
Light Charged Particle Production

in

Heavy-Ion Induced 

Fusion-Fission Reactions

John Paul Lestone

A thesis submitted for the degree of 
Doctor of Philosophy  

at the Australian National University

Canberra, D ecem ber 1990



Preface

This thesis describes an investigation of proton and  a lpha  particle 

em ission in  28Si + E r —> Pb heavy-ion fusion-fission reactions, which was 

carried  out a t  th e  D ep artm en t of N uclear Physics in  th e  A u stra lian  

N ational U niversity.

E xperim ental techiques were developed to enable the  observation of 

proton and alpha  particle spectra in a detector consisting of a C sl crystal 

coupled to a  photo-diode, in  coincidence with fission fragm ents detected in 

an  a rra y  of th ir ty  para lle l-p la te  gas counters. The Csl detector and the 

a rray  of parallel-p late  gas counters were designed, constructed and tested 

by m yself. The bu lk  of the  experim en tal work w as ca rried  out by 

D r J.R .L eigh , Professor J.O .N ew ton, J.X.W ei and  m yself. D r Y .C hen , 

D r S .E lfs tro m , D r D .J .H in d e , D r F .N am i and  D r D .G .P opescu  a ll 

contributed a t various stages.

All the  reduction and analysis of the data  was perform ed by myself. 

The com puter code “CPE” used to analyse the  shapes of the  m easured  

particle spectra and the  sta tistical model code “JO ANN E” were w ritten  by 

m yself.

I w as helped a t all stages of th is project by m any discussions w ith 

Dr J.R .Leigh and Professor J.O .Newton. Their guidance was invaluable.

No p a rt of th is thesis has been subm itted for a degree a t  any other 

university .

J.P .L estone

C anberra, December 1990.
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A bstract

E nergy spectra  and  a n g u la r correlations of pro tons and  a lpha 

partic les were m easured  in  coincidence w ith fission fragm ents in the 

three reactions 28Si + l6 4 ,l6 7 ,l7 0 E r - >  l92,l95,l98p}-)> with 28Si beam  energies 

ranging from 140 MeV to 185 MeV. For each combination of beam  energy 

and  reaction , p ro ton  and  a lp h a  partic le  spectra  were m easu red  in  

coincidence w ith  fission fragm ents in up to th irty  detectors. Analysis of 

these partic le  spectra  enabled the  determ ination  of the  m ultip licities, 

energy spectra and angu la r d istribu tions of the various sources of proton 

and alpha particle emission. The proton yields consisted of -50%  emission 

from the compound system s (pre-scission emission) and -50%  em ission 

from the fully accelerated fission fragm ents (post-scission emission). The 

alpha particle yields consisted of -65%  pre-scission emission; -30%  post­

scission em ission; and  -5%  near-sc ission  em ission. The pre-scission 

proton em ission is nearly  isotropic, while the pre-scission a lpha particle 

emission has a large anisotropy, w ith betw een 2 and 3 tim es more alpha 

partic les seen p erpend icu lar to the  spin direction of th e  pre-scission 

compound system s, th a n  seen paralle l to th is direction. S ta tistica l model 

analysis of the pre-scission proton and alpha particle m ultip licities and 

previously m easured  pre-scission neu tron  m ultiplicities indicates th a t  for 

28Si + E r ->  Pb fusion-fission reactions the pre-saddle delay tim e is less 

th an  lOxlO-21 s, the saddle-to-scission tran s it tim e is (70±20)xl0-21 s; and 

for beam  energies > 155 MeV m ost of the pre-scission particles are em itted 

by the compound nuclei during  th e ir tra n s it  from the saddle-point to the 

scission-point.



V

Table of Contents
Preface ii
Acknowledgements iii
Abstract iv
Table of Contents v

1 Introduction 1

2 Theory 5
2.1 Heavy-Ion Fusion 5
2.2 Charged Liquid Drop Based Models 8

2.2.1 Nuclear Masses 8
2.2.2 The Liquid Drop Model of Fission 10
2.2.3 The Rotating Liquid Drop Model 13
2.2.4 The Finite Range Liquid Drop Model 14
2.2.5 Temperature Dependence of Fission Barriers 15

2.3 The Statistical Model 17
2.3.1 Level Densities 18
2.3.2 Decay Widths 21
2.3.3 Fission Fragment Angular Distributions 25
2.3.4 Angular Distribution of Evaporated Particles 29

2.4 Nuclear Viscosity 35

3 Experimental Methods 42
3.1 The Proton and Alpha Particle Detector 43
3.2 Fission Fragment Detection 46

3.2.1 Introduction to Gas Counters 46
3.2.2 The Fission Fragment Detectors 47

3.3 The Coincidence Experiments 49
3.4 Method of Analysis 52

3.4.1 Determination of the Particle Spectra 52
3.4.2 Extraction of Particle Source Properties 55

4 Experimental Results and Discussion 61

4.1 The Proton Data 63
4.2 The Alpha Particle Data 68
4.3 Statistical Model Analysis of Pre-scission Emission 75
4.4 Summary and Conclusions 89

References 93



CHAPTER 1

INTRODUCTION

The determ ination  of the n a tu re  and m agnitude of nuclear viscosity 

and  i ts  effects on a complex collective phenom enon such as fission 

rem ains one of the m ajor unsolved problem s in nuclear physics. A ttem pts 

have been m ade to obtain  inform ation about nuc lear viscosity from the 

dependence of the  to ta l kinetic energy of fission fragm ents on the  fissility 

of the  compound nucleus. Acceptable fits to the experim ental system atics 

can be m ade u sing  e ith e r  one- or two-body d issip a tio n  m echanism s 

[DAV76]. The analysis of the to tal kinetic energy of fission fragm ents has 

th u s shed little  ligh t on the true  n a tu re  of nuclear viscosity. The clearest 

and  m ost d ram atic  evidence of the effects of nuc lear viscosity has come 

from the  m easu rem en t of pre-scission particle  m ultip lic ities in  heavy-ion 

fusion-fission reactions.

W hen a compound system  is formed in a heavy-ion fusion reaction 

i t  can decay in  general by ligh t particle em ission (neutrons, protons and 

a lpha  partic les), gam m a-ray  em ission or fission. U nless th e  system  is 

very n eu tron  deficient, neu tron  em ission dom inates over th a t  for protons 

and  a lp h a  partic les. C en tra l collisions betw een heavy ions and  ta rg e t 

nuclei produce com pound system s w ith  low a n g u la r  m om enta. I f  the 

fissility  of these system s is low, they will cool by the  evaporation of light 

p a rtic le s  and  gam m a-rays, producing evaporation  residues. P eriphera l 

collisions will produce compound nuclei a t high angu la r m om enta, where 

the  d isrup tive  n a tu re  of the centrifugal force m ay cause the  fission decay 

mode to become im portan t even for system s w ith low fissility. Even though 

th ese  system s m ay in itia lly  survive fission an d  em it one or several 

partic les, i f  th e  excitation energy is high they  m ay still undergo fission. 

The num ber of particles em itted  by a composite system  before fission (the
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pre-scission particle  m ultiplicity) reflects the re la tive  size of the fission 

tim e scale and the lifetime of the particle emission. M easurem ents of pre­

scission neu trons [HIN89*] and charged partic les [PEA88*] in heavy-ion 

fission reactions have shown th a t fission occurs on a tim e scale of 10-20 to 

10-19 s. These tim es imply th a t nuclear viscosity is high and th a t fission is 

overdamped, due possibly to a one-body type dissipation process.

In  fusion-fission reactions the projectile is completely absorbed by 

th e  ta rg e t nuc leus and  the  com posite system  probably  obtains the 

equilibrium  shape before proceeding tow ards fission. For th is  to occur the 

ro ta tion  plus deform ation energy of the  composite system  m ust have a 

m inim um  and th u s  the  compound nucleus m u st have a fission barrier. 

Conceptually the  effect of nuclear viscosity in fusion-fission reactions can 

be broken into two regim es. The first is the  pre-saddle  delay tim e (or 

tra n s ie n t delay tim e) associated w ith  the  tim e taken  for the  collective 

fission degree of freedom to reach equilibrium  [GRA86*]. The second is the 

saddle-to-scission tra n s it  tim e [CAR86*]. In  rea lity , back-flow over the 

fission b arrie r b lu rs the  distinction betw een these  two regim es. S tatistical 

model analysis of pre-scission partic le  m u ltip lic ities has been used to 

estim ate fission tim e scales by assum ing only a tran s ie n t delay time, only 

a saddle-to-scission tra n s it  tim e, or some given com bination of the two 

tim es. U n til now, no a n a ly s is  of m e a su re d  p re-sc iss io n  p a rtic le  

m ultiplicities has enabled the determ ination of these two tim es separately.

I f  the  an g u la r m om entum  brough t in  by a projectile is high the 

fission barrie r m ay be reduced to zero. T hat is, there is no m inimum in 

the rotation plus deform ation energy of the composite system  and no 

equ ilib rium  configura tion  exists. Such fission  w ith o u t a b a rr ie r  is

for the rest of this chapter stands for “and references therein”
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generally  called fast-fission  and is associated w ith an increase  in the  

fission m ass w idth [GRE82*]. Pre-scission neutron m ultip licities indicate 

th a t  fast-fission occurs on a tim e scale approxim ately a factor of two 

shorter th an  fusion-fission [HIN89].

A nother class of fission, called quasi-fission, has been observed in  

reactions betw een nuclei w ith  a large Coulomb energy [SHE87*]. Even 

though  a fission b a rr ie r  ex ists for these  system s, the  h igh  Coulomb 

repulsion preven ts the  fusion trajectory  from passing  inside the  fission 

b a rr ie r  and the  equ ilib rium  deform ation is not reached. A lthough th is  

process is very sim ilar to fast-fission, the reasons for the  failure of the 

com posite system  to form  an  e q u ilib ra ted  com pound n uc leus a re  

som ew hat different. Shen et al. [SHE87] have studied quasi-fission tim e 

scales as a function of m ass equilibration using the correlation of fission 

fragm ent m ass w ith  detection angle. They found th a t  the  tim e for full 

m ass equilib ration  (ie th e  reaction  tim e needed to produce sym m etric 

fission fragm ents) is ~ 15x l0 -21 s and is independent of excitation energy. 

The independence of th is  tim e on excitation energy supports the idea th a t 

nuclear viscosity is a one-body d issipation  process w here the  coupling 

betw een therm al and  collective energy is caused by in te rac tions of the 

in d iv id u a l n u c leo n s w ith  th e  n u c le a r  su rface . T he a l te rn a t iv e  

m echanism , two-body d issipa tion , is expected to give rise  to a bu lk  

viscosity which is inversely  proportional to the nuclear tem pera tu re . This 

would lead to m ass-relaxation tim es th a t decrease w ith excitation energy.

The sensitiv ity  of the  energy spectra, the angu lar d istribu tion  and 

the probability of proton and alpha particle evaporation to nuclear shape 

has been discussed [BLA81,AJI86,HUI89]. The possibility th a t  th is shape 

dependence could a ssis t in  determ ining the division of the to ta l tim e scale 

of fusion-fission reactions in to  its  two components (pre-saddle delay tim e 

and saddle-to-scission tra n s it  tim e) led us to m easure pre-scission protons 

and  a lpha  p a rtic le s  from  reactions w ith  140 MeV to 185 MeV 28S i
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projectiles o n  l 6 4 , l 6 7 ,1 7 0 E r ta rge ts . The m ain reasons for choosing these 

reactions were

(1) the evaporation  residue and fusion excitation functions and  several 

p re-scission  n e u tro n  m u ltip lic itie s  have a lready  been m ea su re d  by 

H indeetal .  [HIN83,HIN86].

(2) the compound nuclei formed in these reactions (192,195,198pb) are very 

neutron deficient. This enhances the charged particle emission.

(3) fusion-fission reactions are  expected to be the dom inant source of p re­

scission particles. Only a sm all contribution from fast-fission reactions is 

expected a t the h ighest beam  energies.

In  th is  th e s is  i t  is d em o n stra ted  for the  f irs t  tim e  th a t  the 

sim ultaneous s ta tis tic a l model analysis of pre-scission n eu tro n , proton 

and a lpha  partic le  m ultip licities offers the opportunity  to de term ine  the 

pre-saddle delay tim e and the saddle-to-scission tra n s it  tim e separately . 

T his d e te rm in a tio n  does not, however, depend on th e  v a ria tio n  of 

evaporation  w ith  nuc lear shape as discussed by [BLA81,AJI86,HUI89], 

b u t ra th e r  on the  different deform ation energies of daugh ter nuclei in  the 

pre-saddle and  saddle-to-scission regions.

The ou tline  of th is  th es is  is as follows; chap ter 2 d iscusses the 

th eo re tic a l backg round  of va rious m odels of in te re s t  in  th is  work; 

c h a p te r  3 describes th e  experim en tal m ethods; and  in  c h a p te r  4 the 

experim ental resu lts  are  p resented  along w ith a sta tistica l model analysis 

of the  pre-scission particle  data.
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CHAPTER 2 

THEORY

This chapter describes the theoretical background of various models 

of concern in this work. Section 2.1 discusses the spin distribution of 

compound nuclei formed in heavy-ion fusion reactions. The determination 

of liquid-drop-model nuclear masses and the rotation plus deformation 

energy of equilibrium and saddle-point configurations are discussed in 

section 2.2. The statistical model is described in section 2.3 and the effect of 

nuclear viscosity on the dynamics of the fission process is discussed in 

section 2.4.

2.1 Heavy-Ion Fusion

The potential between two interacting nuclei can be thought of as a 

sum of three terms; an attractive nuclear term and repulsive Coulomb 

and centrifugal terms. Expressing the nuclear term as a Woods-Saxon 

potential gives the nucleus-nucleus potential for angular momentum Lti, 

as

V(r) - V o Zi Z2 e2

1 + exp (—r ^ )

fi2 L (L + 1)
2 | i r 2

( 2 .1)

where V0 is the depth, rn the range and 5 the surface diffuseness of the 

Woods-Saxon potential, |i is the reduced mass of the system and r is the 

distance between nuclear centres.

This expression obviously becomes invalid at distances where the 

surfaces of the two interacting nuclei overlap significantly (r  ̂ 10 fm for 

Si + Er). At these distances the Coulomb potential can no longer be 

represented as the potential between two point charges, frictional forces 

reduce the projectile-target relative angular momentum and mass



L=120

r (fm)

Figure 2.1 The 28Si + 167E r nucleus-nucleus po ten tia l w ith  L = 0, 40, 80 

and 120. The V0 , r n and 5 used are those of Lozano and  M adurga [LOZ80]. 

Also shown a re  th e  m axim um  and  m in im um  cen tre  of m ass energies 

used in  the p resen t experim ental study.
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tran sfe r causes the  projectile and ta rg e t to lose th e ir original iden tities. 

Figure 2.1 shows V(r) for 28Si + 167E r with L = 0, 40, 80 and 120.

The fusion cross section Gcn can be w ritten  as

oo
o cn= 7t k 2 £  (2L+1) T (2.2)

L=0

where % is the  reduced w avelength of the projectile and the T L are angular 

m om entum  dependent transm ission  coefficients for the  projectile passing 

over or th ro u g h  th e  fusion  b a rr ie r . The s im p le s t m odel for the  

transm ission  coefficients is the  sharp  cut off model which assum es th a t  if 

the  cen tre  of m ass bom barding  energy E cm is la rg e r th a n  the  fusion 

barrier Vb(L), th en  T L= 1; otherwise TL= 0.

ie Tl = 0 for E cm < Vb(L)

Tl = 1 E cm > Vb(L) (2.3)

and th u s the  m axim um  angu lar m om entum  contributing to fusion can be 

determ ined by solving equation 2.4.

Ecm = Vb ( Lmax ) (2.4)

From  figure 2.1 we see th a t  for 28Si + 167E r a t a centre of m ass energy of 

120 MeV, Lmax = 40, and  for E cm = 152 MeV, Lmax = 80.

S u b s titu tin g  th e  sh a rp  cu t off tra n sm iss io n  coefficients in to  

equation 2.2 gives

Ocn = (L m ax+D 2 ^ .5 )

Figure 2.2 show s experim en ta l fusion cross sections for 28Si + 167E r  

[HIN83]. V alues of Lmax deduced from the fit to these cross sections are 

displayed in  figure 2.3, along w ith  two values obtained using the  L = 40 

and L = 80 potentials shown in figure 2.1.



130 140 150
C entre o f  Mass Energy (MeV)

Figure 2.2 Experim ented fusion cross sections for 28Si + 167E r [HIN83] in 

the energy range of the  p resen t study.

C en tre  o f  Mass Energy (MeV)

Figure 2.3 S harp  cut off model Lmax values versus centre  of m ass beam  

energy. The sm ooth curve was obtained using equation  2.5 and  the  fit to 

the  fusion  cross sections of [H IN 83]. The s ta r s  w ere ob ta ined  using  

equation 2.4 and  the  L = 40 and L = 80 nucleus-nucleus po ten tia ls shown in 

figure 2.1.
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If the  parabolic b a rrie r model is used then  the transm ission  through the 

b a rrie r is given by the Hill-W heeler expression

T. = ( 1+ exp [ 2 7tVb( L } ~ Ecm ] )- l (2.6)
L

w here ticoL is the angu lar m om entum  dependent w idth of the  parabola 

used to approxim ate the true  barrier. E quation  2.4 thus becomes

Ecm=Vb (L i/2 ) (2.7)

w here Lmax has been rep laced  by th e  an g u la r m om entum  qu an tu m  

num ber corresponding to T L = 1/2. M any other factors besides b a rrie r  

penetra tion  can contribute to the spreading of the fusion spin distribution, 

especially  a t  sub -barrie r energies. For deform ed nuclei th e  two m ost 

im p o rta n t a re  the  effects of zero p o in t m otion and s ta tic  n u c lear 

deform ation. Both cause changes to the fusion barrie r, depending on the 

relative orientation of the ta rg e t and projectile nuclei.

The fusion transm ission coefficients T L are often param eterised  as

T. = (1  + exp [ ] )  -1 (2.8)
L AL

w here AL is the  diffiiseness of the fusion spin distribution, which is often 

assum ed to be independen t of projectile energy. This gives T , = 1 for 

L «  L i /2 ; Tl = 0 for L »  L 1/2 w ith  a smooth transition  region from 

~ L 1/2 —2 AL to ~ L 1/2 + 2 AL. S ubstitu ting  equation 2.8 into 2.2 gives the 

fusion cross section

Gcn = 7c9c2 £  
L=0

2L +  1

1 + exp (
L -  L 1/2 

AL

(2.9)

For a given AL , L 1/2 can be determ ined from m easured to tal fusion cross 

sections. F ission cross sections calculated using the sta tistical model (see 

section 2.3) can be sensitive to AL , because increases in AL push  more of 

the  fusion spin distribution to larger values of L where the fission barriers 

a re  sm alle r (see section 2.2). T hus AL can be estim ated  from fission 

ex c ita tio n  functions. H ow ever, for reac tio n s w here the  to ta l fission



3  15 185 MeV

140 MeV

A ngular Momentum (h)

Figure 2.4 The spin distribution of 195Pb following the fusion of 28Si with 

167Er, assuming both sharp cut off transmission coefficients and TL as 

given by equation 2.8 with a realistic value of AL = 9 [HIN86].
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probab ility  is high, the  sensitiv ity  to AL is sm all, because the  fission 

probability  for the  h ighest L values is a lready  close to u n ity  and any 

change in  the  distribution  of the high fusion-spin values by an adjustm ent 

of AL does no t significantly affect the fission cross sections. F igure 2.4 

shows the  populated spin distribution of 195Pb following the fusion of 28Si 

w ith  167E r, assum ing both sharp  cut off transm ission  coefficients and Tt
L

as given in  equation 2.8 with a realistic value of AL = 9 [HIN86].

2.2 Charged Liquid Drop Based Models

The compound nuclei studied in heavy-ion induced fission are, in 

general, a t high excitation. At a high enough excitation energy, shell and 

pa irin g  effects are  sufficiently w ashed out to enable the  predictions of 

macroscopic models to be considered reasonable.

2.2.1 Nuclear Masses

C o n sid erin g  nuclei as charged  liq u id  d rops p rov ides a good 

descrip tion  of the  average tren d s  in  ground s ta te  n u c lear m asses w ith 

changes in  Z and N over m ost of the periodic table  (A > 10). In  th is  model 

the ground s ta te  m asses can be w ritten  as

Mgg = Mn N + Mp Z + E v + E s + E c (2.10)

w here Mn and  Mp are the m asses of a neu tron  and proton respectively, E v 

is the  volum e energy, E s is the  surface energy and  E c is the  Coulomb 

energy.

The volume energy reflects the fact th a t  the  nuclear force is short 

ranged and th u s  each nucleon only feels the  a ttrac tio n  of its  neighbours. 

