i s  determined by emiss ion o f  an energe t i c  neut ron.  The 

remain ing energy ( f rom the  140 MeV ava i la .b le  f rom the  p i o n  mass) may be 

used t o  evaporate a d d i t i o n a l  neut rons. .  Therefore,  t he  energy c a r r i e d  away 



by t h e  ene rge t i c  neu t ron  determines the  f i n a l  s t a t e  neut ron m u l t i p l i c i t y .  

Th is  i s  reasonable t o  suppose i n  moving from 160Dy t o  1 5 8 ~ y ,  .I 

the s h i f t  i n  t h e  h i g h  energy peak p rov ides  approx imate ly  25 MeV which can be 

used t o  remove two a d d i t i o n a l  neutrons. If the energ ies o f  these two 

peaks a r e  p l o t t e d  aga ins t  t he  mass number, and a s t r a i g h t  l i n e  i s  drawn 

through them, t he  p r e d i c t i o n  o f  peaks a t  -110 MeV i n  t h e  16'Dy spect ra ,  

-40 MeV i n  t he  1 5 6 ~ y  and -15 MeV i n  t he  1 5 4 ~ y  spec t ra  can be made. 

Examinat ion of F igu re  4 shows t h a t  t h e  1 6 * ~ y  spec t ra  begins i t s  dropoff 

a t  -110 MeV. (Any peak i n  t h i s  spec t ra  may be masked by the  l a r g e  mfdenergy 

neut ron component. ) Furthermore, t he re  i s  a  broad bulge i n  t he  1 5 6 ~ y  

spec t ra  a t  about 35-40 MeV. It i s  d i f f i c u l t  t o  argue t h a t  the  1 5 4 ~ y  spec t ra  

e x h i b i t s  any peak a t  -15 MeV, bu t  i t s  presence may be masked by t h e  l a r g e  

number o f  neutrons below 20 MeV. F i n a l l y  i t  should be noted t h a t  the  

1 5 6 ~ y  and 1 5 4 ~ y  spec t ra  e x h i b i t  a  smal l  shoulder a t  -70 MeV neutron energy. 

Since t h e  Q va lue  f o r  t h i s  channel i s  83 MeV, i t  i s  sa fe  t o  cons ider  t h i s  

smal l  hump t o  be due t o  i n s u f f i c i e n t  backqround sub t rac t i on .  

Next cons ider  t he  "mu1 t i p 1  i c i  t y  summed" neut ron spect ra ,  F igure  

5 (a  and b )  , where, f o r  example, t he  12' - 10' spec t ra  f o r  a1 1 i so topes  has been 

summed. Comparison o f  the  12+ + l o +  spec t ra  w i t h  t he  4' +2+ i n d i c a t e s  t h a t  

a  h i g h  energy component (-80 MeV) i s  r e l a t i v e l y  more impor tan t  i n  t he  h i gh  

s p i n  case. Th i s  i s  c o n s i s t e n t  w i t h  t he  model o f  s p i n  generat ion by the  

escape o f  a h i g h  energy neu t ron  f rom the  nuc lear  ~ u r f a c e ! ~  The h i g h  energy 

component becomes l e s s  prominent as t he  sp in  decreases. I n  t he  case o f  

t h e  2++ 0+ t r a n s i t i o n ,  t he re  i s  again a smal l  enhancement a t  h igh  energy. 

ThS s may correspond t o  back-to-back emi ss i on  o f  ene rge t i c  neutrons which 



leaves no n e t  angular momentum, bu t  enhances the p r o b a b i l i t y  o f  observing 

an energet i  c neutron. 

Strong Per tu rba t ion  o f  P ion ic  .X-ray Studied i n  Coincidence w i t h  y-rays 

During the T--capture experiment descr ibed above, mu1 t i p l e  

Ge(Li )  counters were used no t  on ly  t o  increase the  cqunt ing s t a t i s t i c s  b u t  

e x p l i c i t l y  t o  a l l ow  measurement o f  the  photon-photon c o r r e l a t i o n .  During 

the run  o f  May 1982, two 12-hour s h i f t s  were dedicated t o  the photon-photon 

c o r r e l a t i o n s  by r e l a x i n g  the requirement o f  p a r t i c l e  de tec t i on  i n  t he  

t r i g g e r .  

