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Neutrons emit ted i n  coincidence w i t h  deeply i n e l a s t i c  
fragments o r  w i  evaporation residues have been measured 
i n  the 208-MeV !$ on 9 3 ~ b  react ion.  A s i g n i f i c a n t  
f r a c t i o n  o f  the  neutrons associated w i t h  deeply i n e l a s t i c  
react ions and emitted i n  the forward d i r e c t i o n  cannot 
be a t t r i b u t e d  t o  evaporation from f u l l y  accelerated 
fragments and must be due t o  nonequi l ibr ium neutron 
emission mechanisms. Nonequilibrium neutron emission 
i s  considerably less  important i n  the fus ion  react ion.  

Neutron emission i n  deeply i n e l a s t i c  (DI)  react ions has 
been studied by a number of groups.1-3 General conclusions 
from these works are: (1  ) The neutrons are evaporated from 
f u l l y  accelerated fragments, and (2) the exc i t a t i on  energy 
i s  p a r t i t i o n e d  between the fragments i n  propor t ion t o  t h e i r  
masse31.2 w i t h  a possible exception a t  low exc i t a t i on  ener- 

ill;;* , Our measurement was performed w i t h  208-MeV 160 on 
, w i c h  corresponds t o  a higher bombarding energy per 

nucleon than those o f  previous experiments. 
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FIGURE 1 Schematic arrangement of detectors. A1 1 detectors 
are shown a t  their  correct in-plane angle. Detector H was 
located a t  59' above the reaction plane. 

The arrangement of the detectors i s  presented i n  Fig.  1. 
Heavy ions were detected using AE-E counter telescopes on 
either side of the beam. One telescope had a s i  1 icon AE 
detector and was positioned a t  22' relative to the beam axis, 
while the other, located a t  27', had a gas ionization A €  
detector. The l a t t e r  was used to detect evaporation residues 
( E R )  in addition to  DI fragments. The eight neutron detectors 
were composed of NE 213 scinti l lators,  5.1 cm thick by 11.8 cm 
i n  diameter coupled t o  RCA 4522 photomultipliers. A 1-mm 
thick plastic scinti l lator "paddle" was placed i n  front of 
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each neutron detector t o  detect high energy charged par t ic les  
that  penetrated the 3-mm thick aluminum wall of the scat ter ing 
chamber. For each coincident event detected in a s c i n t i l -  
l a to r ,  time-of-flight, pulse-height, and pulse-shape 
information was recorded. 

If the neutron emission in t h i s  system were to  have 
general features s imilar  to  those deduced f o r  the systems 
studied in Refs. 1-3, then the bulk of the neutrons would be 
emitted by the the target- l ike (TL) fragments. In par t icular ,  
considering the isotopic dis t r ibut ion of the project i le- l i  ke 
(PL) fragments and charged pa r t i c l e  emission competition 
during t h e i r  deexcitation, we expect tha t  they will emit no 
more than 5% of the to t a l  number of neutrons. Such neutrons 
will be confined to  a cone subtending an angle o f $  530" 
around the PL-fragment direction f o r  the angles a t  which PL 
fragments were detected i n  t h i s  experiment. Neutrons emitted 
by the .TL fragments will  not undergo s ignif icant  kinematic 
focussing due t o  the low TL-fragment veloci t ies  ( V L A B ' L O . ~  
cmlnsec). (Neutrons emitted from E R  will have a larger  
laboratory anistropy due to  the larger  source velocity: 
V L A B  0.9 cmlnsec.) These considerations lead us to expect 
tha t  neutrons observed in detectors A or  G which are  in coin- 
cidence with P L  fragments observed in the s i l i condE t e l e -  
scope are  emitted from the TL fragments only. 

Thus, we assumed f o r  the purpose of the preliminary 
analysis presented here tha t  a l l  neutrons detected in detector 
A in coincidence with P L  fragments detected in the s i l icon  A E  
heavy ion telescope were produced by evaporation from the TL 
fragment. Each event in which a neutron was detected in 
detector A was transformed to  the TL CM system. Assuming 
isotropic  emission in t h i s  system, the event was then trans- 
formed back t o  the lab system in the direction of each of the 
other neutron detectors.  Thus calculated spectra were pro- 
duced fo r  detectors B-H which could be compared with the 
measured spectrum in each detector.  Figure 2(a)  presents the 
sum of these calculated spectra f o r  detectors C and D and the 
sum of the measured spectra.  For neutrons with veloci t ies  
above 3 cmlnsec ( 4 . 7  MeV), the calculated spectra f a l l  below 
the measured spectra.  Figure 2(b) shows the difference 
between the measured and calculated spectra fo r  the four 
forward detectors.  The spectra peak a t  veloci t ies  close to  
the beam velocity of 5.0 cmlnsec. The calculated spectrum i s  
found t o  f i t  the measured spectrum in detector F and to  exceed 
the measured spectrum in detector G .  The f ac t  tha t  t h i s  
procedure overestimates the number of detected neutrons in 
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F I G U R E  2 ( a )  Measured (open t r iangles)  and 'calculated 
- ' (closed t r iangles)  velocity spectra of neutrons associated 

w i t h  DI reactions averaged f o r  detectors C and D (see Figure 
1 ) .  The method used for  obtaining the calculated spectrum i s  
described in the t ex t .  ( b )  Differences between measured and 
calculated neutron velocity spectra for  detectors B (open 
c i r c l e s ) ,  C (open t r i ang les ) ,  D (closed t r iangles)  and E 
(closed c i r c l e s )  . 
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. , negligible contribution from sources other than evaporation 
from the TL fragment, contrary t o  our i n i t i a l  assumption. The 
preliminary .analysis  .described above was carried out f o r  