Since each nucleon in  the  nuc lear in te rio r  h as  on average th e  sam e 

n u m b er of ne ighbours , the  to ta l n u c le a r b in d in g  energy is roughly  

proportional to A. The volume energy is th u s  w ritten  as

E v = -  Cv A ( 2 .11)
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E quation  2.11 ignores the fact th a t  nucleons n ea r the  nuclear 

surface have fewer neighbours th an  those in  the in terio r. This produces 

an  effect completely analogous to the surface tension of a liquid droplet 

and gives rise to a positive energy term  which is roughly proportional to 

the nuclear surface area, and can therefore be w ritten  as

E s = Eg ft shape) = Cs A273 ft shape) (2.12)

w here Eg is the  surface energy of a spherical nucleus and ftshape) is the 

ratio  of the  surface area  of the desired nuclear shape to th a t  of a sphere of 

the  sam e volume.

The Coulomb energy is due to the roughly uniform  distribution  of Z 

protons in  the  nucleus and can be w ritten  as

Ec = Ec g(shape) = Cc ^773 g(shape) (2.13)

where E° is the  Coulomb energy of a spherical nucleus, g(shape) is the 

ratio  of the  electrostatic  energy of the  desired nuclear shape to th a t of a 

spherical nucleus w ith the same Z and A, and Cc is a constant.

If  Cv and Cs are assum ed to be constants (ie independent of Z and A) 

th en  equation  2.10 requ ires an  add itional te rm  due to th e  exclusion 

principle, which causes nuclei to be m ost stab le  for Z « N. This term  is 

usually  called the sym m etry energy and can be w ritten  as

E a
p  ( N - Z )2 

A (2.14)

G reen [GRE54] fitted  experim ental ground s ta te  m asses, obtaining the 

values Cv = 15.75 MeV Cs = 17.8 MeV

Cc = 0.71 MeV and Ca = 23.7 MeV 

The sym m etry term  is now usually  incorporated  into the  volume 

and surface energies by assum ing

N - Z
c v = a v [ i - K (  A )2 ] (2.15)

N - Zc s = a s [ i - K (  A )2] (2.16)

where ELV, 3.s and k are constants.
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M yers and Sw iatecki [MYE66,MYE67] have fitted  experim ental

ground state  nuclear m asses with equations 2.10 to 2.13 , 2.15 and 2.16 and

w ith  p a ram ete rised  shell and  p a irin g  corrections. They obtained  the 

following expressions :

Ev = -15.494 (1  -  1.783 ( NA Z )2 ) A MeV (2.17)

E° = +17.944 {1 -  1.783 -)2 ) A2̂  MeV (2.18)

E? = +0.7053 ^ 3  -  1.1529 ^  MeV (2.19)

The additional term  in  the  Coulomb energy corrects for the diffuseness of 

the  charge d istribu tion  n ear the  nuc lear surface. F igure 2.5 compares the 

liqu id  drop p a r t  of M yers and  Sw iatecki m ass form ula w ith  the  m ass 

decrem ents of 97 beta-stable nuclei.

A n um ber of m ore so p h is tica ted  liqu id  drop m ass form ulae 

containing h igher order term s have since been developed (see [MAR76] ). 

These more complicated m ass form ulae do not give an  improved quality of 

the fit to nuclear m asses along the valley of be ta-stab ility  b u t are expected 

to be more reliable th a n  the  sim pler liquid  drop m ass form ulae for long 

range extrapolations because of the h igher order effects th a t  they consider.

2.2.2 The liquid Drop Model of Fission

The liquid drop explanation of fission is based on the  fact th a t the 

surface energy E s and the  Coulomb energy E c are  both  shape dependent. 

Increasing  the deform ation of a nucleus increases its  surface area  and 

th u s increases its  surface energy. The average distance betw een protons 

increases w ith increased  deform ation, producing a decrease in  Coulomb 

energy. At first, increased  deform ation produces an  increase in  surface 

energy larger th an  the  decrease in  the  Coulomb energy, and  the potential 

energy of a nucleus is raised. If the  d istortion  continues to grow in  size, a 

point is eventually  reached where the  ra te  of change of E s is equal to the 

negative ra te  of change of E c. This point is called the  saddle-point and the



11

difference betw een its  po ten tial energy and the potential energy of the 

nucleus a t equilibrium  is called the fission b arrie r. Beyond the  saddle, 

fu rth e r  d isto rtion  causes a reduction  in po ten tial energy because the 

negative ra te  of change of the Coulomb energy is now larger th an  the rate  

of change of the  surface energy. The nucleus is th en  driven to h igher 

defo rm ation  w here th e  system  even tua lly  b rea k s  in to  two fission 

fragm en ts .

If  only axially  sym m etric shapes are  considered, the  rad iu s as a 

function of angle to the  sym m etry  axis can be expressed as a sum  of 

Legendre polynomials.
R

R(6 ) = - f  [ 1 + X  a n Pn(cos6 ) ] (2.20)

where the a n (even n  only for sym m etric shapes) specify the shape and X  is 

a param eter norm alising the  volume of the drop to the s tandard  value of
4
g7C R 03. The surface and Coulomb energies for sm all deform ations where

a n>4 «  CX2 are given by [BOH39]

E s = E° ( 1 + 2/5 a 22 ) (2.21)

Ec = E° ( 1 -  V5 a22 ) (2.22)

and thus the changes in  surface energy AES and Coulomb energy AEC are

AES = + 2/5 Eg CC22 (2.23)

AEC = — V5 E? 022 (2.24)

For a nucleus to be stab le  against sm all distortions, the potential energy

m ust rise when 0C2 is increased from 0 .
AEC

le -  — £ < 1  (2.25)
AES

Substitu ting in  equations 2.23 and 2.24 gives
E°

— !:- =  X < 1 (2.26)
2 E°

w here x is defined as the  nuc lear fissility param eter. Ignoring the small



x=0.0 x=0.3 x=0.4

x=0.5 x=0.6 x=0.7

x=0.8 x=0.9 x=1.0

Figure 2.6 Saddle-point shapes for various values of x. (adapted from 

[COH63])
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correction to the  Coulomb energy due to the diffuseness of the  charge 

d istribu tion  n ear the nuclear surface, equations 2.18 and 2.19 give

E quations 2.26 and 2.27 p red ic t th a t  nuclei w ith Z > 120 do not have a 

fission b a rrie r and  thus do not exist.

Cohen and  Sw iatecki [COH63] have studied  fission b a rr ie rs  and 

sadd le-po in t configu ra tions u sin g  equation  2.20 (even n  < 18) to 

param eterise  the  nuclear surface. They found th a t  for x > 0.7 the  saddle- 

point shapes are cylinder-like w ith ot2 and 014 the only shape coefficients of 

appreciable m agnitude. For x < 0.7 the saddle-point configurations develop 

necks, w ith  h igher o rder a n 's needed. F igure 2.6 show s sadd le-po in t 

shapes for various values of the  fissility param eter.

A simple form ula which reproduces the liquid drop fission barrie rs  

to an  accuracy of < 0.75 MeV is

Cohen and  Sw iatecki also studied the stab ility  of th e ir  sym m etric 

saddle-point configurations w ith  respect to asym m etric d isto rtions. They 

found th a t  sym m etric saddle-point shapes are stable for x = 1 down to the 

B usinaro -G allone  po in t of xbg = 0.39 (A=105). Below th is  po in t th e ir  

sym m etric  saddle-poin t shapes are  unstab le  to asym m etric  d isto rtions 

corresponding to the  sucking up of one fragm ent by the other.

50.883 [ 1 -  1.783 (—̂ ) 2]

1
(2.27)

Bf = 0.38 ( 0.75 - x ) E s  f o r V 3 < x < 2 / 3 (2.28)

Bf = 0.83 ( l - x ) 3  Eg for 2/3 < x < 1 (2.29)
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2.2.3 The Rotating Liquid Drop Model

To study the effects of rotation on nuclei, the ro tational energy of the 

system  m ust be included in  the  energy E which can then  be w ritten  as

E = E s + E c + Er (2.30)

where E s and E c are as defined in  equations 2.12 and 2.13, and  E r is given

Er = E? h(shape)
L2ft2  

2 I (2.31)

w here E? is the  ro ta tional energy of a spherical nucleus, h(shape) is the 

ratio  of the  m om ent of in e rtia  1° of a sphere about the axis of ro ta tion  to 

th a t  of the  desired  shape I, and  L h  is the angu lar m om entum  of the 

system .

W riting the  ro tation  plus deform ation energy in u n its  of the  surface

energy of a sphere gives 

E - E °
$

E s E° Ec E? Er
( - r - 1) + - 7 ( - T - 1)  + - T ( - z  - i )  (2.32)
T?lU 77>U TTTlU TpU TTtU
Hjs H/g rjc -C's -^r

= ( f - l )  + 2 x ( g - l )  + y ( h - l )  (2.33)

where x is the fissifity p a ram eter and y is the ratio of the ro ta tional energy 

of a spherical nucleus to its  surface energy. Assuming rigid body ro tation  

and a  rad ius p aram eter of r 0=1.2249 fm

L2
Er -  34.54 A 5/3

and th u s
1.9249

N - Z
1 -  1.7826 )2

A?/3

(2.34)

(2.35)

E quation  2.33 reduces the  ro ta ting  liquid drop model to a study  of ^ as a 

function of x, y and nuc lear shape. Of particu lar in te re s t is th e  study  of 

configurations w here 5^=0 w ith  sm all changes in all th e  deform ation  

degrees of freedom . T hese configurations correspond to equ ilib rium  or 

saddle-point shapes depending on the sign of the second derivatives of ^ 

w ith  respec t to the  deform ation  degrees of freedom. Cohen, P lasil and



y=0.16 y=0.08 y=0.04

y=0.24 y=0.09

x=0.6

x=0.7 x=0.8

Figure 2.7 E qu ilib rium (so lid  curves) and sadd le-po in t(dashed  curves) 

shapes for various x and  y. (adapted from [COH74] )

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
x

Figure 2.8 V arious ro ta tio n a l param eters y and th e ir dependence on the 

fissility  p a ra m e te r  x. T riax ia l shapes appear betw een yi and  yn. Saddle- 

point shapes a re  un stab le  ag a in st reflection asym m etric d isto rtions to the 

left of the  dashed curve ym. (adapted from [COH 74])
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Sw iatecki [COH74] have made an extensive investigation of considering 

axially sym m etric, asym m etric and triaxial shapes in the ir study. Some of 

th e ir  equilibrium  and saddle-point shapes for various x and y are shown 

in figure 2.7.

If  we consider a given nucleus w ith angu lar m om entum  Lh=0 then 

th e  liqu id  drop model p red ic ts  it  to be spherica l. As the  a n g u la r  

m om entum  is increased  the  nucleus becom es deform ed, tak in g  on a 

n early  spheroidal, oblate shape which is sym m etric about the axis of 

ro ta tion . If  the  angu lar m om entum  is increased  fu rth er a critical value 

L iti is reached  w here the  nucleus becom es unstab le  w ith  respec t to 

tr ia x ia l deform ation. I f  the fissility  p a ram ete r of the  nucleus is la rger 

th a n  the  critical value of xc~0.81 th en  no stable triax ia l configuration 

exists and  Lift. rep resen ts the m axim um  an g u la r m om entum  th a t can be 

accom m odated by the nucleus. If  x < xc th en  Li is the boundary betw een 

oblate and  triax ia l equilibrium  configurations. As L is increased fu rth er 

the  nucleus rapidly  tak es a prolate shape. E ventually  a second critical 

value, Ln is reached where the fission b a rrie r  goes to zero and the nucleus 

becomes unstab le  w ith respect to fission. Since ro tation  acts in a sim ilar 

way to Coulomb repulsion, it  effectively increases the fissility. Hence the 

B usinaro-G allone point goes to sm aller values of x as y increases. This is 

shown by the  line ym in  figure 2.8. V arious critical ro tational param eters 

y as a function of x are shown in figure 2.8.

2.2.4 The Finite Range Liquid Drop Model

The analysis of experim ental fission and evaporation residue cross 

sections w ith  the  aid of sta tis tica l model codes has ind icated  th a t  the 

ro ta tin g  liquid  drop model (RLDM) fission b a rrie rs  need to be scaled by 

betw een 0.5 and 0.9 for nuclei w ith x < 0.7 (A < 200). These scaling factors 

are  believed to be m ainly associated w ith the  RLDM's failure to account for 

the  fin ite range of the nuclear force. The RLDM scales the surface energy



RLDM

FRIDM

A (ß s ta b le  nucle i)

Figure 2.9 The finite range liquid drop model [SIE86] and ro ta ting  liquid 

drop m odel [COH74] fission b a rrie rs  for non-ro tating  beta-stab le  nuclei.

sad d le -p o in t

f is s io n  b a r r ie r

Angular Momentum (h)

Figure 2.10 195Pb FRLDM [SIE86] equilibrium  and saddle-point energies 

and fission  b a rr ie rs  as a function of an g u la r m om entum .
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by the ratio of the surface areas. This clearly leads to an over-estim ation of 

the surface energy of dum bell-like saddle-po in ts because of the  high 

surface curvature  around the neck regions, which allows the surfaces on 

either side of the neck to a ttra c t each other.

S ierk [SIE86] m ade several im provem ents to the RLDM, the m ain 

ones being :

(1) The replacem ent of the RLDM surface energy by a Yukawa- 

plus-exponential nuclear energy, which models effects of the 

finite range of the nuclear force, nuclear sa tu ration  and the 

finite surface th ickness of real nuclei.

(2) The Coulomb energy is calculated for nuclei w ith a realistic 

diffuse proton distribution  a t the surface.

(3) The m om ents of inertia  of nuclei are calculated, tak ing  the 

diffuse m ass d istribution  a t the surface into account.

The finite range liquid drop model fission b arrie rs  for nonro tating  beta- 

stable nuclei are compared to the  b arrie rs  of [COH74] in  figure 2.9. Figure 

2.10 shows the  equilibrium  and saddle-point energies and fission barrie rs  

for 195Pb as a function of an g u la r m om entum . The FRLDM critical 

an g u la r m om enta p a ra m e te rs  Li and Lp are shown in  figure 2.11 as a 

function of A for beta-stable nuclei.

2.2.5 Temperature Dependence of Fission Barriers

The heating  of a classical liquid drop to a finite tem pera tu re  resu lts 

in the  slight expansion of the  drop and a lowering of its surface tension. 

Thom as-Ferm i model calculations can be used to show th a t nuclei behave 

in  a sim ilar fashion. Such behaviour re su lts  in the  low ering of fission 

b a rr ie rs  w ith  increased  tem p era tu re . S auer et al. [SAU76] scaled th e ir  

Thom as-Ferm i model re su lts  in  o rder to get ag reem ent w ith the  liquid 

drop model a t zero tem pera tu re  and obtained the  following expressions for



50 100 150 200 250 300 350
A (ß stable nuclei)

Figure 2.11 The FRLDM rotational parameters Lj and Lp as a function of 

A for beta-stable nuclei, (adapted from [SIE86] )

'U (L=0)

Figure 2.12 The 238U (L=0) fission barrier as a function of the square of 

the temperature T2. The dashed line guides the eye. (adapted from 

[SAU76])
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the  Coulomb and  surface energies of spherical nuclei as a function of 

tem p era tu re  T.

E°(T) = 0.7053 (1 -  a  T2) J~[/z MeV (2.36)

E?(T) = (17.944- ß T2) ( 1 -  1.783 ) A2/3 MeV (2.37)

w here a  = 10-3 MeV-2 and ß = 0.11 MeV-2 . The F issility  p a ra m e te r as a 

function of T can then  be w ritten  as

x(T)
E°(T) f f  1 + 5x10-3 T2 MeV-2 

E°(T) A 50.883 [ 1 -  1.783 (^ X ^ )2]
(2.38)

The deform ation  energy ^(T) of a non-ro tating  nucleus in  u n its  of the 

surface energy of the spherical system  can be expressed as

5(T) = ( f -  1 )  + 2 x(T) ( g -  1 ) (2.39)

where f  is the ratio  of the surface area of the deformed system  to th a t  of the 

spherical system  and g is the  ratio  of the Coulomb energy of the  deformed 

to th a t  of the  spherical system . The tu rn ing  points in  £(T) as a function of 

deform ation give the  tem pera tu re  dependent fission b a rrie rs . F igure 2.12 

shows th e  238U (L=0) fission b a rrie r  as a function of the  square  of the 

te m p e ra tu re  T2 and  illu s tra te s  the  nearly  lin ear dependence of fission 

ba rrie rs  on T2.

M ore recen t calcu lations of th e  tem p era tu re  dependence of L=0 

fission b a rr ie rs  can be found in  [BAR85,GUE88]. G arcias et al. [GAR89, 

GAR89A,GAR90] have m ade calculations of the sp in  and  tem p era tu re  

dependence of the fission ba rrie rs  for eight nuclei covering a wide range of 

fissility. The varia tion  w ith tem pera tu re  of their spin dependent barrie rs 

can be fairly well described by [NEW90]

Ef (L,T) = Ef (L,0) ( 1 -  k  T2 ) (2.40)

w here

K

25.9

1_________________

57.8 MeV
57.8 M eV -E f(L ,0 )J

(2.41)
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These values of k are approxim ately a factor of two la rg e r th en  those 

suggested  by th e  e a r lie r  w orks of [SA U 76,G U E88]. C learly  m ore 

theo re tica l work needs to be done to re liab ly  e s tab lish  the  absolu te  

m agn itude  of the  dependence of fission b a rr ie rs  on te m p e ra tu re . A 

discussion on th e  inclusion of the tem p era tu re  dependence of fission 

barrie rs  in  sta tistica l model calculations can be found in [NEW90].

2.3 The Statistical Model

Even a t the  low est beam  energies used in the  study of heavy-ion 

fusion-fission reactions, the  compound nuclei a re  form ed a t excitation  

energies w here the density of quantum  sta tes is a lready high. This m akes 

the  use of th e  s ta tis tic a l model an  e ssen tia l p a r t  of th e  analy sis  of 

experim ental d a ta  involving such reactions.

The basic assum ptions of the sta tistical model are :

(1) An equilibrated compound nucleus is formed by a reaction.

(2) The decay of the nucleus is independent of the form ation 

except for the conservation of to tal energy, to tal angular 

m om entum  and parity.

(3) All decay channels th a t are fully open have the  same 

probability of being populated. For those channels not fully 

open th is probability is reduced by the  appropriate ba rrie r 

tran sm iss ion  coefficient.

Section 2.3.1 discusses nuclear level densities in  the  fram ew ork of 

th e  n o n -in te ra c tin g  F erm i-gas m odel. S ec tion  2.3.2 describes the  

calcu lation  of p a rtic le  decay and fission life tim es and  in troduces the  

sta tis tica l model code “JOANNE”. Fission fragm ent angu lar d istribu tions 

and  the  d e te rm in a tio n  of the spin d irection  of pre-scission com pound 

system s by the  observation of fission fragm en ts is discussed in section 

2.3.3. Section 2.3.4 discusses the  a n g u la r  d is tr ib u tio n  of evaporated
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particles as a function of nuclear tem pera tu re , angu lar m om entum  and 

deform ation of the em itting  system.

2.3.1 Level Densities

If  nuclei a re  assum ed to be collections of non-in teracting  nucleons 

in single-partic le  o rb ita ls th en  the determ ination  of the  n u c lea r level 

densities is, in  principle, ju s t  a m atte r of counting the num ber of ways in 

which the  nucleons can be a rranged , such th a t the excitation energy lies 

in  the  range E to E+AE. The num ber of combinations rises so quickly with 

excitation energy th a t  the  m athem atical techiques of sta tis tica l m echanics 

need to be employed to ob tain  level densities, even a t  re la tiv e ly  low 

energies.

The to tal level density  of a non-interacting Ferm i-gas can be w ritten  

as [BOH69]

fl1™  _ 2 ^  exp 2 VaE
-  i2 E5/4 a U4 (2.42)

where a is the level density param eter and is defined as

a ft2 go 
6 (2.43)

go is the single-particle level density a t the Ferm i energy, rep resen ting  the 

sum  of the proton and neu tron  level densities. Bohr and M ottelson showed 

in  th e ir  derivation  of equation  2.42 th a t  i t  is only valid  in  the  range 

EFermi/A «  E «  EFermi A 1/3 where Epermi is the nuclear Ferm i energy 

(~36 MeV). The concept of the  nuclear tem perature

1
T

_1 dco(E) 
0) ^E “ 4E  + E (2.44)

is often found to be useful. The condition Epermi/A «  E, im plies th a t  the 

second term  in equation 2.44 is dom inant. We can thus write

E = a T 2 (2.45)

A b e tte r  understand ing  of the  significance of the nuclear tem p era tu re  can 

be obtained by considering the  average occupation num ber rj(E) of a given



Table 2.1 N uclear tem p era tu re  (T), average num ber of excited nucleons 

(Hex) and the to tal level density  (co) for a nucleus w ith -200  nucleons and 

level density param eter a=A/8.6 MeV-1 a t various excitation energies (E).