We consider the  nuclear  gamma ray  as a s ignature  o f  neutron 

mu1 t i p l  i c i  t y ,  and i n  t u r n  consider the neutron mu1 t i p l  i c i  t y  t o  be r e l a t e d  . 

t o  the  o r i e n t a t i o n  o f  the p i o n i c  o r b i t a l  w i t h  respect  t o  the  ax i s  o f  the  

h i g h l y  deformed nucleus. I n  t he  Ta and Ho ta rge ts ,  the  p i o n i c  5 + 4 x-ray 

t r a n s i t i o n  i s  s p l i t  i n t o  two peaks by the quadrupole e f f e c t s  due t o  the 

deformed nuc le i .  Schematical ly,  one peak corresponds t o  the  pions s k i r t i n g  

around the  equator o f  the  cigar-shaped nucleus and the  o the r  peak cor re -  

sponds t o  t he  pions skimming the  poles o f  the n u c l e i .  

I f  the 5 -t 4 x-ray i s  s tud ied  i n  coincidence w i t h  a gamma ray  which 

o r i g i n a t e s  from IT--capture i n  the i n t e r i o r  o f  the nucleus, then a v a r i a t i o n  

o f  the l ineshape might  be observed. A good candidate f o r  such a gamma r a y  

i s  the  4+ t o  2' t r a n s i t i o n  o f  1 5 4 ~ y .  For t h i s  i so tope the  neutron m u l t i -  

p l i c i t y  I s  11, and cons idera t ion  o f  energy conservat ion alone suggests t h a t  

both members o f  the captur ing  p a i r  o f  nucleons are absorbed i n  the  nucleus. 

This i s  more l i k e l y  t o  happen i f  the capture occurs i n  t he  i n t e r i o r  o f  the 



F igu re  2. Neutron spec t ra  i n  co inc idence w i t h  var ious  t r a n s i t i o n s  i n  the  
. . 

g.s.b. i n  1 6 0 ~ y ;  

F i gu re  3. Neutron s'pectra i n  co inc idence w i t h  var ious  t r a n s i t i o n s  i n  t he  

g.s.b. i n  158~y .  

F igu re  4. Neutron spec t ra  f o r  va r ious  neut ron mu1 t i p l  i , c i  t i e s .  A1 1  

u h e r - v e d  y-i'ays 9r-on1 the g . 3 .  b .  o f  each i so topc  are summed. 

F igure  5. Neutron spec t ra  i n  co inc idence w i t h  var ious t r a n s i t i o n s  i n  t he  

g. s. b. For  each sp in -pa r i  t y  sequence, 1' + I ", the  spec t ra  

f o r  a1 1  neut ron mu1 t i p 1  i c i  t i e s  a re  summed. 
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? deformed nucleus. 

. .  
' The . . data f o r  the  t a r g e t  o f  1 6 5 ~ o  i s  now under ana l ys i s .  I f  such 

- e f f e c t s  a re  observed, i t  i s  c e r t a i n l y  wor thwh i le  t o  study o the r  t a r g e t s .  

One immediate candidate i s  f o r  which t he  ove r l ap  o f  p i on  wavefunct ion 

w i t h  the nuc lear  ma t te r  i s  l a r g e r .  The e f f e c t s ,  i'f observed, w i l l  be an 

impor tan t  c o r r e c t i o n  t o  the  quadrupole s h i f t  s t ud ies  o f  p i o n i c  x-rays, 

and a  novel  method of m i c roscop i ca l l y  s t udy ing  the  nuc lear  deformat ion and 

p i o n i  c  i n t e r a c t i o n  w i t h  nuc lear  mat ter .  
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Neutron spectra from n--capture in medium-heavy nuclei are presented in coincidence with discrete nuclear gamma 
rays to exhibit possible correlations of the spectra to neutron multiplicity and residual nuclear states. A discrete compo- 
nent in the pre-compound neutron spectra is resolved for the first time, and its correlation to the population of high spin 
nuclear states is observed. 

Recent progress in understanding the deexcita- 
tion process in heavy ion collisions [1,2] has given 
new insight into the nuclear processes involved in n-- 
capture. Several choices of target nuclei exist, 1 6 5 ~ o  
and 1 8 1 ~ a  for example [3], for which the nuclear 
properties of residual isotopes are well understood 
from heavy ion physics [4]. 