.events in which PL fragments were detected in the s i l icon  

.heavy ion 'de tec tor .  Results from an analysis f o r  PL fragments: 
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sented here .. 
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The excess i n  t he  measured spec t ra  i n  t h e  fo rward  de- 
t e c t o r s  i s  n o t  due t o  evapora t ion  f rom the  PL fragments f o r  
t he  f o l l o w i n g  reasons: ( 1 )  Such an excess should be d i s t r i -  
buted symmetr ica l l y  around the  heavy i o n  te lescope (Si-AE) , 
i . e . ,  s i nce  d e t e c t o r  C e x h i b i t s  an excess, d e t e c t o r  F  should 
e x h i b i t  a  s i m i l a r  excess. ( 2 )  The excess should f a l l  o f f  
r a p i d l y  when going from d e t e c t o r  D t o  C t o  B. ( 3 )  The average 
v e l o c i t y  o f  neutrons emi t ted  from the  PL fragment should be 
5.5-6.0 cmlnsec, dropping below 4  cm/nsec i n  d e t e c t o r  B. None 
o f  these e f f e c t s  a r e  observed. We conclude, there fore ,  t h a t  
a  l a r g e  f r a c t i o n  ( Q  50%) o f  t he  neutrons emi t ted  i n t o  t h e  
fo rward  hemisphere a r e  n o t  due t o  evaporat ion f rom f u l l y  
acce lera ted  fragments. 

Various models p r e d i c t  such nonequ i l i b r i um emission: 
P r o j e c t i l e  breakup (no te  the  s i m i l a r i t y  between t h e  beam 
v e l o c i t y  and t h e  most probable neutron v e l o c i t y  i n  t h e  d i f f e r -  
ence spec t ra) ,  Fermi j e t s  and hot-spot  models. The p r e d i c -  
t i o n s  o f  t he  va r ious  models a re  n o t  s p e c i f i c  enough t o  a l l o w  
us t o  choose between them based on t h e  data presented here. 
E m p i r i c a l l y ,  we f i n d  t h a t  t h e  forward-backward a n i s t r o p y  and 
neutron energy spec t ra  can be f i t t e d  by assuming t h a t  40% o f  
em i t t ed  neutrons a re  due t o  evaporat ion f rom a  source moving 
w i t h  h a l f  t he  beam v e l o c i t y ,  w i t h  the  remainder em i t t ed  by the  
f u l l y  acce le ra ted  TL fragments. 

F igu re  3 presents two spectra o f  neutrons i n  co in -  
cidence w i t h  ER. The f i r s t  shows the  average o f  t h e  spec t ra  
of the  two most forward de tec tors  C and D, and t h e  second i s  
t he  spectrum of d e t e c t o r  G ( t h e  most backward). The s o l i d  
curves a r e  r e s u l t s  o f  evaporat ion c a l c u l a t i o n s  f o r  t h e  com- 
pound system from a  mod i f i ed  vers ion  o f  the  code JULIAN.~ 
For  energies below 15 MeV, good agreement i s  ob ta ined both  i n  
t he  slopes of t h e  energy spec t ra  and i n  t he  r e l a t i v e  y i e l d  a t  
t he  two ang1.e~. A t  h ighe r  energies, t h e  measured neutron 
spectrum i n  the  forward de tec to rs  (C and D)  f a l l s  o f f  more 
s low ly  than the  c a l c u l a t e d  spectrum, i n d i c a t i n g  the  ex is tence 
of a component w i t h  a  h ighe r  temperature, s i m i l a r  t o  t h a t  
measured by Westerberg e t  a1.5 Such a  t a i l  i n  t h e  spectrum 
cou ld  a l s o  be due t o  the  poss ib i  1  i t y  t h a t  TL fragments were 
i nc luded  w i t h  ER i n  the  ana lys i s .  The TL fragments a r e  
d i f f i c u l t  t o  exclude due t o  t h e  nea r -equa l i t y  o f  charge and 
due t o  smal l  d i f f e r e n c e s  i n  the  k i n e t i c  energies.  The o v e r a l l  
agreement between spect ra  determined by evapora t ion  c a l c u l a -  
t i o n s ,  and our  experimental  data, g ives added conf idence . . t o  
the  accuracy o f  our  resu l  t s .  
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FIGURE 3 Measured ( c i  rcl es )  and cal culated (1 ines)  energy 
spectra fo r  neutrons associated with E R .  Spectrum ( a )  i s  
averaged fo r  detectors C and D ,  and spectrum (b)  i s  fo r  
detector G (see Figure 1 ) .  Calculated spectra were obtained 
by means of a modified version of the code J U L I A N . ~  
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