E (MeV) T (MeV) Hex co(E) (MeV-l)

3 0.359 7 3.1xl05

10 0.656 13 e^x io io

30 1.136 22 8.4xl019

100 2.073 41 1.7X1038
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one p a rtic le  s ta te  of the Ferm i-gas which is approx im ately  given by

[BOH69]

ri(E)
1 + exp (-E -  EFermi

(2.46)

r|(E) is  1 for E «  EF erm i  and 0 for E >>EFermi> w ith th e  tra n s itio n  

occurring in  the  range ~T either side of the Ferm i energy. This th en  leads 

to the average num ber of excited nucleons

hex = So T (4) (2.47)

S ubstitu ting  equations 2.43 and 2.45 into 2.47 gives the average excitation

energy per excited nucleon
7C2 T

(2.48)
Hex ‘  6 ln <4 )

For a hom ogenous Ferm i-gas w ith  a volume sufficiently large for 

effects associated w ith the diffuse surface to be ignored, the  level density a t 

the Ferm i surface is given by

«" ■ i mL;
where A is the  num ber of nucleons. Substitu ting  in equation 2.43 gives

a = I l 6  MeV_1 ie a = 146 MeV (2.50)

This value of 14.6 MeV is approxim ately a factor of 1.7 h igher th an  the 

values of A/a used  by s ta tis tic ia l model calculations to reproduce the 

sp ec tra l shape  of partic le  and  gam m a-ray  em ission from  com pound 

nuclei. For exam ple, Gavron et al. [GAV87] concluded from the  analysis 

of th e ir  n e u tro n  spectra  th a t  A/a=7.5 MeV while m ore recen t resu lts  

involving s ta tis tic a l gam m a-rays [H E N 88,T H 087] req u ire  a value of

~9 MeV.

Toke and Swiatecki [TOK81] derived a form ula for the nuclear level 

density  pa ram ete r (a) which corrects equation 2.49 for the presence of the 

diffuse surface region. Their form ula is

A ___________________14.61_________________
a "  1 + 3.114 A -^3 F2 + 5.626 A"2/3 F 3 +

MeV (2.51)



spherical

saddle-point

l80 2 0 0  220
A (ß stable nuclei)

Figure 2.13 A/aeq and A/asp as given by equation 2.52 for non-rotating 

beta-stable nuclei.

ST 1 . 0 8

L80 2 0 0  220
A (ß stable nuclei)

Figure 2.14 asp/aeq for non-rotating beta-stable nuclei as given by equation 

2.52.
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The quantities F 2 and F3 are the surface area  and the in tegrated  curvature 

of the  nuclear surface in units of the ir values for the spherical shape. Due 

to the m any assum ptions used in the derivation of equation 2.51, Toke and 

Sw iatecki explain th a t for m any practical purposes the sim pler formula

14.61 MeV (2.52)a ~ 1 + 4 A~L3 F 2 

m ay be no worse th an  the more complicated one.

In  the  analysis of reactions w here fission is one of the dom inant 

decay channels , bo th  the  level d en sity  p a ra m e te r  of the  nuclei a t 

equilibrium , a eq and th a t of the compound nuclei a t the saddle-point, a sp 

are  of g rea t im portance. F igure 2.13 shows A/aeq and A/asp as given by 

equation  2.52 for nonrotating  beta-stab le  nuclei, while figure 2.14 shows 

a sp/a eq for the  sam e systems. The rapid  change in  the slopes of A/asp and 

asp /aeq a ro u n d A=195 corresponds to the  tran s itio n  from cylindrical to 

necked in  saddle-point configurations. A crude estim ate  of the variation of 

a sp/a eqw ith angular m om entum  as predicted by equation 2.52 for 198Pb is 

shown in  figure 2.15. The fissility param eter for 198Pb is x=0.704 and using 

the F 2 values of [MYE74] gives a sp/aeq(L=0) =1.086. The RLDM predicts the 

198Pb fission b a rrie r to vanish  a t an angu lar m om entum  of -75b.. A zero 

fission b a rr ie r  m eans the  equilibrium  and  saddle-poin t shapes coincide 

and thus a sp/aeq(L=75) = 1.00.

Several other au thors have also m ade predictions of a sp/aeq. Using a 

sim ple Ferm i-gas model involving a rec tan g u la r shaped nucleus w ith a 

trapezoidal potential well, Bishop et al. [BIS72] predicted a sp/aeq should be 

in  the  range 1.00 to 1.04 depending on the deform ation a t the saddle-point. 

G o ttschalk  and  L edergerber [GOT77], how ever, claim  th a t  B ishop's 

derivation  is in  error and using H artee-Fock calculations have concluded 

a sp/a eq ~ 0.98. C arjan  eZaZ. [CAR79] perform ed microscopic calculations 

using  a realistic  set of single particle  levels, obtain ing  a sp/a eq * 1.065 for 

184Hg a t  high excitation energy.



1.10

Angular Momentum (h)

Figure 2.15 asp/a eq for 198Pb versus angular momentum. The asp/aeq at 

L=67 was obtained using Ftfs estimated from the x=0.7, y=0.04 equilibrium 

and saddle-point shapes shown in figure 2.7. The error on this value 

reflects the uncertainty in my F2 estimates. The smooth curves simply 

guide the eye.
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The effect of ro tational and vibrational levels on the level density  of 

deform ed nuclei adds fu r th e r  u n certa in ty  to the value of a sp/a eq. For 

example, it  is well known th a t a t low excitation energies the  level densities 

of deformed nuclei can be enhanced by factors of the order of 102 a t the 

expense of h igher levels. D iscussions of th is  effect and  its  possible 

im p lica tio n  on s ta t i s t ic a l  m odel ca lcu la tio n s  can be found  in  

[M OR72,BJ073,VIG82,HAN83].

U ntil now, only the to ta l level density of a Ferm i-gas as a function of 

excitation energy co(E) has been given. However, in m ost s ta tis tica l model 

applications the density  of levels for a given angular m om entum  is of most 

im portance. This spin dependent level density form ula is given by [BOH69]

p(E,I) = ( | ^ ) 3/2 exp 2 V^“Ü  (2.53)

w here Lfi is the  an g u la r m om entum  of the system , I is the rig id  body 

m om ent of inertia  about the  axis of rotation and U = E -E rot is the therm al 

excitation  energy. E is th e  to ta l energy and E rot= fr2L (L + 1)/2 I is the 

ro ta tiona l energy. The n u c lear tem p era tu re  of a com pound nucleus a t 

angu lar m om entum  L h  can then  be w ritten  as T = V U/a .

2.3.2 Decay Widths

The decay of compound nuclei formed in heavy-ion fusion reactions 

is a complex process. In itia lly  nuclei a re  form ed w ith  a well defined 

excitation energy defined by the  beam  energy and the  Q value  for the 

reaction, b u t w ith  a d is tribu tion  of spin values (see section 2.1). Some of 

these  system s m ay undergo first-chance fission (ie fission w ithou t the 

evaporation  of any p a rtic le s) while the  re s t decay by the  em ission of 

particles of various types, energies and angular m om enta, producing the 

next generation  of com pound nuclei. These second generation  compound 

nuclei can then  decay by e ither fission or fu rther particle em ission and so 

on. The dom inant modes of particle decay are those of neutron, proton and
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alpha partic le  em ission, w ith  the  evaporation of neu trons generally  the 

m ost favoured. E ventually  the  particle  em ission (m ainly neu trons) cools 

the  surviving nuclei to excitation energies below both th e ir fission barriers 

and  partic le  b ind ing  energies. G am m a-ray em ission th en  becom es the 

dom inan t decay process, rem oving the  rem ain ing  a n g u la r  m om entum  

and excitation energy.

F o rtuna te ly  we only need to w orry about obtaining expressions for 

th e  fission decay w id th  T f(E i,Ji) as a function of com pound nucleus 

excitation energy and spin and  the ra te  of emission of partic les (neutrons, 

protons and alpha particles) w ith  energy e and spin j, E part(Ei,Ji,Ef,Jf,e,j) 

from a compound nucleus w ith  in itia l excitation energy and spin  Ej and Ji 

and  final excitation energy and  spin Ef and Jf. C om puter codes can then  

be used to model the  large num ber of decay pa ths availab le  to any hot 

compound system  to enable the  prediction of m easurable q u an titie s  such 

as fission  cross sections, evapora tion  residue  cross sections, partic le  

m ultip licities and particle  energy spectra.

The particle em ission ra te  is [TH064]

i J f  + j J j + S
K part(Ei,Ji,Ef,Jf,ej) de -  ^ ^ X  Tt (e) ~ ~ ~ ~  de (2.54)

S = | J f - j |  L=| J i -  S | L p(Ei,Ji)

w here h  is P lanck’s constant, TL(e) are the  transm ission  coefficients for a 

particle  of energy e w ith orbital angu lar m om entum  Kh, and  p(E ,J) is the 

spin dependent level density  of the  compound nucleus. The T L(e) should 

in  fac t be the  tran sm iss io n  coefficients for the  fusion of an  incom ing 

particle of energy e w ith the  compound system  a t excitation Ef and  spin Jf. 

O f course, these T l (e) cannot be m easured  experim entally , so sta tis tica l 

model codes usua lly  approxim ate them  w ith optical model tran sm ission  

coefficients T^m(e) based  on global fits to elastic sca tte rin g  da ta . These 

T ^ f e )  apply to particles incident on nuclei in  their ground sta te , while hot 

ro ta tin g  compound system s are  likely to be more diffuse and  to have a
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different deformation. This is expected to have only a minor effect on 

neutron emission, but a greater effect on the evaporation of charged 

particles which feel the changes in Coulomb fields produced by increased 

surface diffuseness and deformation. Discussions of the dependence of 

transmission coefficients on deformation, and in particular its 

importance in alpha particle decay, can be found in [BLA81, 

AJI86,HUI89].

Summing equation 2.54 over all Jf, changing the ordering of the 

summations and assuming the spin s and orbital quantum number L of 

the emitted particles are small compared to Ji, the energy spectrum for 

the evaporation of particles from a compound system of fixed excitation 

energy and spin can be written as

0 0  TLte) -2  e
Spart(e) a ^  r -T-, ^ ^ . 7s - .0  exP ( t  ) (2.55)

[ E i~B part^ £ -E r o t(J )  l 2 1

where Bpart is the particle binding energy and Erot(J) is the minimum 

possible excitation energy of the daughter nucleus with angular 

momentum Jft.

To obtain the particle decay width r part > equation 2.54 is summed 

over all Jf, integrated over all allowable particle energies and multiplied 

by ft, giving
.. 0 0  L + § Jj+S

rpart = 2 K o(E- J ) S  X2 K p(E1)J1) l_0 s = |L _ g | j p U i- S l

"Ei-Erot(Jf)-Bpart ^  p(E i_ Bpart-  E , Jf ) de (2.56)
J0

Assuming the spin of the evaporated particle s is very much smaller than 

the spin of the emitting compound system, and using the Fermi-gas spin



dependent level density form ula, we can rew rite the particle decay width

Impart
(2 s+ l)(2Jf+ l)

2 7i (2Ji+l>

I
J i+  L
I

exp 2 ^  aggUj '  ae,f L=0 J f = | J i - L |

Uf
rEi-Erot(JfKBpart T (£) exp W  4 qU f ^  (2 5?)

j O u f
d dw here aeq and a “q are the  level density  param ete rs  of the  p a re n t and 

d a u g h te r  com pound system s respectively . U i= E i-E ro t(J i)  and  U f= E i- 

E ro t(Jf)-£ -B part a re  the  th erm al excitation energies of the  p a re n t and 

daugh ter nuclei respectively.

The fission decay mode can be trea ted  in a sim ilar fashion to th a t of 

p a rtic le  em ission. In s te a d  of considering  the  tra n s it io n  from  one 

compound system  to ano ther by the em ission of a particle of energy e, we 

c o n s id e r  th e  t r a n s i t io n  from  th e  e q u ilib riu m  to sa d d le -p o in t 

configurations w ith the  system  having a kinetic energy of esP a t the saddle- 

point. The transition  ra te  of a nucleus from its  equilibrium  deform ation to 

its  saddle-point configuration w ith  kinetic energy esP can be w ritten  as

Rsp desp = ^  T(esp)-Psp(E‘ ^  £SP ’ J ‘ ] de«P (2.58)
n p(Ei, J j )

w here Bf is the fission barrie r, psp is the  spin dependent level density for 

the  saddle-point configuration and T(esP) are the appropriate transm ission 

coefficients. Fission is a m uch more classical process th an  ligh t particle 

em ission , and  in  heavy-ion induced  fission it  is u su a l to take  the 

transm ission  coefficient as un ity  above the  b arrie r and zero below. Using 

the  Ferm i-gas spin dependent level density  form ula we can then  write

Tf
exp 2VaeqUi

- v S  fEl- Bf eXp2V^  desp (2.59) 
> a e q J  TT2

w here U sp=E j- esP-Bf is the  therm al excitation energy a t the  saddle-point.
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A ngular Momentum (h)

Figure 2.16 N eu tro n , pro ton , a lp h a  and  fission  decay life tim es as a 

function  of sp in  for 192Pb a t an  excita tion  energy  of 53.0 MeV, w i t h  

sta tis tica l model param eters A/aeq=10.0 MeV-1 and  a sp / a e q = 1 .0 0 .

an g u la r momentum = 351*1 I 

a orVa =1.00

E x c ita tio n  Energy (MeV)

Figure 2.17 N eu tro n , pro ton , a lp h a  and  fission  decay life tim es as a 

function of excitation energy for 192Pb a t an  an g u la r m om entum  of 35fr. 

The d ash ed  curve shows the  n e u tro n  em ission  life tim e obtained using 

A/aeq=8.0 MeV-1 and dem onstra tes the  sensitiv ity  of lifetim es on the level 

density  p a ram eter.
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M any sta tis tica l model com puter codes are available, for exam ple 

ALICE by B lann and P lasil [BLA66,BLA72,PLA78] and PACE by Gavron 

[GAV80]. U nfortunately , like m ost people, I find it  very difficult to follow 

large codes w ritten  by other people, so I wrote my own sta tis tica l model 

code called JO ANN E. JO ANN E is a M onte Carlo code using  partic le  

transm ission  coefficients determ ined using the optical model po ten tia ls of 

[PER76] for neu tron  and proton em ission and [HUI62] for a lpha  particle 

em ission. The y ra s t energies and fission b a rrie rs  used are those of the 

finite  range liquid drop model of S ierk [SIE86] and the  partic le  binding 

energies are  obtained using  equations 2.10,2.17,2.18 and 2.19. F igures 

2.16,2.17 and 2.18 show some of the properties of the  m ean lifetim es of 

neutron, proton, a lpha particle and fission decay of 192Pb as calculated by 

JOANNE. F igure 2.16 shows how, for a fixed excitation energy, the  m ean 

lifetim e of the fission decay mode decreases w ith increased spin due to the 

falling of the  fission barrie rs . The particle emission lifetim es increase due 

to the decreasing therm al excitation energy as the y ras t energies increase. 

At high spin, a lp h a  partic le  em ission becomes m ore favourable th a n  

pro ton  em ission, due to the  increasing  slope of the  y ra s t line , which 

enhances the  em ission of partic les (in p a rticu la r a lpha partic les) w ith 

higher values of orbital angu lar m om entum .

2.3.3 Fission Fragment Angular Distributions

I f  we assum e th a t  fission fragm ents sep ara te  along the  nuc lear 

sym m etry axis and th a t  the  angu lar m om entum  along the sym m etry axis 

K h is a constan t from saddle to scission, then  the  angu lar d istribu tion  of 

fission only depends on the  angu lar m om entum  of the  compound nuclei 

brought in  by the projectile and the d istribution  of K sta tes a t  the  saddle- 

point. The angu lar d istribu tion  of fission fragm ents from a system  of total
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Figure 2.18 Lines of constan t r f / r v for l 92Pb. T he dashed  and dotted  

curves are the  saddle-point energies and y ra s t line  plus n eu tron  binding 

energy respectively.
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angular momentum Jh, with a projection on the symmetry axis Kh and 

projection of J on some fixed space axis M is given by [BAC78]

W MK(9) = i ( 2 J  + 1 ) [ ldMK(0> l2 +  I dM-K(0) I2 ]

where

dMK(e) = KJ+M)! (J-M)! (J+K)! (J—K)!]—1/2
( - l ) x(sin- |0)2x+M-K (c o s l0)2J+K-M-2x

x X  (J-M-x)! (J+K-x)! (x+M-K)! x!
X

x=0,l,2,3... and contains all terms in which no negative value appears in 

the denominator of the sum for any of the quantities in parentheses.

For a fixed excitation energy E and spin J, the statistical 

distribution of K states at the saddle-point can be expressed as [VAN73]

(2.60)

(2.61)

where

p (K) a exp(—^ 2  > 
Z  Ko

=  0

Ko

K < J 

K> J

h 2[

(2.62)

(2.63)
]

■“■paral -“-perp

I p a r a l and Ip erp  are the saddle-point moments of inertia about axes 

parallel and perpendicular to the symmetry axis.

In general the spin of fissioning systems produced in heavy-ion 

reactions is high enough for the spin of the target and projectile and the 

angular momenta of any emitted particles to be ignored. The spin

directions of these fissioning systems can then be assumed to be 

distributed uniformly in the plane perpendicular to the beam direction. If 

we then choose the beam direction as our space fixed axis (ie M=0), then 

the angular distribution of fission fragments can be written as [BAC85]

WFf(0) a ]T b(J) 
J=0

J
£  (2J+l)|d^K(0)|2exp( 

K=-J

-K 2
2K2

)

J
X  exP( 

K=-J

-K 2
2K2

)

(2.64)



----- single spin value of J

......b(J)d 2J+1 up to 1.5 3

... b(J)=Const up to J ~ 2.0 J
<T 7

j/K 0

Figure 2.19 W (0 = 18O °)/W (0 = 9O°) for th ree  d iffe ren t types of spin 

distributions; a single spin value of J (solid curve); b(J) a  2J+1 up to Jmax> 

J  = Jmax (dashed curve); and b(J) = constan t up to Jmax, J = ^  Jmax 

(dotted curve). The W(0=18O°)AV(0=9O°) shown here are for Ko= 5.0, scaling 

bo th  J and K0 by a co n stan t produces only m inor changes to the 

calcu lations.

J/Ko= 2.0
= 4.0
=  6.0

90 100 110 120 130 140 150 160 170 180
Angle to  th e  Beam (0°)

Figure 2.20 F ission  fragm ent angu lar d istribu tions re la tive  to the beam 

d irec tio n  W (0) u sing  a single spin value J  for va rious J / K 0. As in 

figure 2.19 the  calculations shown here are for K q =  5.0.
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where b(J) is the probability of populating the compound system with spin 

J multiplied by the probability that the system with angular momentum 

Jh will undergo fission and 0 is the angle between the beam direction and 

the fission fragment. Wff(Ö) is, however, relatively insensitive to the form 

of b(J) and for many practical purposes the summation over J in equation 

2.64 is dropped and J is replaced by

X  J b(J)

J = — -------  (2.65)0 0

1  b(J)
J=0

Figure 2.19 shows Wf f (9=180o)/Wff(Ö=90°) versus mean spin divided by 

K0 for three different types of spin distributions. Fission fragment angular 

distributions using a single spin value J for various J/K0 are shown in 

figure 2.20.

If maximum linear polarisation is assumed, ie the space fixed axis 

is in the same direction as J and thus M=J, then equation 2.61 reduces 

drastically, becoming

I djK(<t>)12 = ( j+K)!(j_K)! (sin|<t>)2(J_K) (cos!<j>)2«+K> (2.66)

where (j) is the angle between the spin direction of the pre-scission 

compound system and the fission fragment. The angular distribution of 

fission fragments relative to the spin direction from an ensemble of highly 

polarised compound systems with angular momenta Jh can then be 

written as

2  ( M l w S a  « 4 » 2“ "10 (cosl«” ' 10 « * 5 3 >
W«» a & = ! -----------------------.-----------------------------------(2 67)

", -K2
Y exp( 0 )

K=-J 2Ko2

Figure 2.21 shows W(<t>) for various values of J/K0, and figure 2.22 shows 

the half width at half maximum of the fission fragment distribution about 

the plane perpendicular to the spin direction versus J/Ko.



=  6 .0
=  8.0

Angle to the Spin Direction (cp°)
Figure 2.21 A ngu la r d is tr ib u tio n  of frag m en ts  re la tiv e  to th e  sp in  

d irec tion  of an  ensem ble of h ighly  po larised  fissioning system s, for 

various J/Ko. These calculations are for Ko= 5.0.