The experiment described below is'an effort to 
make more exclusive measurements of the n--cap- 
ture process by identifying the reaction channel lead- 
ing to a particular nuclear state of a definite isotope. 
This goal is achieved by using an efficient time-of- 
flight system for neutrons in coincidence with dis- 
crete nuclear gamma rays. Peaks at the high energy 
end of exclusive neutron spectra in 1 6 5 ~ o  are re- 
solved, and they reveal a strong effect on the popula- 
tion of high spin nuclear states. 'This is the first mea- 
surement where the neutron multiplicity, the angular 
momentum of the residual nuclei, and the neutron 
spectra are correlated to exhibit the resolved details 
of pre-compound neutron emission, as well as the 
effects of nuclear structure. 

The current results are timely in view of the recent 
intensive efforts to describe the broad category of 

pre-compound emission by several different models 
[5-71. Decisive experiments to resolve the ambigui- 
ty in such models are beginning to appear in terms of 
channel-defined measurements [8] .n-capture in me- 
dium to heavy nuclei offers a particularly important 
opportunity to make such measurements since an ex- 
perimentally clear time-zero signal is available from 
the stopped n-, and a wide range of residual isotopes 
and nuclear states of high spin are reached. 

The present experiment was carried out with a 
slow pior, beam at the TRIUMF. Twelve large plastic 
scintillators (24" X 6" X 3") were employed in a time- 
of-flight system [9] with a flight path of 5 ? 0,25 ft. 
The counters were spaced to measure the angular dis- 
tribution at steps of 23  2 5'. B0t.h ends of each neu- 
tron counter were viewed by individual phototubes. 
The data from each counter were utilized in a mean- , 

time mode, achieving overall timing resolution better 
than 1 ns. A large Ge(Li) gamma-ray detector was 

' 

placed 19" from the target in the plane'defined by 
the neutron detectors. Background signals in the neu- 
tron counters due to electrons and gamma rays were 
effectively eliminated by the time-of-flight informa- 
tion, and the background due to protons was elimi- 
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Fig. 1. The coincidence y-ray spectra for the (4'+ 2') gsb 
transitions with l 8 l ~ a  target. Solid circles are for coincidence 
With noutron energy <I0 MeV; open circles for neutron ener- 

' gy >57 MeV. The spectra are normalized to Lllc same maxi- 
mum heights and the lines are drawn to guide the eye. 

nated through identification of the residual isotope 
by its coincident gamma ray. 

Data were recorded whenever the three-part coin- 
cidence of a stopped n- , a gamma-ray signal in the 
Ge(U), and at leas1 onc neutron counter occurred. 
The coincidence y-ray spectra for the (4* + 2') 
ground-state-band (gsb) transitions with l 8 l ~ a  are 

. 

shown in fig. 1 for various final isotopes of Hf. The 
solid circles correspond to the y-rays in coincidence. . 
with high energy neutrons e 5 7  MeV) and the open 
circles with the evaporation neutrons (<lo MeV). 
With an increase in neutron energy, production of 
jsotopes with lower neutron r~iultiplicity increases 
sharply. Interesting variatio~i in the isotope produc- 
r i o ~ ~  y~t tornc  is nnted for transitions to higher levcls 
of the gsb. 

In fig. 2, the neutron spectra in coincidence with 
, the (4' + 2') gsb transitions for two targets are 
, shown. The correspondl~g (8 I' .-. 6+) gab d3ta are 
also shown for, a few cases. These spectra have fea- 
tures which are absent in inclusive neutron spectra 
[lo]. For the 1 6 5 ~ o  target, peaks are observed at 
the high energy end of the spectrum for three neu- 
tron multiplicities. The peaks are enhanced for the 
(8' + 6') transitions for 1 6 0 ~ y .  Such peaks are al- 
most unrecognizable for the 1 8 1 ~ a ,  but the origin of 
this effect is not known. 

10 100 
NEUTRON ENERGY 

10 
MEV 

Fig. 2. Neutron spectra in coincidence with (4++ 2') and 
(8'- 6') transitions in the gsb for various neutron multi- 
plicities for 1 6 ' ~ o  and l a l ~ a  targets. Lines are drawn to 
guide the eyc. 