Figure 2.22 H a lf  w id th  a t  h a lf  m axim um  (HWHM) of th e  frag m en t 

d istribu tion  about th e  p lane perpend icu lar to the  spin d irection  of an 

ensem ble of highly polarised fissioning system s versus J/K 0. The solid and 

dashed curves are for E^= 5.0 and 10.0 respectively and dem onstra tes th a t 

fission fragm ent d istribu tions depend strongly on the  ratio  of J  to Ko, but 

are  relatively insensitive to the ir individual sizes.
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Figure 2.23 Schem atic diagram  of (a) a fixed spin w ith a range of possible 

fragm ent d irections and (b) a fixed fission fragm ent direction and the  

range of possible spins, which could have lead to th a t fragm ent.

<pff= 20

S  50

90 100 110 120 130 140 150 160 170 180
0 (degrees)

Figure 2.24 Spin range e spin versus fission fragm ent angle to the beam  6, 

for <}>ff = 20°.
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Classically, all fragm ents would be observed perpend icu lar to the 

spin direction of the fissioning compound nuclei, enabling the observation 

of a fission fragm ent to accurately  determ ine the spin d irection  of the 

compound system . The d istribu tion  of fission fragm ents about the  plane 

p erp en d icu lar to the  spin direction (see equation 2.67) re su lts  in  the 

observation of a fragm ent defining a range of possible spin directions. This 

range depends on both W(<j)) and the angle of the observed fission fragm ent 

to the  beam. If, for simplicity, we assum e

W(<j)) = constant 90 -  pff < p < 90 -h <|>ff

= 0 elsew here (2.68)

th en  the observation of a fission fragm ent a t 0° to the beam  res tric ts  the 

spin direction of the pre-scission system to w ithin 0 Spin (see equation 2.69) 

degrees e ith er side of the  direction perpendicular to the  velocity of the 

frag m en t.

0 Spin = s in - i f - ^ r“ ) (2.69)sm 0

F igure  2.23 shows (a) a fixed spin w ith a range of possible fragm en t 

d irections and  (b) a fixed fission fragm ent d irection and  the  range of 

possible spins which could have lead to th a t pa rticu la r fragm ent. F igure 

2.24 shows 0 Spin versus fission fragm ent detection angle 0 for bff = 20°.

2.3.4 Angular Distribution of Evaporated Particles

The relative probability for the emission of a light particle w ith final 

k inetic  energy e and orb ital angu lar m om entum  L a t  an  angle <J) w ith  

respec t to the  spin  d irection of the p a ren t nucleus, can be w ritte n  as 

[AJI86]

W(4>,e,L) a  |L | T Je )  Pf(Ef,Jf) (2.70)

w here  T l (b) is th e  ap p ro p ria te  pa rtic le  tran sm iss io n  coefficient and  

pf(Ef,Jf) is the level density  of the daughter nucleus a t excitation energy Ef 

and  spin Jf.



c o s x -  cos£ s i n $

Figure 2.25 The relationship  betw een the  angu lar m om enta of the paren t 

nuc leus J i, the daugh ter nucleus J f  and the em itted  partic le  L , and the 

direction of the em itted particle n, in  the  classical lim it w here n • L = 0, ie 

the  partic le  is em itted perpendicular to its  orbital angu la r m om entum .
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(2.71)

(2.72)

E f — Ei — Bpart — e

|J f |2 = |J i | 2 + | L | 2 - 2 | J i | | L |  cos(x) 

w here x is  the angle between the angu la r m om entum  o f the pa ren t 

nucleus J i and the o rb ita l angu la r mom entum  o f the em itted  pa rtic le  L. 

F igu re  2.25 shows the re la tionsh ip  between the angu la r m om enta o f the 

pa ren t nucleus J i, the daughter nucleus Jf, and the em itted  p a rtic le  L, 

and the d irec tion  o f the em itted pa rtic le  h in  the classical l im i t  where 

n-L=0 (ie the p a rtic le  is em itted  pe rpend icu la r to its  o rb ita l angu la r 

m o m en tum ).

To obta in  the p roba b ility  o f em itting  a pa rtic le  a t an angle d to the 

spin o f the parent nucleus, w ith  k ine tic  energy e, equation 2.70 is 

in teg ra ted  over a ll the con tribu ting  L. In  the sem i-classical l im i t  where 

IL I = ( L  + -^) Fl and n • L  = 0 (see figure 2.25) we can w rite

W(<t)>e) a  f~  f 2,t (L  + i ) T  (6 )p f(E f,J f) dL  (2.73)
0 0

In  the l im it  o f E rot «  E f the level density

pf(E f,J f) a exp 2a/ aU *  exp 2^  aEf exp (—F jr^) (2.74)

Fo r the  em ission o f pa rtic les  from  a deformed system, equation  2.73 

becomes more complex w ith  the T L(e) being dependent on the ex it po in t of 

the em itted  pa rtic les . In te g ra ls  over the angles used to describe the 

o r ie n ta tio n  o f the  deform ed system are also requ ired . For a spherica l 

system where the transm iss ion  coefficients are independent o f the  ex it 

po ints o f the em itted particles, equation 2.73 can be re w ritte n  as

W((j),e) a exp 2VaEf~ ( L + - | ) T l (e) exp(-
J0

- i J i l 2 -  1L12 
2 I f  T

2 1 J j| |L | sin(j) cos^ 
2 I f  T ) d^ dL (2.75)
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where If is the moment of inertia of the daughter nucleus and T is its 

nuclear temperature. Using the Modified Bessel Function

Io(z) — exp(z cos0) d0
71 J o

(2.76)

equation 2.75 becomes
,____ feB , -Ü2((J i+| ) 2 _ ( L+i)2 )

W((j),e) a exp 2\aE f (L + - |)T L(e) exp[-----
J 0

2 If T

x I0(2ßT sind) dL (2.77)

where

Pi
h 2 (Ji+1) (L + \ )

X “ 2 If T

For the special case of sharp cut off transmission coefficients

(2.78)

t l = 0 e < B +
ft2 (L + 1)2 

2 H Reff

f t 2 ( L  +  i )2
T. = 1 for e > B + ------ - g * —  (2.79)

L 2 ^  Rfff

one may integrate equation 2.77 analytically over L and e to obtain the 

following [AJI86]

W(<j>) cx exp(ß sin2d) (2.80)

The anisotropy parameter is given by

f r ^ J j + l ) 2 R eff 

P 2 If T If + Riff (2.81)

where B, p and Reff are the barrier height, reduced mass of the emitted 

particle and daughter nucleus system and the effective barrier radius 

respectively. The barrier radius is [WIL67]

Reff ~ rn + 38 (2.82)

where rn and 5 are the Woods-Saxon range and surface diffuseness used 

in the optical model potential of the emitted particle plus daughter system.
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Figure 2.26 (a) the average nuclear temperature T of the daughter nuclei 

after the emission of pre-scission neutrons, protons and alphas, and (b) 

the average spin Ji of the parent nuclei emitting the pre-scission 

neutrons, protons and alpha particles, for the 28Si + 167Er -> 195Pb system.
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Figure 2.27 Estimates of ß, W(90°)/W(0°) and < e >90 -  < e >0 for the 

28Si + 167Er pre-scission particle emission.
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U sing  the  po ten tia ls  of [PER76] for n eu tron  and proton em ission and 

[HUI62] for alpha emission we can write
9 9 1 /Q

Reftfn) = (1.322-7.6Afx l0 -4+4AfXl0-6-8A fX l0 -9)Af +1.98 fm
i n

= 1.266 A f + 1.98 fra for Af = 200 

Refffjt) = 1.25 A^73 + 1.98 fm

Refffa) = 1.17 a J73 + 3.50 fm (2.83)

The m ean  energy and m ean square orbital angu la r m om entum  of 

the  em itted  particles can also be determ ined analytically , by perform ing 

sim ila r in teg ra ls  [AJI86] giving

< e >* = B + T + T ( - ---- ) ( 1 + ß sin20 ) (2.84)
If  + |l R eff

i 2 + - ^ I 7 T 7 i ! 7 , T (1 * |,“ A>) <2851
F igure  2.26 shows (a) the  average nuclear tem pera tu re  T of the  daugh ter 

nucle i a fte r  the  em ission of pre-scission n eu tro n s , pro tons and  a lpha  

p a rtic le s , and  (b) the average spin J j of the p a re n t nuclei em itting  p re ­

scission particles, from the 28Si + 167E r fusion-fission system , versus beam  

energy . T hese calcu lations w ere perform ed u sing  the  com puter code 

JOANNE (see section 2.3.2) w ith aeq=A/10 MeV-1 and asp/a eq=1.0. The 

195pb fusion spin d istributions were determ ined using  equation  2.9 w ith 

AL = 9 [HIN86] and the fusion cross sections of [HIN83]. The Q value for

the  fusion reaction was taken  as [CHA86]

Q = E ^  + E®XP -  -  38 (2.86)

EXP EXPw here E p and E T are the experim ental ground s ta te  m asses of the 

pro jectile  and  ta rg e t respectively, is the  liquid-drop m ass of the

com pound nucleus [MYE66,MYE67] (see section 2.2.1) and 8 is the  pairing  

energy  ta k e n  as l l /A cn1/2 MeV. The fin ite  ran g e  liqu id -d rop  fission 

b a rr ie rs  of [SIE86] were scaled by kf=0.85 to reproduce the  fission and 

evaporation  residue cross sections of [HIN83]. F igure 2.27 shows estim ates 

of ß, W(90°)/W(0°) and <£>90 -  <£>o for  the 28Si + 167E r pre-scission particle 

em ission, using  the T and Ji shown in figure 2.26.
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A jitan an d  et al. [AJI86] have developed a M onte C arlo code to 

investiga te  the  em ission of particles from deform ed nuclei. F igure 2.28 

shows th e ir  calculations of m ean energy, the root m ean squared  orbital 

an g u la r m om entum  a t  0° and 90° to the spin, and the anisotropy for the 

em ission of a lpha  particles from the 485 MeV 56Fe + 197Au ->  253105 

system , as a function of compound nucleus shape. Figure 2.29 is the same 

as figure 2.28 b u t for the 190 MeV 40Ar + 27Al ->  67Ga system . These two 

cases illu s tra te  the lim iting situations discussed by [DOS77]: the  Coulomb 

forces dom inated region, ß sp h e r e « l ;  and the  centrifugal forces dom inated 

region, ß s p h e r e » ! -  For spherical nuclei, the  difference betw een 0° and 90° 

values of the  root m ean squared orbital angu la r m om entum  and m ean 

energy, as well as the angular d istribution of the particles, is due solely to 

the  nuc lear ro tation . In the region dom inated by centrifugal forces, the 

an iso tropy  from spherical em itte rs is very large (see figure 2.29), and 

decreases rap id ly  w ith  increasing  deform ation  due to the  increasing  

m om ent of in e r tia  about the axis of ro ta tion . In the  Coulomb forces 

dom inated region (see figure 2.28), the anisotropy of the particle  emission 

is expected  to increase  w ith deform ation due to the  low ering  of the 

em ission b a rrie rs  along the sym m etry axis. A nother in te res tin g  effect is 

the  decrease of the m ean particle energy a t  90° to the spin direction w ith  

increased  deform ation which, in the  Coulomb forces dom inated  region, 

can lead  to a lower m ean particle energy a t 90° th an  a t 0° to the  spin 

direction (see figure 2.28).
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Figure 2.28 Mean energy < e > and root mean squared orbital angular 

momentum Lrms at 0° and 90° to the spin, and anisotropy W(90°)/W(0°), for 

the emission of alpha particles from the 485 MeV 56Fe + 197Au -> 253105 

system (T=2.4 MeV, Ji=67h, ßsphere=0-61 ). The units of the barrier heights 

and the moments of inertia are MeV and h 2 MeV, respectively, (from 

[AJI86] )
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2.4 Nuclear Viscosity

In the  case of a sphere in jected into a viscous liquid  w ith  zero 

gravity, the velocity of the sphere u(t) as a function of tim e t is given by

6 k  r| R —t
u(t) = U o exp ( - t  — — ) = u 0 exp ( — ) (2.87)

where M and R are the  m ass and  rad ius of the sphere, i  is the  relaxation  

tim e and tj is the  viscosity of the  fluid. The m ovem ent of the  sphere 

th rough  the  liquid  tends to se t up an ordered flow p a tte rn  around  the 

sphere. The random  m otion of the  particles m aking up the fluid d isrup ts 

th is ordered flow by tran spo rting  m om entum  across the velocity grad ien ts 

in  the  fluid. In  th is  way the  in itia l collective energy of the  sphere  is 

transferred  into an  increased therm al motion of the  particles in the fluid.

The m eaning of viscosity, dissipation or friction in  nuclei is not as 

obvious as in th is  sim ple exam ple. The nucleus is a unique, superdense, 

quan tum  Ferm i-liquid capable of collective motions such as ro ta tions and 

v ib rations. The th eo ry  of n u c lea r viscosity a tte m p ts  to describe  the  

coupling betw een collective nuclear m otion and the  therm al m otion of the 

nucleons m aking up  a given nuclear system . I t can be useful to consider 

the n eares t analogue to the nucleus, liquid 3He, which is also a quan tum  

Ferm i-liquid. The m ean free p a th  X  for collisions betw een 3He atom s is 

norm ally m uch sm aller th an  the  dim ensions of the  system  and  th u s is 

affected by the  well known "two-body viscosity". For any system  of weakly 

in teracting  particles the  bulk viscosity is given by the  expression

p = T p?l(T)v (2.88)

where p is the  density , v is the  average speed of the  particles and  X ( T )  is 

the  m ean free p a th . For a system  of ferm ions, collisions betw een  the 

partic les are in h ib ited  by the  P au li principle so th a t  X  decreases w ith  

te m p e ra tu re  as ~T- 2 . The m ean  velocity of ferm ions rem a in s  fairly  

constant w ith tem pera tu re  and th u s rj varies as -T -2 . There is, however, a 

critical tem pera tu re  T c below which 3He is a superfluid (ie p=0 ).
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If  we were to set a droplet of liquid 3He (T>TC) into vibration, then 

the two-body viscosity would cause the irreversib le  transform ation  of the 

collective m otion into increased therm al m otion of the 3He atom s. The 

probability  of the 3He droplet ever spontaneously  regain ing  its  original 

collective m otion a t the  expense of the  d rop le t's  th e rm al energy is 

essen tia lly  zero, because of the large num ber of indiv idual 3He atom s 

involved. N uclei, however, only con ta in  a re la tive ly  sm all num ber of 

nucleons and  the  probability  of a hot com pound system  obtain ing  a 

sizeable collective motion a t the expense of its  therm al energy is far from 

zero. A nother m ain  difference betw een a d rop let of liqu id  3He and a 

nucleus is th a t  in  a droplet of liquid  3He the m ean  free p a th  is much 

sm aller th a n  the  size of the droplet. In  the  nuclear case the m ean free 

p a th  in  the  n uc lear in te rio r can be la rg e r  th a n  the  d iam ete r of the 

nucleus. The loss or gain of collective energy th rough  two-body collisions 

inside the  nucleus is thus sm all and nuclear viscosity is expected to be 

m ainly due to the collisions of nucleons w ith the nuclear surface.

The sim plest example of "one-body dissipation" is th a t of a Knudsen 

gas. In  such a gas, a particle colliding w ith the  w alls of the container is 

assum ed to first stick and then  be em itted  in a random  direction w ith a 

velocity d is tr ib u tio n  app ropria te  to th e  tem p e ra tu re  of the  gas. The 

essential property of a K nudsen gas is th a t  a particle h itting  the  container 

loses all m em ory of the  collision before s trik in g  the  w alls again. The 

dissipative energy loss from such a system  is given by the  wall form ula

[BL078,RAN84]
dE
at ( h -  D )2 ds (2.89)

w here h is the  velocity of a surface e lem ent ds, D is the  norm al drift 

velocity of the particles about to strike  the  surface elem ent ds, v is the 

average therm al speed of the particles and p is the  m ass density.

In  rea l nuclei, nucleons are expected to re ta in  some m em ory of 

th e ir previous collisions. This reduces th e  ra te  of dissipative energy loss



tim
e

Figure 2.30 S chem atic  d iagram  of the  possible tim e evolution of a hot 

compound system  w ith  no in itial collective m otion.
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and the righ t hand side of equation 2.89 is usually scaled by a constant Ks. 

The value of Ks is not a t all clear and could depend upon both the nuclear 

excita tion  energy and  the  type of collective m otion involved. U sing 

random -phase approxim ation  calculations for spherical nuclei, Griffin, 

Dworzecka and Y annouleas [GRI86,YAN85] have shown, by replacing  

some of the assum ptions used to derive the wall form ula by more realistic  

features appropria te  to real nuclei, th a t Ks=0.1. Nix and S ierk  [NIX86] 

have used the w idths of isoscalar g ian t quadrupole and g ian t octupole 

resonances and obtained a value of Ks=0.27.

For dum bell-like shapes the  tran sfe r of nucleons betw een the two 

portions leads to an additional dissipative energy loss th a t is analogous to 

the classical window form ula [RAN84]

^  = p v (  2 z2 + x2 ) a + Vi (2.90)

w here z and x are  the  relative velocities of the two halves of the dumbell 

along and a t righ t angles to the norm al through the window, a is the area 

of the window and V i is the ra te  of change of the volume on one side of the 

window. A lthough th is  equation  is derived using the  assum ptions of a 

K nudsen gas, for a sm all window there  is no need for a scaling factor 

because nucleons have a low probability of re tu rn ing  th rough  the  window 

while still re ta in ing  m em ory of the ir previous passage.

I t  m ust be em phasised  th a t  equations 2.89 and 2.90 only give the 

average dissipative energy loss. The collective energy of a given nuclear 

system  will fluctuate about the smooth trends predicted by these equations, 

because of the sm all num ber of nucleons involved. These fluctuations play 

a crucial role in the dynam ics of fission. W ithout them  a newly formed hot 

compound system, w ith no in itia l collective energy, could never obtain the 

deform ation of the saddle-point and thus would never undergo fission. A 

schem atic diagram  of the  tim e evolution of a hot compound system  w ith 

no in itial collective m otion is shown in figure 2.30.
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F igure  2.31 The tim e dependence of the  fission decay w idth  of 158E r a t an 

a n g u la r m om entum  of 65tl, formed in  the fusion of 207 MeV 160  on 142Nd 

for (a) p = 0 .5x l02l s“1, (b) ß = 5.0x1021 s- l .  (adapted from [GRA86] )
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Figure  2.32 The tra n s ie n t  tim e as a function of th e  reduced  d issipation  

c o n s tan t ß, for the  207 MeV 160  + i42Nd ->  l 58E r system  a t an  angu la r 

m om entum  of 65tl. (adapted  from [GRA86] )
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The fission decay w idth of equation 2.59 was derived using  the 

transition  sta te  model of Bohr and W heeler [BOH39]. This model assum es 

th a t  the coupling between the therm al energy and the  collective degrees of 

freedom is small and th a t a nucleus becomes com m itted to fission once it 

has ju s t  passed its  saddle-point deform ation. If  the  nuc lear viscosity is 

large enough then  it is possible for a nucleus to pass over the  saddle-point 

and then, due to fluctuations in its collective energy, to re tu rn  back to its 

equilibrium  deform ation (see figure 2.30). K ram ers [KRA40] developed a 

diffusion model applicable to nuclear fission and showed th a t

(2.91)

w here co0 is the  frequency of the inverse harm onic-oscillator po ten tial of 

the  fission b a rrie r  a t the  saddle-point, and ß is the  "reduced frictional 

constant". Equation 2.91 is valid for all bu t very sm all values of ß/co0 : in  the 

lim it ß ->  0 the w idth Tf should approach zero in stead  of r£. For m ost 

practical s ituations r °  is assum ed to be the  s ta n d a rd  s ta tis tica l model 

fission decay width, even though in  K ram ers' derivation of equation 2.91, 

differs from the  s tan d ard  sta tis tica l model w idth . U sing  K ram ers 

diffusion model, G range and W eidenm uller [GRA80] found th a t  the full 

fission decay width takes a finite tim e to become established. More recent 

theoretical studies of the tim e dependence of fission decay w idths can be 

found in  [GRA83,WEI84,HAS84,GRA86,BHA86]. The tim e dependence of 

the fission decay w idth of 158E r a t an angular m om entum  of 65ft. formed in 

the  fusion of 207 MeV 160  on 142Nd, as calculated by G range et al. [GRA86] 

for ß= 0 .5x l021 s-1 and ß=5.0x l021 s-1 , is shown in  figure 2.31. The tim e x 

required  for the fission decay w idth to reach  90% of its  quasista tionary  

value is usually  referred  to as the tran s ie n t tim e. F igure 2.32 shows the 

tra n s ie n t tim e as a function of the reduced frictional co n stan t for the 

207 MeV 160 + 142Nd —> 15^Er system a t an angular m om entum  of 65ft.
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Figure 2.33 Saddle-to-scission tim e for full one-body viscosity and for no 

viscosity as functions of fissility . The resu lts  were tak en  from the J=0 

calculations of [CAR86]. The resu lts  for J=40 and J=60 were estim ated  by 

the m ethod of effective fissility [BLA82A]. Values for one-body viscosity for 

x < 0.65 are not very accurate since they were extrapolated from the curves

of [CAR86]. (adapted from NEW88] )
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Figure 2.34 The post-sadd le  evolution of a n o n ro ta tin g  nucleus w ith  

Z2/A1/3 = 1500 in  G reen's valley of stability. The nuclear tem pera tu re  is 

taken  to be 2 MeV. (from [NIX87] )
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A nother im p o rtan t effect of nuclear viscosity on the dynam ics of 

fission is the slowing down of the pa th  from saddle to scission. Nix, Sierk 

and collaborators [CAR86,NIX84,NIX86A,NIX87] have m ade num erous 

contributions to the  theory  of post-saddle fission dynam ics. F igure  2.33 

shows saddle-to-scission tim es xss for full one-body dissipation (ie Ks=1.0) 

and no viscosity as a function of fissility. Two-body dissipation th rough  the 

bulk of the  nuclear fluid gives saddle-to-scission tim es only slightly longer 

th an  those calculated w ith no viscosity [CAR86]. F igure 2.34 shows the 

post-saddle evolution of a nonro tating  nucleus, w ith Z2/A 1/3 = 1500 in 

G reen 's va lley  of s ta b ility , for various s tre n g th s  of th e  one-body 

d issipa tion , and  i llu s tra te s  th a t  saddle-to-scission tim es a re  roughly  

p ropo rtiona l to K s. Nix and  S ierk  [NIX87] have used th e ir  surface 

(modified wall) p lus window dissipation  model to reproduce the  m ean 

kinetic energy of experim entally  observed fission fragm ents. They require  

values of K s rang ing  from ~0.5 for lighter system s to -0 .2  for the heaviest, 

in order to get good fits.

S tan d ard  sta tis tica l model calculations, which ignore the  effects of 

nuc lear viscosity and assum e all partic le  em ission from the com pound 

system  occurs before th e  saddle-po in t is reached , fail to rep roduce  

m e a su re d  p re -sc iss io n  n e u tro n  m u ltip lic it ie s  v pre (for exam ple  

[HIN86,GAV87] ). H inde et al. m easured vpre excitation functions for a 

range of system s from 168Yb to 251Es. Assum ing the fission w id th  varies 

w ith tim e according to

rf = r f ( ~ ) [ l _ e x p (  — )] (2.92)
Td

and using  various sim plifying assum ptions in  an a ttem p t to model saddle- 

to-scission particle emission, Hinde et al. could obtain good fits to a ll th e ir
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Figure 2.35 Theoretical calculations of pre-scission neutron  m ultip licities 

for the  28Si + 170E r —> 198Pb system , m ade by a modified version of the 

p ro g ram  ALERT1 [BLA82,HIN86] (dashed  curves) and  by m y own 

s ta tis tica l model code JO ANN E (solid curves). Both sets of calculations 

w ere perform ed u sing  a sp/ a eq=1.0 and  a eq=A/10.0 MeV- 1 , and  th e ir 

respec tive  fission b a rr ie rs  w ere scaled to reproduce the  m easu red  

e v a p o ra tio n  re s id u e  cross sec tio n s of [H IN 83]. T he fu s io n  sp in  

d istribu tions were determ ined using equation 2.9 with AL=9 [HIN86] and 

th e  fusion  cross sections of [H IN 83], The s ta n d a rd  m odel re fe rs  to 

x^=iss=0. Calculations w ith (a) id=70 (10~21 s), tSs=0 and (b) tSs=30 (10—21 s), 

Td=0 are shown. The experim ental points are those of [HIN86].
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data using asp/a eq = 1.0, aeq=A/10.0 MeV-1 and id = 7 0 x l0 “21 s, or 

x(j=xss=20xl0~21 s or xss=30xl0-21 s. Gavron et al. [GAV87] have measured 

Vpre for 158Er formed with a range of beams from 160  to 50Ti. Grange et al. 

[GRA86] have analysed the reaction 160  + 142Nd ->  158Er at 207 MeV, 

where 2.7±0.4 neutrons prior to scission were measured [GAV87] 

compared to 1.6 neutrons calculated with a standard statistical model. 

This result suggests a value of ß <, 5xl021 s-1, which implies a value of the 

transient time x <, 20xl0-21 s and a saddle-to-scission time xss < 5xl0~21 s. 

The 24Mg and 32S induced reactions exclude the region of low ß and 

indicate a value of ß ~ 6xl021 s-1 [GAV87], a value 2-3 times that required 

for critical damping. Hinde et al. [HIN89] claimed that the multiplicities 

of [GAV87] are too low, and made a new measurement for the reaction of 

178 MeV 160  + 142Nd which resulted in a vpre of 3.95±0.30, considerably 

higher than the 207 MeV result of Gavron et al. This new result leads to 

much longer transient and saddle-to-scission times and a higher value of 

the reduced frictional constant than concluded from the measurements of

[GAV87].

Figure 2.35 compares the measured vpre of [HIN86] for the 

28Si + 170Er —> 198Pb system to theoretical calculations made by a modified 

version of the program ALERT 1 [BLA82,HIN86] and by my own statistical 

model code JOANNE (see section 2.3). JOANNE assumes that each 

compound system is formed at time t=0 and that the fission decay width 

varies with time according to

rf = fit) rf (eo) (2.93)

where Tf(oo) is the standard statistical model fission decay width (see 

equation 2.59), and fit) is a function of the user's choice. For the 

calculations shown in figure 2.35, Tf was assumed to vary with time 

according to equation 2.92. After JOANNE decides that a given compound 

system will undergo fission, saddle-to-scission particle emission is
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allowed for a time xss. The particle emission transmission coefficients are 

assumed to be independent of deformation and the level density parameter 

at the saddle-point asp is used. The rotation plus deformation energies of 

the post-saddle nuclei are assumed to be the average of that at the saddle- 

point and that for spherical fragments at scission, that is

masses of a symmetric fission fragment and the compound system 

respectively and Iscis is the moment of inertia at scission. The final kinetic 

energy of the symmetric fragments is taken to be [VI085]

Erot = 0.5 x { Ef (J) + 2 M^p -

where Ef (J) is the fission barrier, M ^  and are the liquid-drop

KE = 0.755 ,,0 + 7.3 MeV
2 App

(2.95)

where Zff and Aff are the atomic and mass numbers of the symmetric 

fragments.
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CHAPTER 3

EXPERIMENTAL METHODS

T his ch ap te r describes the  ex p erim en ta l m ethods used in the  

p resen t study of protons and a lpha  partic les in  coincidence w ith fission 

frag m en ts  following heavy-ion induced  fusion-fission reactions. The 

charged  p artic le  yields in  these  reac tions are  from several d ifferent 

sources, the  m ain  two being em ission from the  equ ilib rated  compound 

system  and em ission from the fission fragm ents. Sm aller contributions 

m ay be seen from pre-equilibrium  em ission (at forward angles) and n ea r­

scission em ission (at -90° to the scission axis). The observation of proton 

and  alpha particle spectra in a single detector in  coincidence with fission 

fragm ents in  a single detector yields little  inform ation about the various 

sources of partic le  em ission. F o rtu n a te ly  the  d ifferent sources all have 

d ifferent angu la r d istributions, and the  m easu rem en t of particle spectra  

a t  various angles in  coincidence w ith  fission fragm ents in  a single 

detector, or the  m easurem ent of partic le  spectra  in  a single detector in 

coincidence w ith  fission fragm ents a t  various angles, or a combination of 

these, can be used to determ ine the  in tensity , energy spectra and angular 

d istributions of the various sources.

All experim ents were perform ed a t  the  D epartm en t of N uclear 

Physics of the  A ustra lian  N ational U niversity . Beam s of protons, a lpha 

partic les and  28Si ions were ob tained  from the  ANU 14UD Pelle tron  

A ccelerator. The pro ton  and a lpha  beam s w ere used for calib ra tion  

purposes and 28Si beam s for the study of protons and alpha particles in 

coincidence w ith  28Si + E r fusion-fission reactions. After passing through 

th e ir  associated electronics, the  signals obtained from the detectors were 

collected event by event on m agnetic tape, via an  ANU interface connected 

to a VAX 11/750 computer.
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Section 3.1 describes the use of a CsI(Tl) crystal, coupled to a 

photodiode, for the detection of protons and alpha particles and section 3.2 

describes the array of proportional gas detectors used to observe fission 

fragments. Section 3.3 describes the measurement of proton and alpha 

particle spectra in coincidence with fission. The method of analysis is 

discussed in section 3.4.

3.1 The Proton and Alpha Particle Detector

The light output from a CsI(Tl) crystal following the passage of an 

energetic charged particle is characterised by a fast rise followed by a two 

component exponential decay. Storey et al. [ST058] found that the light

output was well represented by
-t -tL = A exp ( Fjr ) + B exp ( ) (3.1)

where Ti varies from 0.4 psec to 0.7 psec for particles other than electrons. 

The exact value of Ti depends on the type of particle and more precisely on 

the average energy density deposited in the crystal. T2 is approximately 

7 psec and independent of particle type. Although the slow decay contains 

-30% of the light, the amplitude B is only -3% of the amplitude A, and 

thus the time dependence of the light output is dominated by the faster 

decay during the first microsecond or so. The dependence of Ti on the 

average energy density deposited in the crystal enables the use of pulse 

shape identification techniques to distinguish between protons, alpha 

particles and heavier particles.

Initially the properties of a detector system consisting of a CsI(Tl) 

crystal coupled to a photomultiplier tube were investigated. The output 

signals of such a system were found to decrease in size with increased 

detector counting rate. For example, the signal due to 12 MeV protons was 

observed to fall by approximately 5% with an increase in counting rate 

from -102 to -103 counts/second. This problem may have been overcome 

with the design of a more sophisticated base for the photomultiplier tube.
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F igure  3.2 (a) E lectronic system used to ob ta in  the energy and pulse

shape id e n tifica tio n  signals from  the l ig h t  charged p a rtic le  detector, 

(b) Schem atic representation o f the wave forms a t various ind icated points 

around the  c ircu it shown in  (a), produced by a proton and a lpha partic le  

w ith  equal in tegra ted lig h t outputs from  the CsI(T l) crystal. The electronic 

u n its  are iden tified  in  table 3.4.
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However, w ith  the additional problem of having  to fit the Csl detector close 

to a ta rg e t, along w ith an a rray  of fission fragm en t detectors, i t  was 

decided to rep lace  the  pho tom ultip lier tube  w ith  a photodiode thus 

d ram atically  reducing the size of the detector system .

T he C sl detector used in the p resen t study  to detect and identify 

p ro tons an d  a lpha  partic les in coincidence w ith  fission consists of a 

photodiode (H am am atsu  S3584) w ith an  active a rea  of 28mm x 28mm 

optically coupled (using silicone oil) to a CsI(Tl) crystal 25mm x 25mm x 

3mm. To add in  light collection and shield the  detector from any electrons 

and  ligh t produced by the passage of the beam  through  the target, the front 

face of th e  c rysta l is covered w ith  a 1.3 m g/cm 2 A1 foil. To avoid any 

partic les in te rac tin g  n ear the edge of the  c ry sta l w here ligh t collection 

m ay be poor, the  CsI(Tl) crystal is collim ated by 1.5mm thick Ta, w ith a 

21m m  x 21m m  square  opening. The th ick n ess  of the  collim ator was 

chosen to stop up to 32 MeV protons. Figure 3.1 shows a sectional view of 

the  Csl detector. Figure 3.2 shows the electronics used to obtain the energy 

and  pu lse  shape  identification  (P.S.I.) signals, and  the wave form s at 

various po in ts around the circuit.

T he resp o n se  of the  system  to m ono-energetic  p ro to n s was 

m easu red  by selecting protons elastically  sca tte red  from a 197Au ta rg e t 

using  an  Enge split-pole spectrom eter. The detector was m ounted in  the 

focal p lane. The response as a function of counting ra te  was investigated, 

and  no no ticab le  dependence was observed up  to a ra te  of ~ 4 x l0 3 

counts/second. F igu re  3.3 shows the  d e tec to r 's  response to 20 MeV 

protons. E ssen tia lly  all detected events have the  full energy (<0.5% in  a low 

energy tail). To calibrate the detector, beam s of protons and alpha particles 

were e lastically  scattered  by a 232Th ta rg e t in to  the  detector a t 40° to the 

beam . F igu re  3.4 shows the proton and alpha  particle  calibrations and the 

full w id th  a t  h a lf  m axim a. A typical plot of energy versus pulse shape 

identification  is shown in  figure 3.5.
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Figure 3.3 The Csl detector’s response to 20 MeV protons.
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Figure 3.4 (a) Calibration and (b) FWHM for protons and alpha particles

in the Csl detector.
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gamma-rays
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Figure 3.5 Energy versus P.S.I. following the reaction 162.5 MeV 28Si + 

167Er. The Csl detector was at 90° to the beam.
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Figure 3.6 Schem atic  d iag ram  of a sim ple p a ra l le l-p la te  io n isa tio n  

cham ber. The ou tpu t signal can be obtained from e ith e r the  cu rren t Ii, or 

the voltage Vi across the  b ias resisto r R l . (adapted from [ENG74] )
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Figure 3.7 Schem atic d iagram  of the  variation of the  num ber of collected

electrons versus applied voltage, for a pa ra lle l-p la te  ion isa tion  cham ber 

w here th e  ionising partic le  creates N electron-positive ion pa irs , (adap ted  

from [E N G 74])
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3.2 Fission Fragment Detection 

3.2.1 Introduction to Gas Counters

A charged partic le  passing  th rough  a gas produces ionisation , 

excita tion  and dissociation of the  gas m olecules along its  pa th . Gas 

coun te rs  use the  ion isation  to g en era te  th e ir  signa ls . On average 

approxim ately each 30eV loss in charged particle kinetic energy produces 

an  electron-ion pair. Electric fields are used to collect the  electrons on an 

anode and the positive ions on a cathode. The tim e tak en  for the positive 

ions to reach the  cathode is quite long (-m sec) and usually  only the  fast 

com ponent of the  signal generated by the m ovem ent of the electrons is 

used. Figure 3.6 shows a schem atic d iagram  of a simple parallel-p late gas 

counter. A schem atic d iagram  of the num ber of electrons collected as a 

function of voltage across a parallel-p late  gas counter is shown in figure 

3.7. At low electric fields there  is a large am ount of recom bination and 

trapp ing  of the electrons and ions in the gas and the  num ber of electrons 

collected is less th an  the num ber N formed by the  passage of the charged 

particle  th rough  the gas. As the applied voltage increases, the collection 

efficiency approaches 100%. The voltage region w here the  num ber of 

collected electrons is approxim ately independent of the  applied voltage is 

called th e  ion isa tion  region. In  th is  region th e  n u m b er of collected 

e lectrons, and  th u s  the  o u tpu t signal, is p roportiona l to the  energy 

deposited in  the  gas. To generate  signals of an  appreciable size from a 

sm all gas volum e i t  is often useful to opera te  gas counters in  the 

proportional region. In th is region the electric fields are  high enough for 

secondary ion isation  to be produced in  collisions betw een accelerated 

electrons and molecules in the gas. In a simple parallel-p late  gas counter, 

the am ount of secondary ionisation is dependent on the  position of the path  

of the charged particle  passing th rough  the  gas volume. One m ethod of 

overcoming th is problem  is to use electrodes tra n sp a re n t to the  incident 

particles and to allow the particles to pass from one electrode to the other.



space for delay chips
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Figure 3.8 A sectional view of one of the gas counters used in the p resen t 

study to detect and identify fission fragm ents.

each capacitor Inductor pair represents 
a 15 nsec delay

ground

unipolar ouptutenergy output
AE signal

timing output
R.F. signal from 
beam buncher

start TAC output TOF signal

start
TAC output position signal

Figure 3.9 Schem atic rep resen ta tion  of a fission fragm ent detector and  

the electronics used to obtain the energy loss (AE), tim e of flight (TOF) and 

position signals. The electronic un its are identified in table 3.4.
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At higher field strengths the amplification due to secondary ionisation 

becomes so large that the gas volume forms a plasma and a Geiger 

discharge occurs. In this region the output signal size is essentially 

independent of the energy loss of the particle incident on the detector.

3.2.2 The Fission Fragment Detectors

An array of three parallel-plate gas counters, each with an active 

area of 40mm x 200mm, was used for the detection of fission fragments. 

Figure 3.8 shows a sectional view of one of these detectors. In order that 

positional information can be obtained, the Cu cathode is not a single 

electrode, but consists of ten stripes, 40mm x 20mm, connected in series by 

15nsec delays. Figure 3.9 shows a schematic diagram of a fission 

fragment detector and the electronics used to obtain the energy loss (AE), 

time of flight (TOF) and position signals. Tests on the response of the 

detectors to fission fragments from a 252Cf source lead to the choice of an 

operating anode voltage of +475 Volts, with the detectors filled with 

isobutane gas at 5 torr. The dependence of the size of timing signals, from 

the pre-amplifier attached to the anode, on the potential of the anode is 

shown in figure 3.10 and demonstrates the large amplification in signal 

size that can be obtained if the detectors are operated in the proportional 

region.

To avoid very large elastic scattering counting rates, it was decided 

to detect fission fragments only in the backwards hemisphere. To obtain a 

large spread in the observed fission fragment directions with respect to 

both the beam and the Csl detector, the three fission fragment detectors 

were arranged to detect fragments in three nearly perpendicular planes. 

Figure 3.11 shows the setup of the fission fragment detectors. Detectors 

no.l (stripes 1-10), no.2 ( stripes 11-20) and no.3 (stripes 21-30) detected 

particles emitted in the plane normal to the beam (YZ plane), in the
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Figure 3.10 (a) The shape of the  tim ing  signa ls  from the  pre-am plifier 

a ttached  to the anode (see figure 3.9), produced by fission fragm ents from 

a 252Qf source, (b) The he igh t of th ese  signa ls  as a function  of anode 

voltage. The detector gas was isobutane a t ~ 5 to rr.

i Z direction

FFD NO.3

FFD NO.1
TARGET
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Beam

Csl detector

FFD NO.2
Y direction

Figure 3.11 Schem atic diagram  showing the  positions of the  th ree  fission 

frag m en t detectors. The num bers from 1 to 30 rep re se n t th e  ind iv idual 

de tecting  stripes. Also shown is the  position of th e  C sl detector used in  all 

b u t two of the  m easurem ents (see section 3.3).
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Table 3.1 The angular positions (©beam, 0Xy and 0 Z) and distance from the 

target (d) to the centres of each of the 30 detecting stripes, geometrically 

determined relative solid angles (£lrei) and the uncertainty in the direction 

of the pre-scission compound nucleus spin produced by the finite

size of each of the stripes. Figure 3.12 defines 0beam> 0xy and 0Z.

Stripe öbeam(°) exy(°) 0Z(°) d(mm) ^rel <t>Sspine(°)
1 90 90 0 170 11.9 2.4
2 90 90 5 156 15.4 2.8
3 90 90 11 145 19.2 3.3
4 90 90 18 135 24.0 3.8
5 90 90 26 127 28.6 4.3
6 90 90 34 122 32.2 4.6
7 90 90 45 121 33.7 4.7
8 90 90 54 122 32.4 4.6
9 90 90 63 127 28.8 4.3

10 90 90 71 135 17.8 3.8
11 111 111 90 190 7.1 5.9
12 117 117 90 184 12.8 6.4
13 123 123 90 180 13.8 7.0
14 129 129 90 176 14.7 7.7
15 136 136 90 174 15.0 8.6
16 143 143 90 176 14.6 9.7
17 149 149 90 180 13.7 11.0
18 155 155 90 185 12.5 12.9
19 161 161 90 192 11.1 15.4
20 166 166 90 200 9.7 19.2
21 167 -172 77 224 6.5 13.4
22 163 -171 73 214 8.5 12.2
23 157 -170 68 206 9.6 10.8
24 152 -170 63 200 10.6 9.7
25 146 -169 57 194 11.4 8.7
26 140 -168 51 192 11.9 7.8
27 134 -166 45 190 12.1 7.1
28 128 -165 40 192 11.8 6.5
29 122 -163 34 196 11.3 6.0
30 117 -160 28 200 4.9 5.6

Figure 3.12

beam
centre of
stripe
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Figure 3.13 Position spectrum for fission fragment detector number 3, for 

162.5 MeV 28Si + l64Er.
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Figure 3.14 Energy loss versus time of flight for the whole of detector 

number 1, for 162.5 MeV 28Si + 164Er. The time of flight increases down the 

page by ~0.2 ns/channel.
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horizontal plane (XY plane) and close to the vertical XZ plane respectively. 