In order to understand the presence and the 
shift ui position of the peak for different neutron 
multiplicity (M,), we evaluate the situation wlierc 
one fast neutron is emlLLc9 from the niicleus leaving 
an excitation energy corresponding to the peak of 
excitation function for (p, xn)-reaction with x = Mn 
- 1. If wo ugr thc tabulatinn [I11 of the values for 
(Em - Ews) where Em is the excitation ene~gy for thr 
maximum probability for (Mn - 1) neutron emission, 
and Ethres is the threshold energy for the (p, xn)- 
reaction, then we can evaluate the energy of the fast. 
neutron to be: 

E n  = M,c2 + Q (Mn) - BE (n) - (Ema, - E b s > ,  
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Table 1 
Peak neutron energy. 

Isotopes Mn Q (Mn) Em -.Ethres En 
(MeV) (MeV) 

calculated observed 
(MeV) (MeV) 

where M, and BE (n) are the pion mass and beding 
energy, respectively, and Q(MJ is the Q-value for the 
Mn neutron emission from the nuclear mass table 
[12]. The results are listed in table 1. The agreement 
in positions is encouraging, but the mechanism favor- 
ing such a simple process is not clear, especially in 
view of the absence of such peaks for the 1 8 1 ~ a  target. 

In fig. 2 the region between the high energy peak 
and the evaporation spectra may correspond to decay 
processes involving more than one fast neutron. Such 
conjecture is supported by the observation of the 
bulge in this region for the multiplicity of 5 (160Dy), 
where a large amount of energy is shared among a rel- . 
atively small number of particles. Fig. 2 shows that 
the bulge is very much reduced and the peak at the 
high energy end remains for the 8+ + 6+ transition 
for the multiplicity of 5 (160Dy), indicating that the 
population of high-spin (Xi+) is strongly correlated 
to the neutrons iri the peak. 

The above observation leads to the general picture 
of de-excitation based on the capture of the n- by a 
quasideuteron on the surface of the nucleus. One neu- 
tron has a large probability for escaping with a s~ilall 
final state interaction, and the other neutron will 
start a series of nuclear reactions. When this is com- 
pared with the more familiar (p, xn)-reactions where 
the excitation function of each multiplicity is rather 
sharply defined (within 20  MeV FWWM) for a given 
incident proton energy [8], one can see the impor- 
tance of the energy of the first neutron emission in . 

determining the neutron multiplicity. The preequi- 
librium calculation [5] based on four initial exciton 
numbers is not able to describe these aspects, and in- 
corporation of the special features of the surface 
capture is expected to be crucial. 

In addition to  the discrete feature of neutron spec- 
tra, the nuclear spindependence of the neutron mul- 
tiplicity and spectral shape should be a challenge to 
more detailed pre-equilibrium calculations. The con- 
jecture that the intermediate region in the neutron . . 

spectra (e.g. 10 MeV < E < 80 MeV, for 160Dy) is 
due to  more than one pre-equilibrium neutron emis- 
sion is now being tested by a n-n correlation exper- 
iment in coincidence with y-rays. 

The case of 1 6 2 ~ y  deserves special attention be- + - 

cause only a few particles and gamma rays connect 
the initial capturing nuclei and the final ground 
state. Besides the fact that it involves only three neu- 
trons, it is seen in fig. 2 that the majority of decays jr~ 
1 6 2 ~ y  do not gq through the 8+ state. Instead the 4+' 
state seems to be.very close to the entry state into 
ground state band after neutron emissiori; This sug- 
gests that there is a decay mechanism which carried 
away a large amount of energy with little change of 
angular momentum, such as a radiative n--capture or 
back-to-back particle emission. There is, however, 
no obvious signature of back-to-back particle emis- 
sion in the neutron spectra. 
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Abstract 

Measurements of multiplicity distributions and momentun 
spectra in the central rapidity region in p-p, p-alpha, and 
alpha-alpha collisions are reported. They are better fitted 
to the "wounded nucleon" than to the "gluon'string" model. 
The alpha-alpha data show poor KNO scaling to the p-p data. 
The <gb> of the momentum spectra, for all the reactions, are 
identical up to very high multiplicities. 