Table 3.1 gives the angu lar positions and distances from the ta rg e t to the 

cen tres of each of the  30 detecting  stripes, along w ith  geom etrically 

determ ined relative solid angles and the uncertain ty  in the direction of the 

spin of the  pre-scission compound system  produced by the fin ite size of 

each of the  stripes.

F igure  3.13 shows a typical position spectrum ; each of the  peaks 

corresponds to a single detecting stripe. A plot of energy loss versus time 

of flight for the  whole of detector no .l, for 162.5 MeV 28Si + 164E r is shown 

in  figure 3.14. The ta rg e t recoils seen in th is detector are due to m ultiple 

sca tte rin g  in  the  th ick  ta rg e ts  used (~ lm g/cm 2). No recoils are  seen at 

angles la rger th a n  90° and the  elastic scattering  decreases rapid ly  with 

increasing  angle to the  beam. The detecting stripes are  thus increasingly 

dom inated by fission fragm ents w ith increasing angle.

3.3 The Coincidence Experiments

Beam s of 28Si ions of various energies rang ing  from 140 MeV to 

185 MeV w ere focussed onto various E r ta rg e ts . The ta rg e ts  were 

o rien tated  a t 45° to both the beam  and z directions, w ith  the norm al to the 

ta rg e ts  pointing approxim ately to the middle of the  triang le  formed by the 

th ree  gas counters (see figure 3.11). The 28Si beam s were collimated by two 

pieces of ~0.13mm th ick  Ta, w ith ~1.5mm diam eter holes, ~500mm and 

~1000m m  u p s tre a m  from  th e  ta rg e t. The ta rg e t  beam  spots were 

approxim ately 2mm in  diam eter. To enable the m easu rem en t of the time 

of flight of partic les from the ta rg e t to the gas counters, the beam s were 

pulsed. The tim e betw een pulses was 106 nsec w ith  the  full w idth  a t half 

m axim um  of each pulse being approxim ately 1 nsec. Table 3.2 shows the 

various beam  and  ta rg e t com binations used. The principal properties of 

the th ree  ta rge ts  used are shown in table 3.3. All ta rg e ts  were prepared  by 

rolling and th e ir  th icknesses determ ined by weighing.



Table 3.2 The various beam  and  ta rg e t  com binations used in  the  

m easu rem en t of p ro tons and a lp h as  in coincidence w ith fission. The 

ta rg e ts  are  labelled by th e ir  dom inan t E r isotope. See table 3.3 for the 

isotopic analysis of the targets .

T arget label

Ebeam (MeV) 164Er l67Er l70Er

140.0 / _ _

147.5 ✓ _ _

155.0 ✓ / /

162.5 ✓ ✓ /

170.0 ✓ / _

177.5 / / /

185.0 ✓ _ /

Table 3.3 T he p r in c ip a l p ro p e r t ie s  of th e  ta rg e ts . The a tom ic  

percentage of the dom inant E r isotope in  each of the  targe ts  is underlined.

Atomic percentage

T arge t
label

th ick n ess
m g/cm 2

l64E r 166Er 167Er 168Er nOEr

164Er 0.8 73.60 14.97 5.50 4.42 1.51

!67Er 0.8 0.06 2.93 91.54 5.14 0.33

170Er 0.6 0.04 0.87 0.72 1.46 96.89
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For all beam energies > 147.5 MeV the measurements were 

performed with the Csl detector at 90° to the beam, as shown in 

Figure 3.11. At 140 MeV the elastic scattering counting rate at 90° to the 

beam was considered too high for the Csl detector, and it was moved to 

150° where it shadowed stripes 15 to 19 from the target. To check for any 

dependence of the results extracted from the shapes of the measured 

particle spectra on the position of the Csl detector, the 162.5 MeV 28Si + 

164Er measurement was remeasured using this configuration. For all 

measurements the Csl detector was 87.5mm from the centre of the target, 

resulting in a solid angle of 4.52 x 10-3 x 4n sr. Uncertainties in the exact 

size of the collimator, the position of the detector and the position of the 

beam spot lead to an uncertainty in this solid angle of approximately 2.5%. 

A photograph of the experimental setup showing the three gas counters 

and the light charged particle (Csl) detector at 90° to the beam direction is 

shown in figure 3.15.

All events where the Csl detector and any one of the gas counters 

fired within ~1 psec of each other were collected event by event on 

magnetic tape. These coincidence events each consisted of six signals: the 

particle energy (PE) and pulse shape identification (PSI) signals from the 

Csl detector; the time difference between the firing of the Csl detector and 

the appropriate gas counter (COINC) and the energy loss (AE), time of 

flight (TOF) and position (POS) signals from that gas counter. The PE and 

PSI signals are used to identify protons and alpha particles; the AE and 

TOF signals to identify fission fragments; the POS signal to identify the 

detecting stripe and the COINC signal to identify the event as a true 

particle-fission coincidence or a random event produced by a particle and 

a fission fragment from independent reactions. To enable the 

determination of the absolute intensity of the proton and alpha particle 

spectra measured in coincidence with each of the fission fragment



Figure 3.15 Photograph of the  experim ental setup showing the  3 gas 

counters and the ligh t charged particle  detector a t 90° to the beam  

direction.
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directions, a fixed fraction of the singles events from each of the gas 

counters was collected event by event along with the coincidence events. 

S ingles scaling  factors of 1/100 and 1/1000 were used. A schem atic 

represen tation  of the electronics used is shown in figure 3.16.

Beam  cu rren ts  ranged  from ~10nA to ~50nA and were typically 

adjusted to obtain  a fission fragm ent detection ra te  in the gas counters of 

betw een 4000 and  8000 counts/sec. The time spent on each m easurem ent 

w ith the  beam  on ta rg e t varied  from several hours to ju s t  over one day, 

and  depended on the  desired  num ber of coincidence events, the  data  

collection ra te  and  the  availablity  of beam  time.

3.4 Method of Analysis

This section describes the  analysis of the da ta  collected in the 

experim ents discussed in section 3.3. The analysis consists of two stages. 

Section 3.4.1 discusses the  first stage where the proton and alpha particle 

spectra, in coincidence w ith  fission, are extracted from the  events stored 

on m agnetic tape. Section 3.4.2 describes the model used to ex tract the 

in tensity , energy spectra, and angu lar d istribution of the various sources 

of proton and a lpha  particle emission from the m easured particle spectra.

3.4.1 Determination of the Particle Spectra

Once th e  pro tons and a lpha particles were identified using the PE 

and PSI signals from the  C sl detector, and the fission fragm ents were 

identified using the  AE and TOF signals from the gas counters, spectra of 

the  tim e difference betw een the  arrival of the proton and alpha  particle 

signals and  the  a rriv a l of the  fission fragm ent signals were obtained 

using  the  COINC signal (see figure 3.16). F igure 3.17 shows the tim e 

difference betw een the  a rriva l of (a) proton signals and (b) a lpha particle 

signals and the  arriva l of fission fragm ent signals for the 162.5 MeV 28Si + 

164E r m easurem ent w ith  the  Csl detector a t 90° to the  beam . The peaks in



Figure 3.16 Schematic representation of the electronics used for the 

collection of the coincidence events and a fixed fraction of the singles

events from each of the gas counters. The electronic units are identified in 

table 3.4.

Table 3.4 Electronic units utilised in the electronics schemes shown in 

figures 3.2, 3.9 and 3.16.

AMP Tennelec 203 BLR Linear Amplifier

SCA Canberra 1437 or 2037 Timing Single Channel Analyser

TAC Canberra 1443 or Ortec 467 or 437 Time Analyser

PRE Ortec 125 or 142B Pre-amplifier

TFA Ortec 454 or 474 Timing F ilter Amplifier
or LeCroy 612A 12 Channel Amplifier

CFD Ortec 473 or 473A or LeCroy 934
C onstant Fraction D iscrim inator

G+D Ortec 416A Gate and Delay G enerator
or two LeCroy 821 Quad Discrim inators 
or C anberra 1455A Logic Shaper and Delay

FIFO LeCroy 429A Logic Fan-In/Fan-O ut

COIN Canberra 1446 Coincidence U nit

PS ANU Pre Scaler

LG Canberra 1454 L inear Gate and S tretcher

ADC Silena 7423/UHS or 7420/G or Canberra 8077 
Analogue to Digital Converter
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Figure 3.17 The time difference between the arrival of (a) proton signals; 

and (b) alpha particle signals and the arrival of fission fragment signals 

for the 162.5 MeV 28Si + 164Er measurement with the Csl detector at 90° to 

the beam. The faster response of the Csl to alpha particles gives a sharper 

coincidence peak.
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Figure 3.18 The energy spectrum of the events inside the proton gate, 

associated with COINC signals in the region (a) to the left of the peak from 

channels 260 — 350; and (b) to the right of the peak from channels 

510 -  600, for the 162.5 MeV 28Si + 164Er measurement with the Csl 

detector at 90° to the beam; (c) shows the difference between the spectra 

shown in (a) and (b).



these spectra are due to real particle-fission coincidences and m ost of the 

background is due to random  coincidences betw een particles and fission 

frag m en ts  from independen t reactions. The w idths of th e  peaks are 

e ssen tia lly  due to the  response of the  Csl detector and  its  associated 

electronics, and do not reflect the distribution of relative particle  - fission 

fragm ent flight tim es. A closer inspection of the COINC spectra  reveals a 

sign ifican t asym m etry  in the background on e ith e r side of the  particle- 

fission coincidence peaks. The h igher background to the left of the  peaks 

(see figure 3.17) is due to true  gam m a ray - fission coincidences, caused by 

the  failure of the PE and PSI signals to distinguish betw een gam m a-rays 

and low energy particles and the  very poor tim ing response of the  Csl 

de tector to gam m a-rays. F igure 3.18 shows the  energy spectrum  of the 

even ts inside the  PE versus PSI proton gate, associated  w ith  COINC 

signals in  the region (a) to the left of the peak from channels 260 — 350, and 

(b) to the  righ t of the peak from channels 510 -  600, for the 162.5 MeV 28Si + 

164Er m easurem ent with the Csl detector a t 90° to the  beam ; (c) shows the 

difference betw een the  spectra  shown in  (a) and (b). This figure clearly 

shows gam m a-ray contam ination in the proton gate a t  energies less th an  

4 MeV. S im ilar gam m a-ray con tam ination  is also found in  th e  a lpha  

particle  gates, below the pulse height corresponding to 7.5 MeV alphas.

Partic le  spectra in coincidence w ith fission fragm ents in each of the 

available  detecting stripes were obtained w ith COINC signals in  (a) the 

region of the  particle-fission coincidence peak; (b) a region -100  channels 

wide to the  left of the  peak; and (c) a region of the  sam e w idth  (-100 

channels) to the righ t of the peak. The spectra associated w ith  the COINC 

background  regions to the  le ft and  the  rig h t of th e  partic le -fiss ion  

coincidence peak  w ere added together. These com bined background  

spectra  were then  scaled by the ratio of the num ber of channels in  the peak 

reg ion  to th e  num ber of channels in  th e  com bined le ft and  r ig h t 

background regions. The scaled background spectra were th en  sub tracted
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from the particle spectra associated w ith the coincidence peak to give the 

background-corrected  particle  spectra . T his procedure corrects for the 

uniform  background produced by random  coincidences. It is unclear w hat 

effect i t  h as  on the gam m a-ray con tam ination  seen in the  proton and 

a lp h a  partic le  spectra  below 4 MeV and 7.5 MeV respectively. T hus in 

subsequen t analysis threshold energies were applied.

E ach  of the  m easurem ents w ith a beam  energy > 155.0 MeV and 

w ith  th e  C sl detector a t 90° to the beam  lead to the  determ ination  of 60 

background-corrected particle spectra; th a t  is, a proton spectrum  and an 

a lp h a  partic le  spectrum  in coincidence w ith  fission fragm ents in  each of 

the  30 detecting stripes. For the m easurem ents a t 140 MeV and 147.5 MeV, 

the  large  elastic scattering counting ra te  and the low m ultiplicities made 

the  indentification  of the alpha particles difficult and only proton spectra 

w ere ex trac ted  from the data . At 140 MeV the large elastic  sca ttering  

counting ra te  m ade the identification of the  fission fragm ents in stripes 1- 

10 im possible, restric ting  the m easurem ent to the backw ard stripes.

The num ber of fission fragm ents inciden t on each of the stripes, 

needed  for the  determ ination  of the  absolu te  in ten sitie s  of the  particle  

spectra , w ere obtained by dividing the num ber of collected singles fission 

fragm en ts by the  appropriate singles scaling factor and then  adding the 

n u m b er of fission fragm ents collected in  coincidence w ith  signals from 

the  C sl detector.

3.4.2 Extraction of Particle Source Properties

T he com puter program  CPE (C harged  P a rtic le  E m ission) was 

w ritte n  to enable the extraction of the m ultip licities, energy spectra and 

an g u la r d istribu tions of the various sources of proton and alpha particle 

em ission, from the m easured particle spectra  in coincidence w ith fission. 

T his p rogram  can be used to model th e  em ission from an equ ilib rated  

com pound system , th e  em ission from  th e  fu lly  acce lera ted  fission
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fragm ents and, if  necessary , near-scission  em ission, using a range of 

p a ram ete rs .

The velocity of the compound system s responsible for the emission of 

pre-scission and near-scission particle  em ission is assum ed to be in the 

beam  direction and to have a m agnitude of

Vcn = 0.98 x ( ” ^ ab )V2 p ~ ' Ä t cm /nsec (3.2)

w here  E iab is the  beam  energy in MeV and Ab and At are the m ass 

num bers of the beam  and ta rg e t nuclei respectively.

The d e te rm in a tio n  of the  lab o ra to ry  velocities of the  fission 

fragm en ts responsib le  for the  post-scission p artic le  em ission is more 

com plicated because i t  m ust be calcu lated  separa te ly  for each of the 

ava ilab le  d e tec tin g  stripes: bo th  th e  observed and com plem entary  

frag m en ts  are  sources of post-sc ission  p a rtic le  em ission, and  the  

fragm ents have a d istribution  of velocities. In the  present analysis, all the 

post-scission particle em ission is assum ed to occur from fragm ents w ith a 

single centre of m ass velocity. This velocity is defined by the param eter Z0, 

w hich can be th o u g h t of as the  m ean  atom ic num ber of the  fission 

fragm ents responsible for the  post-scission partic le  emission. The final 

kinetic energy of these  fragm ents in  the  centre of m ass reference fram e is 

assum ed to be [VI085]

KE = 0.755
_________ Zq ( Zcn — Z0 )____
( A \l/3 / .Zc n - Z 0
v ' 7  A c n  /  +  v n

+ 7.3 MeV (3.3)
)■^cn ^cn

w here Zcn and Acn are  the atom ic and m ass num bers of the compound 

nucleus. If  Z/A is assum ed to be constant for all fragm ents then the centre 

of m ass velocity of the fragm ents responsible for the  post-scission particle

emission is given by

V cf™(Z0) 0.98 x (-y -n-r Z° 2 K E )V2 cm /nsec (3.4)
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The labora to ry  velocities of the  observed (com plem entary) fragm ents 

responsible for the post-scission emission are defined by the  requ irem ent 

th a t  the  fragm ents of atom ic num ber Z0 (Zcn -  Z0) are  observed in the 

available fission fragm ent detecting stripes.

The an g u la r d is trib u tio n  of pre-scission partic le  em ission in the 

centre of m ass reference fram e is assum ed to be (see equation 2.80)

w here <j) is the  angle to the  spin direction of the compound system  and 

A N I(anisotropy) = W (90°)/W (0°). The direction of the  spin of the  p re ­

scission compound system  is assum ed to be uniform ly d istribu ted  in the 

plane perpendicular to the  beam  direction, 0 Spin degrees e ither side of the 

direction perpendicu lar to the  velocity of the observed fission fragm ent. 

The uncertainty  in the  spin direction (j>Spin is taken to be

pre-scission compound system  produced by the fin ite size of the fission 

fragm ent detecting stripes (see table 3.1) and the angu lar d istribu tion  of 

the fission fragm ents rela tive  to a given spin direction. For sim plicity the 

an g u la r d is tribu tion  of th e  fission fragm ents re la tive  to a given spin 

d irection  is assum ed  to be of the  form given in  equation  2.68. The 

u n certa in ty  in  the  sp in  d irection  due to th is fission fragm ent angu la r 

distribution is given by equation 2.69

where <|)ff* is the h a lf w idth  a t h a lf m axim um  of the angu lar d istribution  of 

the fission fragm ents about the  plane perpendicular to the  spin direction 

of the  pre-scission system , and 0cm is the angle of the  observed fission 

fragm ent to the  beam  in  the centre of m ass reference fram e.

W(<j>) a  exp ( ln(ANI) sin2(b)) (3.5)

0spin = ( [ ^ p T l 2 + [ d ] 2 )" 2 (3 '6)

w here and bgpin a re  the  uncerta in ties is the spin  direction of the

(3.6)

(3.7)
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The energy spectrum  pcn(E) of the pre-scission particle emission in 

th e  cen tre  of m ass reference fram e is tak en  to be defined by th ree  

param ete rs  Dcn, Tcn and Bcn and of the form

pcn(E) = 0.0 E < B;

a  C (E -  B7 )Dcn exp (-E /T cn) B' < E < Tcn+Bcn 

a  ( E -  Bcn) exp (-E /Tcn) Tcn+Bcn < E (3.8)

w here  B7= (1.0-D cn) Tcn+BCn and C = Tcn/(Dcn T cn)D cn. This gives a 

sm ooth partic le  spectrum  w ith a m axim um  a t  Tcn+Bcn. The p aram eter 

Tcn controls th e  exponential tail above TCn+Bcn, while Dcn controls the 

shape of the  low energy end of the spectrum  below Tcn+Bcn. The th ree  

p a ra m e te rs  Dcn,Tcn, and Bcn can be th o u g h t of as m easures of the 

diffuseness and  curvatu re  of the partic le  em ission barrie r, the nuclear 

tem p era tu re  of the  em itting system  and the  m ean height of the particle 

em ission b a rr ie r  respectively. These defin itions are  only to help give a 

b e tte r  feel for the  param eters Dcn,Tcn, and Bcn and should not be taken too 

lite ra lly . The post-scission particle em ission is assum ed to be isotropic 

relative to the  em itting  fission fragm ents and to have an energy spectrum  

of th e  sam e form as th a t  given to the pre-scission particle emission. The 

th ree  p a ram ete rs  specifying the spectral shape of the  particle em ission 

from the  fission fragm ents will be referred to as Dff,Tff, and Bff.

I t  is well known th a t near-scission particle em ission in  coincidence 

w ith spontaneous fission has a nearly  G aussian  energy distribution and a 

noticeable dependence of the angu lar d istribu tion  on the energy of the 

em itted  p a rtic le s  [SIN89]. For sim plicity , in  the  p resen t analysis the 

energy spectrum  and angu lar d istribu tion  of the  near-scission particles
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are assum ed to be independent of each other. The energy spectrum  of the 

near-scission em ission relative to the em itting  composite system  is taken 

as

Pnse(E) a  exp {
- ( E n Se- E ) 2

2  (^ n erg y  )2 (3.9)

and the angu lar d istribution  as
-  ( 90° -  6scis )2

W nse(({>scis) a  exP { 0 , an? \ 0   ̂ (3.10)
^ ^°nse ^

where Ense» ^ s e ^ »  Grise are the m ean energy, the standard  deviation of 

th e  energy  sp ec tru m  and  th e  s ta n d a rd  dev ia tion  of the  an g u la r 

d istribu tion  of the  near-scission  partic les respectively, and  dscis is the 

angle betw een th e  near-scission  partic le  and the  scission axis, in  the 

centre of m ass reference frame. The scission axis is assum ed to be defined 

by the  ta rge t, th e  position of the  appropria te  fission fragm ent detecting 

stripe and the velocity of the fissioning system.

For a given se t of the param ete rs  Dff, Tff, Bff, Dcn, Tcn> Ben, ANI, 

Z0, 4>ff, Ense, G ^ |rgy and g^ | ,  CPE calculates the expected contribution to 

the particle spectra observed in the Csl detector in  coincidence w ith fission 

in  each of the  availab le  detecting  stripes, associated w ith  (a) the post­

scission em ission  of one p a rtic le  p e r fragm en t; (b) the  pre-scission 

em ission of one partic le  per compound system ; and (c) the  near-scission 

em ission of one particle  per compound system . E stim ates of the values of 

the  12 p a ram ete rs  Dff, — o* gf and the  pre-scission (|ipre), post-scission 

(M-post), and  near-sc ission  (finse) p a rtic le  m u ltip lic ities , a re  m ade by 

m inim ising the  %2 defined as

30 ~  OBSn(e) -  ji-pre PREn(e) -  |a.post POSTn(e) -  nnse NSEn(e)
Y2 =  y  y  { -----------------------------------------------------------------------------------------------------------------}2

^=1 e= 0J *,2 ... _ aOBS»10

(3.11)num ber of degrees of freedom  

w here OBSn (e) is the  num ber of observed particles of type p (protons:7t or 

a lp h a  p a r t ic le s :a )  in  coincidence w ith  fission  fragm en ts in stripe
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n u m b er n, w ith a particle  energy betw een e(Ae) and (e+l)(Ae), divided by 

the  n u m b er of fission fragm en ts inciden t on s tripe  n um ber n; and 

AOBSn (e) is the experim ental uncertain ty  in OBSn(e). The quan tity  Ae is a 

compression factor and was typically set to 1 MeV. The PR En (e), POSTn (e), 

and  N SEn (e) are  the  model predictions of the contributions to the particle 

spec tra  from  th e  pre-scission em ission of one partic le  per com pound 

system , the  post-scission em ission of one particle per fission fragm ent and 

th e  em ission  of one n ea r-sc iss io n  p a rtic le  per com pound system  

respectively. The to tal particle m ultiplicity is given by

M- tot = Mpre + 2 |!post + M-nse (3.12)

The code CPE can be used to m inim ise x2 with respect to any combination 

of the  12 param eters Dff, — . If  there  is no evidence of any  significant

contribution to the  particle  spectra  from near-scission em ission th en  the 

param eters  controlling its  energy spectra and angular d istribu tion  can be 

ignored and its  m ultiplicity set to zero.

The program  CPE also corrects for the recoil of compound nuclei 

and  fission fragm ents caused by the  emission of the  partic les which are 

observed by the  C sl detector. The recoil corrections perform ed by CPE 

com pensate for the  following effects:

(1) The observation  of a pa rtic le  from the  com pound system  

causes a  deflection of the  fissioning system  aw ay from th e  C sl 

detector and affects the angu lar distribution of the fission fragm ents 

observed in  coincidence w ith such particles.

(2) The em ission of a post-scission partic le  from an  observed 

fission fragm en t causes a deflection of the  fission fragm ent on its 

w ay to the  detecting stripes. The velocity of the fission fragm ent 

before the  em ission of the  post-scission particle is defined by the 

position of the  detecting stripe, the position of the C sl detector and 

th e  m om entum  of the em itted particle.
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CHAPTER 4

EXPERIMENTAL RESULTS AND 
DISCUSSION

The code CPE discussed in section 3.4.2 was used to ex trac t the 

m ultip licities, energy spectra  and angu lar d istribu tions of the  various 

particle emission sources from the m easured particle spectra. Because of 

the gam m a-ray contam ination in the proton spectra below 4.0 MeV and in 

the alpha particle spectra  below 7.5 MeV (see section 3.4.1), these regions 

were not used in  the determ ination  of the x2 defined in  equation  3.11. 

S tatistica l uncerta in ties in  the values of the param eters Dff ••• and 

the particle m ultiplicities were estim ated by dividing the events stored on 

m agnetic tape from each m easu rem en t into th ree  nearly  equal groups. 

Each of these three sets of da ta  was then analysed independently  and the 

scatter of these resu lts  about those obtained by analysing the  d a ta  as a 

whole was used to estim ate  the sta tis tica l uncerta in ties. An additional 

erro r of 1% was added to the  param eters Bfp, Bcn and Ense due to the 

uncerta in ty  in the  energy calibration of the Csl detector. An additional 

2.5% u n certa in ty  w as added to the  partic le  m u ltip lic ities due to the 

uncertain ty  in the absolute solid angle of the Csl detector.

Good fits to the  da ta  were obtained, with x2 ’s ranging  from ~1.0 to 

-1.35 for the proton da ta  and from -1.1 to -1.45 for the alpha particle data. 

Figures 4.1 and 4.2 show the fits to the proton and alpha particle  spectra 

from the 177.5 MeV 28Si + 164E r m easurem ent, obtained using  the code 

CPE. This is the  m easu rem en t w ith the  h ighest num ber of observed 

particle - fission fragm ent coincidences and is thus the  da ta  m ost likely to 

show any discrepancies betw een the m easured  spectra  and  the  model 

discussed in  section 3.4.2. There are no significant discrepancies betw een
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Figure 4.1 The fit to the  proton spectra  m easured  in  coincidence w ith 

fission fragm ents from the 177.5 MeV 28Si + 164E r m easurem ent, obtained 

u sin g  the  code CPE. The num bers from 1 to 30 iden tify  the  fission 

fragm ent detecting stripes (see figure 3.11).
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A s for f ig u r e  4 .1  b u t  for th e  a lp h a  p a r t ic le  sp e c tr a .
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Figure 4.3 The proton spectra  from figure 4.1 associated w ith  fission 

fragm ent detecting stripes 1, 4, 7 and 10. The dotted and dashed curves are 

th e  com ponents due to th e  post-scission  and  pre-scission  em ission  

respectively. The solid curves are the to tal fits as shown in  figure 4.1. The 

angles betw een the C sl detector and the fission fragm ent detecting stripes 

are  given to the righ t of the  num bers indentifying the stripes.
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the model and the proton data . A significant discrepancy betw een the 

model and  the  a lpha  p artic le  d a ta  occurs in coincidence w ith  fission 

fragm ents in stripe 3, where the model noticeably over-estim ates the alpha 

particle in tensity  from ~13 MeV to ~16 MeV.

4.1 The Proton Data

Good quality  fits to the  proton da ta  were ob tained  u sing  only 

em ission from the  compound system  and from the fully accelerated fission 

frag m e n ts . T h is suggests  th a t  o th er sources of em ission  a re  no t 

im portan t. All fits to the proton spectra were perform ed assum ing a n ear­

scission proton m ultip licity  of zero. Figure 4.3 shows the ex tracted  p re­

scission and  post-scission proton spectra associated w ith stripes 1 , 4 , 7  and 

10 from the  177.5 MeV 28Si + 164E r m easurem ent. These four stripes are 

all a t 90° to the beam  direction w ith the angle betw een the  stripes and the 

C sl detector rang ing  from 90° for stripe 1, to 19° for stripe 10 (see figure 

3.11 and  tab le  3.1). The dashed  curves show th e  pre-scission  proton 

em ission which is nearly  isotropic, W(d=90°)/W((t)=0o) = 1.2, w here (j) is the 

angle to th e  sp in  d irection  of the  pre-scission com pound system . The 

do tted  curves show the  post-scission proton com ponents w hich change 

shape depending on the  velocities and angles of bo th  the  observed and 

com plem en tary  fission frag m en ts , re la tive  to th e  C sl de tecto r. For 

ex am p le , in  co incidence w ith  s tr ip e  1 bo th  th e  observed  and  

com plem entary fission fragm ents travel a t 90° to the  C sl detector, and 

contribute roughly equally to the post-scission proton em ission centred a t 

approxim ately  6 MeV. In  con trast, m ost of the post-scission protons in  

coincidence w ith  stripe  10 a re  centred about 10 MeV and are  associated 

w ith  em ission from the observed fission fragm ents travelling  tow ards the 

C sl detector. Only a sm all low energy component centred around  ~3 MeV 

is observed from th e  com plem entary fission fragm ents trav e llin g  away 

from the  C sl detector.



Table 4.1 The parameters Dff, Tff, Bff, Dcn, Tcn, Bcn, AN1, Z0 and pfr; 

and the post-scission (7tp0st)> pre-scission (7ipre) and total (tctot) proton 

m ultiplicities, extracted from the 28Si + 164Er measurem ents. No.Coinc. 

is the number of observed true proton - fission fragment coincidences and 

0det is the angle of the light charged particle detector to the beam direction.

E iab(M eV ) 140.0 147.5 155.0 162.5 162.5 170.0 177.5 185.0

Q det(deg) 150 90 90 90 150 90 90 90

D ff 4.0±1.0 2.5±0.3 3.4±0.4 2.5±0.1 3.6±0.5 4.9±1.1 3 .1±0.2 3.8±0.3

TffCM eV) 1.16
±0.06

1.39
±0.10

1.43
±0.03

1.59
±0.02

1.36
±0.04

1.32
±0.14

1.51
±0.02

1.51
r0.08

B fftM eV ) 4.7
±0.3

4.96
±0.11

5.12
±0.08

4.80
±0.06

5.02
±0.06

5.4
±0.2

4.95
±0.07

5.0
±0.2

Ben 7.5±5.0 5.1±2.2 4.6±0.7 4.3±0.4 4.9±0.5 4.2±0.6 3.6±0.2 4.4±0.5

T cn(M eV ) 1.19
±0.15

1.29
±0.07

1.34
±0.06

1.43
±0.06

1.44
±0.02

1.59
±0.06

1.64
±0.01

1.70
±0.03

B cn(M eV) 9.3
±0.3

9.19
±0.28

9.4
±0.3

9.58
±0.14

9.2
±0.1

9.6
±0.2

9.41
±0.10

9.55
±0.16

A N I 1.19
±0.20

1.15
±0.18

1.41
±0.14

1.20
±0.03

1.13
±0.20

1.06
±0.18

1.12
±0.03

1.25
±0.13

Zo 43.5
±8.0

44.4
±7.6

46.4
±2.6

45.1
±0.9

45.8
±0.7

41.8
±3.3

43.1
±0.6

39.1
±2.2

(j)ff(deg) 26.4
±6.0

21.0
±4.7

27.4
±2.8

24.9
±1.0

30.2
±6.0

32.1
±2.8

24.2
±2.2

35
±7

ft post 0.0103
±0.0012

0.013
±0.002

0.0192
±0.0005

0.0257
±0.0009

0.0262
±0.0025

0.0304
±0.0015

0.0364
±0.0009

0.0432
±0.0019

ft pre 0.0085
±0.0014

0.017
±0.003

0.0350
±0.0011

0.0457
±0.0014

0.0466
±0.0039

0.0666
±0.0031

0.0733
±0.0019

0.099
±0.006

ft tot 0.0291
±0.0009

0.042
±0.0010

0.0738
±0.0021

0.0972
±0.0025

0.0990
±0.0026

0.1275
±0.0077

0.1461
±0.0037

0.185
±0.006

X 2 1.20 1.04 1.17 1.31 1.35 1.16 1.34 1.07

N o .C o in c . -1 5  000 -1 0  000 -2 0  000 -7 0  000 -50  000 -1 0  000 -1 7 0  000 -3 0  000



T he e x tra c ted  m u ltip lic ities  and th e ir  a ssoc ia ted  p a ra m e te rs  

Dff are  given in  tables 4.1 to 4.3. Figures 4.4 to 4.7 show these results 

g raph ica lly . T here  ap p ea rs  to be no sign ifican t dependence of the  

p aram eters  Dff •••(}>ff on the m ass of the ta rg e t and the param eters Dff, Bff, 

B cn, ANI, Z0, and 4>ff seem to be independent of the beam  energy. The 

m ean atom ic num ber of the fission fragm ents responsible for the  post­

scission pro ton  em ission Z0 is ~ 43 and suggests th a t  the  post-scission 

protons a re  p referen tia lly  em itted from fragm ents w ith atom ic num bers 

only slightly  la rg e r th a n  those associated w ith sym m etric fragm ents. The 

h a lf  w id th  a t  h a lf  m axim um  (HWHM) of the  d is trib u tio n  of fission 

fragm en ts  abou t the  p lane perpend icu lar to th e  spin d irection  of the 

system s responsible for the pre-scission protons (see figure 4.6) is ~ 26° 

and suggests a value of J/Ko = 3.0 w here J  is the  spin of the compound 

system  and Ko is the  standard  deviation of the  projection of th is spin on the 

nuclear sym m etry  axis (see figure 2.22). The param eters Tcn and Tff both 

increase w ith  beam  energy and reflect the  increasing  tem pera tu res of the 

pre-scission  com pound system s and fission fragm ents w ith increasing  

beam  energy. The slope of Tff versus beam  energy is approxim ately ha lf 

the  slope of T cn versus beam  energy. This is consistent w ith the to ta l p re­

scission p a rtic le  m ultip lic ity  increasing  w ith  beam  energy, th u s  only 

allow ing a p a r t  of th e  increased  th e rm al energy of the  pre-scission  

system s produced by the  increased beam  energy to end up as an increased 

therm al energy of the  fission fragm ents.

W hen com paring the values of the  p a ram ete rs  Dff and Tff to the 

p a ra m e te rs  Dcn and  Tcn , i t  should be rem em bered  th a t  the  p resen t 

analysis takes a sim plistic view of the post-scission em ission and assum es 

all pa rtic les of a given type (protons or a lpha  partic les) are  em itted  by 

fragm en ts w ith  a fixed atomic num ber Z0 , which is then  used to define 

th e  cen tre  of m ass velocity of the em itting  fragm en ts using  V iola’s 

sy s tem atics  [V I085]. The post-scission  em ission is, of course, from



Table 4.2 As for table 4.1 b u t for the 28Si + 167E r m easurem ents.

Eiab(MeV) 155.0 162.5 170.0 177.5

Dff 4.4±0.7 2.810.8 3.110.4 3.3±0.4

TftfMeV) 1.38±0.13 1.5510.14 1.54±0.09 1.5610.09

BfKMeV) 5.2610.06 4.910.3 5.0810.15 4.910.1

Den 5.111.1 5.110.7 4.210.8 4.0±0.4

Tcn(M eV) 1.2610.05 1.3210.06 1.5310.08 1.6110.06

Bcn(MeV) 9.410.2 9.7510.17 9.6610.21 9.6410.13

A N I 1.0910.19 1.1110.07 1.3910.22 1.2810.23

Zo 40.611.2 43.212.7 44.511.7 40.811.6

0fT(deg) 29.610.5 31.911.7 40120 2618

K post 0.0105
10.0005

0.0134
10.0008

0.0184
10.0009

0.0232
10.0008

k  p re 0.0175
10.0017

0.0274
10.0014

0.0429
10.0013

0.0595
10.0030

ft tot 0.0384
10.0012

0.0543
10.0015

0.0796
10.0022

0.106
10.003

X2 1.14 1.14 1.06 0.98

No.Coinc. -25 000 -25 000 -50 000 -25 000
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Table 4.3 As for table 4.1 but for the 28Si + 170Er measurements.

Elab(MeV) 155.0 162.5 177.5 185.0

Dff 4.210.8 3.110.4 2.310.1 3.210.4

TfflMeV) 1.2910.13 1.4210.14 1.6610.09 1.5210.10

BftfMeV) 5.510.2 5.210.3 4.810.1 5.110.1

Den 5.010.2 4.610.7 3.610.3 3.110.2

Tcn(MeV) 1.2810.04 1.4310.04 1.64±0.06 1.7810.04

Bcn(MeV) 9.5110.10 9.5710.12 9.4910.15 9.3610.14

A N I 1.1410.25 1.1610.03 1.2310.03 1.3210.04

Zo 43.712.3 44.8±1.0 43.610.6 43.710.8

4>ffldeer) 21.312.5 16.710.8 19.111.5 2716

ft post 0.0054
10.0002

0.0071
10.0004

0.0133
10.0008

0.0155
10.0010

ft pre 0.0091
10.0004

0.0168
10.0006

0.036
10.001

0.0507
10.0028

n tot 0.0197
10.0005

0.0311
10.0009

0.062
10.002

0.0818
10.0021

X2 1.09 1.12 1.04 1.23

No.Coinc. -30000 -40 000 -40 000 -50000
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Figure 4.4 The post-scission proton spectral shape param eters Dff , Tff 

and Bff versus beam energy. The squares, triangles and circles are the 

28Si + 164,167  and l70Er results respectively. The 164Er and 170Er target 

measurements have been shifted by -0.5 MeV and +0.5 MeV respectively. 

The dashed lines indicate the trends in the data.
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140 145 150 155 160 165 170 175 180 185

■r beam energy (MeV)

Figure 4.5 The pre-scission proton spectral shape parameters Dcn , Tcn 

and Bcn versus beam energy. The squares, triangles and circles are the 

28Si + 164,167 and l70E r results respectively. The dashed lines indicate the 

trends in the data.



Proton Emission
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^  2 0 . 0
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Figure 4.6 The m ean  atom ic num ber of the fragm en ts responsib le  for 

the  post-sc ission  p ro ton  em ission Z0 ; the h a lf  w idth  a t  h a lf  m axim um  

(HW HM ) of th e  d is tr ib u tio n  of fission  frag m e n ts  a b o u t th e  p lan e  

p erp en d icu lar to the  spin direction for the system s responsible for the p re ­

scission pro ton  em ission <})ff; and  the  anisotropy of the  pre-scission proton 

em ission ANI v ersu s beam  energy. The squares, triang les and  circles are 

the  28Si + 164,167 and 170]£r resu lts  respectively. The dashed lin es  indicate  

the  tre n d s  in  the  data .
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Proton Emission
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Figure 4.7 T he p re -sc iss io n  and  p ost-sc ission  p ro to n  m u ltip lic itie s  

v e rsu s  b eam  en erg y . T he sq u a res , t r ia n g le s  a n d  c irc les a re  th e  

2®Si + 164,167 and 170 £ r resu lts  respectively. The dashed  lines ind icate  the 

trends in  th e  da ta .



68

fragm ents w ith  a range of atom ic num bers, and thus w ith  a range of 

velocities and em ission b a rrie rs . This d istribution  of fragm ent velocities 

and em ission ba rrie rs  will sm ear out the  energy d istribution  of the post­

scission partic les as seen in  the laboratory  reference fram e in a way not 

modelled by the code CPE. For th is reason the values of the param eters Dff 

and  Tff ex tracted  from the  d a ta  are  expected to be la rger th an  those 

appropria te  to the spectral shape of the  particles em itted from fragm ents 

of atomic num ber Z0.

The pre-scission and post-scission proton m ultip lic ities increase  

m onotonically w ith  increasing  beam  energy and also show an obvious 

dependence on the  m ass of the  ta rge t. This m ass dependence is m ainly 

due to the  increasing proton binding energy of the em itting system s w ith 

increasing  m ass.

4.2 The Alpha Particle Data

The m ain differences betw een the  alpha particle and proton d a ta

are:

(1) the a lpha particle em ission b a rrie rs  are  observed to be approxim ately a 

factor of two higher th an  the  proton emission barriers.

(2) the  velocities of the em itted  a lpha particles are on average -30%  less 

th an  the velocities of the protons. The observed energy distribution  of the 

post-scission a lpha particles is therefore more sensitive th an  the protons 

to the  velocities and  angles of the  fission fragm ents relative to the  Csl 

detector.

(3) the  pre-scission a lpha partic les are  found to have a large anisotropy, 

w ith betw een -2  and -3  tim es more a lpha  particles seen perpendicular to 

the spin direction of the pre-scission compound system s th an  seen parallel 

to th is  direction.

(4) good quality  fits to the  m easured  a lpha  particle  spectra  can only be 

obtained w ith the inclusion of near-scission emission.
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Figure 4.8 The alpha particle spectra from figure 4.2 associated with 

fission fragment detecting stripes 1, 4, 7 and 10. The longer dashed, dotted 

and shorter dashed curves are the components due to the pre-scission, 

post-scission and near-scission emission respectively. The solid curves are 

the total fits as shown in figure 4.2. The angles between the Csl detector 

and the fission fragment detecting stripes are given to the right of the 

numbers indentifying the stripes.
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Figure 4.8 shows the  pre-scission, post-scission and near-scission  

com ponents responsib le  for the  a lpha partic le  spectra  associated  w ith 

stripes 1, 4, 7 and 10 from the 177.5 MeV 28Si + 164E r m easurem ent. The 

longer dashed , do tted  and  sho rte r dashed curves are  th e  pre-scission, 

post-scission and  near-scission  com ponents respectively. The increasing  

in tensity  of the  pre-scission component in coincidence w ith  fragm en ts in  

stripes 1 to 10 is due to the  changing direction of the  spin  of th e  p re ­

scission  system s, defined  by th e  d irec tion  of th e  observed  fission  

frag m en ts .

Tables 4.4 to 4.6 contain the values of the param eters Dff ••• G^g| and 

the  post-scission, pre-scission , near-scission  and  to ta l a lp h a  p a rtic le  

m ultip licities ex trac ted  from the m easured a lpha  partic le  spectra  using  

the code CPE. F igures 4.9 to 4.14 show these resu lts  graphically. As w ith 

the  proton d a ta , th e re  appears  to be no significant dependence of the 

param eters  Dff ••• a® ”f  on the  m ass of the target; and the param eters  Bf f , 

BCn , Z0 , (j)ff and o ^ | rgy seem to be independent of the  beam  energy. The 

m ean atom ic num ber of the  fission fragm ents responsible for th e  p ost­

scission em ission Z0 is ~46, la rger th an  the value of ~43 obtained from the 

pro ton  d a ta . The HW HM  of the  a n g u la r d is tr ib u tio n  of th e  fission  

fragm en ts abou t the  p lane  perpend icu lar to the  sp in  of the  system s 

responsible for the  pre-scission alpha particle  em ission bff is -23°, lower 

then  the value of 26° obtained from the proton data . This lower value of bff 

suggests th a t  the  pre-scission a lpha partic les come from  system s w ith  

la rger values of J/K 0 th a n  those responsible for the  pre-scission proton 

em ission (see figure 2.22). As w ith the  proton m ultip lic ities , th e  p re ­

scission and  post-scission  a lpha  partic le  m u ltip lic ities  increase  w ith  

increasing beam  energy and decrease w ith increasing m ass of the  targe t.

The m ean energy of the  near-scission a lpha  partic le  em ission EnSe 

ranges from  -1 3  MeV to -14 .5  MeV, and  ap p ea rs  to decrease  w ith



Table 4.4 T he p a ra m e te r s  Dff, Tff, Bff, Dcn, T cn, Bcn, ANI, Ense* 

°nser8y» °nse» an d 4>ff » and post-scission ( a post), pre-scission ( a pre). 

near-scission (a nse) and  to tal (ottot) alpha particle  m ultip licities, extracted 

from the 28Si + 164E r m easurem ents. No.Coinc. is the  num ber of observed 

tru e  a lpha  particle  - fission fragm ent coincidences.

Eiab(MeV) 155.0 162.5 170.0 177.5 185.0

Dff 5.0±0.8 5.110.6 3.8±1.6 3.210.2 4.410.5

TfKMeV) 1.51±0.05 1.5310.08 1.6410.18 1.6210.05 1.68±0.06

BfKMeV) 12.1+0.2 12.110.3 11.511.1 11.510.1 11.810.1

Ecn 8.7±1.4 6.110.3 5.510.4 5.4810.07 5.110.3

Tcn(MeV) 1.24±0.15 1.4410.04 1.4710.13 1.6110.02 1.6410.05

B Cn(MeV) 19.1+0.3 18.910.2 18.910.2 18.610.2 18.710.2

A N I 2.2710.31 2.0010.08 3.3311.44 2.1710.10 2.17+0.24

Ense(MeV) 15.011.8 13.810.4 14.510.4 12.910.2 13.510.4

oSrw(MeV) 4.410.5 2.4+0.2 2.310.6 2.3410.10 2.010.3

°nse(deS) 1114 12.811.4 13.713.9 19.811.8 17.411.6

Zo 46.811.7 46.9±0.6 44.313.2 47.510.3 46.710.8

bfKdeg) 21.212.6 23.111.4 29.414.5 23.710.9 22.812.2

a  post 0.0075
10.0016

0.0085
10.0008

0.0111
10.0016

0.0126
±0.0006

0.0185
±0.0023

& pre 0.0217
±0.0025

0.0353
10.0012

0.0477
±0.0043

0.0603
±0.0017

0.0691
±0.0025

a  nse 0.0033
10.0016

0.0036
10.0004

0.0055
±0.0027

0.0055
±0.0006

0.0045
±0.0017

a  tot 0.0414
10.0016

0.0561
10.0020

0.0760
±0.0030

0.0910
±0.0024

0.1109
±0.0030

r 2 1.11 1.44 1.28 1.43 1.18

No.Coinc. -10 000 -40 000 -6000 -100 000 -20 000
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Table 4.5 As for table 4.4 but for the 28Si + 167Er measurements.

Elab(MeV) 155.0 162.5 170.0 177.5

Dff 5.1±1.4 5.3±3.0 3.810.3 5.612.7

TftfMeV) 1.2410.26 1.2410.26 1.6110.06 1.4810.22

BftfMeV) 12.110.4 12.410.8 11.710.2 12.310.7

Den 8.312.2 6.611.2 6.410.2 5.610.6

Tcn(MeV) 1.2810.13 1.4210.09 1.5210.03 1.6910.02

Bcn(MeV) 18.110.6 18.710.4 19.010.2 18.910.2

A N I 2.0410.29 2.86±0.41 2.6710.17 2.7810.46

Ense(MeV) 13.610.2 13.410.3 13.310.2 13.510.5

qST^C M eV ) 1.910.5 1.910.3 2.2310.09 2.010.3

< I ( d e g ) 9.111.6 15.111.5 14.711.1 18.614.1

Zo 46.510.4 46.211.0 46.011.2 45.211.2

4>fftdeg) 26.510.6 22.712.8 26.314.6 25.013.8

a  post 0.0036
10.0004

0.0041
10.0004

0.0064
±0.0004

0.0097
10.0005

a  pre 0.0152
10.0004

0.0271
10.0016

0.0387
10.0011

0.0534
10.0030

a  nse 0.0013
10.0002

0.0027
10.0004

0.0029
10.0003

0.0039
10.0010

a  tot 0.0240
10.0008

0.0384
10.0020

0.0553
10.0016

0.0762
10.0036

r 2 1.20 1.29 1.43 1.46

No.Coinc. -15000 -15 000 -30 000 -15000



Table 4.6 As for table 4.4 but for the 28Si + 170Er measurements.

Elab(MeV) 155.0 162.5 177.5 185.0

Dff 4.8±2.8 4.210.4 3.410.4 3.010.5

TffCMeV) 1.32±0.27 1.5410.11 1.7910.03 1.8010.06

BftfMeV) 11.710.5 11.910.2 11.810.2 11.510.2

Den 1115 7.210.5 5.310.4 5.310.3

Tcn(MeV) 1.1010.09 1.39±0.03 1.63±0.03 1.6810.05

Bcn(MeV) 18.510.6 18.210.3 18.610.3 18.710.2

A N I 1.8510.14 2.4410.30 2.6310.14 2.6310.07

Ense(MeV) 14.410.7 14.110.5 13.010.6 13.110.3

0nse'"gy(MeV) 2.210.3 2.3510.34 2.610.3 2.610.3

< nsf(deg) 8.712.8 10.213.2 14.715.4 17.411.5

Z0 47.110.9 47.410.7 48.810.7 46.410.6

4>fT(deg) 15.615.2 22.211.6 19.1±0.3 20.410.4

a  post 0.0024
10.0003

0.0036
10.0004

0.0070
10.0011

0.0069
10.0007

pre 0.0087
10.0004

0.0170
10.0005

0.0378
10.0017

0.0511
10.0016

a  nse 0.00109
10.00015

0.00127
10.00015

0.0028
10.0011

0.0042
10.0006

a  tot 0.0146
10.0008

0.0254
10.0008

0.0551
10.0016

0.0688
10.0021

to 1.39 1.16 1.26 1.36

No.Coinc. -25 000 -30000 -35 000 -40 000
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Alpha Particle Emission

beam energy (MeV)

Figure 4.9 The post-scission alpha particle spectral shape param eters 

Dff>Tff and Bff versus beam energy. The squares, triangles and circles 

are the 2®Si + 164,167 and l70£r results respectively. The 164Er and 170Er 

target m easurem ents have been shifted by -0 .5  MeV and +0.5 MeV 

respectively. The dashed lines indicate the trends in the data.
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Alpha Particle Emission

S  1.4 h

beam energy (MeV)

Figure 4.10 The pre-scission a lp h a  p a rtic le  spectra l shape p a ra m e te rs  

D Cn > T cn and B cn versus beam  energy. The squares, triang les and circles 

are  th e  2®Si + 164,167 and I70]£r  r e s u lts  respectively . The dashed  lines 

indicate  the trends in  the  data.
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Alpha Particle Emission

S' 22.0

beam energy (MeV)

Figure 4.11 The mean atomic number of the fragments responsible for 

the post-scission alpha particle em ission Z0 ; the HWHM of the 

distribution of fission fragments about the plane perpendicular to the spin 

direction for the systems responsible for the pre-scission alpha particle 

em ission <|>ff; and the anisotropy of the pre-scission alpha particle 

emission ANI versus beam energy. The squares, triangles and circles are 

the 28Si + 164,167 and 170Er results respectively. The dashed lines indicate 

the trends in the data.



Alpha Particle Emission

3.0

1.0

beam energy (MeV)

Figure 4.12 The mean energy E ŝe ; the standard deviation of the energy 

distribution ; and the standard deviation of the angular

distribution a^se the near_scissi°n alpha particle emission. The 

squares, triangles and circles are the 28Si + 164,167 and 170Er results 

respectively. The dashed lines indicate the trends in the data.
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Alpha Particle Emission
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beam energy (MeV)

Figure 4.13 The pre-scission and post-scission alpha particle 

multiplicities versus beam energy. The squares, triangles and circles are 

the 28Si + 164>167 an(l 170Er results respectively. The dashed lines indicate 

the trends in the data.
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Figure 4.14 The near-scission alpha particle multiplicities versus beam 

energy. The squares, triangles and circles are the 28Si + 164,167 and I 7 0 £ r 

results respectively. The dashed lines indicate the trends in the data.
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beam  energy (see figure 4.12). The FWHM of the energy distribution of the 

near-sc ission  a lpha  pa rtic le s  is -5 .5  MeV. These m ean energies and 

FW HM are consisten t w ith  the  values obtained in o ther studies. For 

exam ple, Wild et al. [WIL85] observed the near-scission alpha particles in 

coincidence w ith the spontaneous fission of 256Fm to have a m ean energy 

of -15.5 MeV and a FWHM of -11.3 MeV; Sowinski et al. [SOW86] obtained 

a m ean energy of -1 4  MeV and a FWHM of -6  MeV for near-scission 

a lpha particle emission in  the  reaction 108 MeV 12C + 197Au ->  209Po; and 

Lindl et al. [LIN87] have identified  near-scission a lpha  particles w ith a 

m ean  energy and FW HM of -1 0  MeV and -3  MeV respectively in the 

reactions 37C1 + 124Sn —> 161Ho and 28Si + 141P r —> 169Ta. In the p resent 

study, the FWHM of th e  an g u la r d istribu tion  of the near-scission alpha 

partic les about the  p lane perpend icu lar to the scission axis ranges from 

-24° a t a beam  energy of 155 MeV to -42° a t a beam  energy of 185 MeV (see 

figure 4.12). These values a re  m uch la rg e r th a n  the  FW HM of -18° 

observed in spon taneous fission, th erm al- and  fa s t-n e u tro n  induced 

fission, 11 to 21 MeV proton induced fission and 13.5 MeV deutron induced 

fission [SIN89]. The dependence of the  p re sen t near-sc ission  a lpha  

particle  m ultiplicities on the beam  energy and the  m ass of the ta rg e t is

s im ila r  to th e  dependence  of th e  p re -sc iss io n  and  post-sc ission
;+

m ultip lic ities on these  quan ties . This supports the  conjecture th a t the 

near-scission em ission in  heavy-ion induced fission is a sta tis tica l decay 

process, bu t does not ru le  out a dynamical process such as the snapping of 

th e  neck a t  scission w hich m ay depend on excita tion  energy and/or 

an g u la r m om entum . T hree body tra jec to ry  calculations indicate  th a t  a 

m ean energy of -14  MeV for the  near-scission alpha particle emission can 

only be accounted for by em ission from a region betw een the  fission 

fragm ents and close to the  scission axis (ie from the neck region). N ear­

scission em ission from the  fragm en ts, away from the  neck region as



Table 4.7 The 28Si + 164E r —> 192Pb pre-scission proton (k pre) and alpha 

partic le  (a  pre) m ultip licities. E iab is the labo ra to ry  energy of the beam, 

t a r g e t  the m ean energy of the beam  in the  ta rg e t (estim ated  using the 

electronic stopping powers of [NOR70]) , and  Ex is the  excitation of the 

192Pb nuclei im m ediate ly  following fusion, u sing  Etarget as the kinetic 

energy of the 28Si and a Q value for the fusion reaction  calculated using 

equation 2.86. All energies in MeV.

Elab ^target Ex ft pre a  pre

140.0 138.1 51.4 0.0103±0.0019 _

147.5 145.7 57.9 0.020±0.003 _

Ta

Ta

155.0 153.2 64.3 0.0405±0.0014 0.02410.003

162.5 160.7 70.7 0.052±0.002 0.037910.0013

170.0 168.3 77.2 0.075±0.004 0.050610.0046

177.5 175.8 83.6 0.078±0.004 0.062610.0018

185.0 183.3 90.0 0.10610.007 0.073410.0027

Die 4.8 As for table 4.7 bu t for the reaction 28Si + 167E r ->  195Pb

Elab ^target Ex ft pre a  pre

155.0 153.2 67.5 0.017510.0017 0.015210.0004

162.5 160.7 73.9 0.0274±0.0014 0.027110.0016

170.0 168.3 80.4 0.042910.0013 0.038710.0012

177.5 175.8 86.9 0.059510.0031 0.053410.0030

Die 4.9 As for table 4.7 but for the reaction 28Si + 170E r ->  198Pb

Elab ^target Ex ft pre a  pre

155.0 153.7 71.9 0.008910.0004 0.008510.0004

162.5 161.2 78.3 0.016510.0006 0.016710.0005

177.5 176.2 91.2 0.03510.001 0.037310.0017

185.0 183.8 97.7 0.049910.0028 0.050810.0016
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suggested by [BRU87], would produce alpha particles with energies 

substantially larger than those observed.

4.3 Statistical Model Analysis of Pre-scission Particle Emission

Before the pre-scission multiplicities extracted from the measured 

particle spectra can be compared to values from statistical model 

calculations, they need to be corrected for the atomic abundances of the 

non-dominant Er isotopes (see table 3.3). The pre-scission multiplicities 

from the 164Er target measurements required increases ranging from 

+20% at a beam energy of 140 MeV, to +6% at a beam energy of 185 MeV. 

The 167Er target measurements required no significant corrections since 

the contributions from the surrounding isotopes cancel each other out. 

The 170Er target measurements required small decreases ranging from 

approximately -1% to —2%. Tables 4.7 to 4.9 contain the corrected pre­

scission proton and alpha particle multiplicities.

All statistical model c a lc u la tio n s  show n in  this sec tio n  w ere  c a rr ie d  

out with the code JOANNE, discussed in sections 2.3 and 2.4. The inputs 

required by this code are: the mass and atomic numbers of the projectile 

and target nuclei; the beam energy; the Q-value for fusion (determined 

using equation 2.86); the level density parameter of the nuclei at the 

equilibrium deformation a eq', a sp/ a eq, where asp is the level density 

parameter at the saddle-point; a scaling factor to vary the Sierk fission 

barriers kf, the fusion cross section (those of [HIN83] were used); the 

diffuseness of the fusion spin distribution (AL=9 [HIN86] was taken for all 

calculations shown in this section); the pre-saddle delay time Xd and the 

saddle-to-scission time xss. In some recent attempts to determine transient 

delay times using measured pre-scission particle multiplicities, the 

fission decay width Tfft) has been assumed to vary with time according to 

equation 2.92 [HIN86JKE90]. Theoretical calculations indicate that 

dTf(t)/dt is small for t «  the transient delay time and initially increases
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beam energy (MeV)

Figure  4.15 The 28Si + 164E r - >  192Pb pre-scission  neu tron  m ultiplicity of 

[HIN86] and  the  proton and alpha p artic le  m ultip lic ities from the p resen t 

study , versus beam  energy. The curves re p re se n t various sta tistical model 

calculations (see text).
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w ith  tim e (see figure 2.31). This suggests it is unrealistic  to assum e th a t 

Tf(t) varies according to equation 2.92. In the analysis presented here, Tf(t) 

is assum ed to vary according to

Tf(t) = 0 for t < id

TfU) = Tf(oo) t>Td (4.1)

w here Tf(o°) is the s tan d ard  s ta tis tica l model fission decay w idth. If the 

tra n s it io n  from low Tf to Tffoo) does occur quickly th en  values of Td 

ex trac ted  from pre-scission partic le  m ultip lic ities assum ing Tf(t) varies 

w ith  tim e according to equation  4.1, are  expected to be good estim ates of 

the  fission tran s ien t delay tim e, ie the tim e for Tf(t)=0.9xrf(c«). However, if 

th is  tran sition  is slow, th en  fission m ay occur long before the  fission w idth 

reaches its  asym ptotic value. In  th is case, the  extracted values of id will be 

es tim ates  of the  tim e tak en  for fission to compete favourably w ith  the 

partic le  decay and m ay be very  m uch sm aller th a n  the tra n s ie n t delay 

tim e.

Figure 4.15 compares the  2^Si + 164gr _> 192pb pre-scission  neutron  

m ultip lic ity  of H inde et al. [HIN86] and the  proton and alpha particle 

m u ltip lic itie s  from  th e  p re se n t s tudy , to vario u s s ta tis t ic a l  model 

calculations. C alculation (a) is w ith a eq=A/10.0 MeV-1 and a sp/a eq=1.00 

[HIN86]. To reproduce the  evaporation residue excitation function and the 

neu tro n  m ultiplicity, the  S ierk  barrie rs  (see section 2.2.4) were scaled by 

kf^0.80 and the  pre-saddle delay was set to Xd=70xl0-21 s. A lthough the 

evapo ra tion  residue  cross sections and  the  n eu tro n  m u ltip lic ity  are  

rep roduced  by th is  calcu lation , the  charged partic le  m ultip lic ities are 

over-estim ated by as m uch as a factor of six. C alculation (b) is w ith the 

sam e aeq and a sp/a eq as in  calculation (a), w ith no pre-saddle delay and 

the  S ierk  b a rrie rs  scaled by kf=0.83 to fit the  evaporation residue cross 

sections. W ith no fission delay, the fact th a t  th is  calculation still over-
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predicts the  low energy charged particle m ultiplicities indicates th a t  the

s ta tis tica l model param eters aeq=A/10.0 MeV-1 and asp/aeq=1.00 are not
ra p p ro b a te  for nuclei w ith approxim ately 200 nucleons.

Calculations (c) and (d) are w ith a eq=A/7.5 MeV-1 and a sp/a eq=1.00 

and 1.05 respectively and no pre-saddle delay. These calculations show the 

sensitiv ity  of the  pre-scission particle m ultiplicities to the sta tis tica l model 

p a ram ete rs  a eq and a Sp/aeq and suggest the appropria te  values for these 

p a ra m e te rs  a re  la rg e r  th a n  A/10 MeV-1 and  1.00 respectively . For 

ca lcu la tion  (c) the  S ierk  fission b a rr ie rs  w ere scaled by kf=0.87 to 

rep ro d u ce  th e  evapo ra tion  res id u e  ex c ita tio n  function , w hile  for 

calculation (d) w ith a Sp/aeq=1.05, no simple uniform  scaling of the  fission 

b a rr ie rs  would reproduce the  evaporation  residue  excita tion  function. 

Calculation (d) w ith kf=1.00 only reproduces the evaporation residue cross 

section a t  th e  beam  energy of 140 MeV and th en  increasing ly  u n d e r­

estim ates  the  evaporation residue cross sections w ith  increasing  beam  

energy.

Two possible ways of removing th is discrepancy are to allow kf to 

increase w ith beam  energy or to allow a sp/a eq to decrease w ith increasing  

beam  energy. Fission b arrie rs  are expected to decrease w ith  increasing  

tem p era tu re  (see section 2.2.5), and so allowing kf to increase w ith  beam  

energy  seem s unphysical. How ever, th e  ra tio  of the  level d ensity  

p a ra m e te rs  a sp/a eq is expected to decrease w ith spin (see section 2.3.2). 

E ven though  m ost s ta tis tica l model codes (including  JO A N N E) tak e  

a sp/a eq to be independent of spin, th is is not expected to significantly affect 

the  calcu lation  of evaporation residue cross sections if  an  ap p ro p ria te  

effective value of a sp/a eq is used. This is because a t high spins the  fission 

probability  of compound nuclei is close to unity , a t  low spins the  fission 

probability  is close to zero, and only in  a lim ited spin region does the 

fission probability  differ significantly from 1 or 0 and  thus depend on the
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Figure 4.16 The asp/aeq required to reproduce the 28Si + 164Er -> 192Pb 

evaporation residue excitation function of [HIN83] with aeq=A/8.6 MeV-1 

and kp=1.00. The numbers to the right of the curves are pre-saddle delay 

times id in units of 10~21 s.
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precise value of the  sta tis tica l model p a ra m e te r  asp/aeq. As the beam 

energy increases and the fusion spin d istribu tion  moves through the spin 

region where the fission probability significantly  differs from 1 or 0, the 

effective value of a sp/a eq required to reproduce the evaporation residue 

cross sections is expected to drop, as the m ean spin in the critical region 

increases. E ventually , increases in beam  energy (and thus fusion cross 

section) will only change the fusion spin d istribu tion  above the critical 

region and thus the  effective value of asp/a eq required  to reproduce the 

evaporation residue cross sections will become independent of the beam  

energy. This suggests th a t if  values of asp/aeq m uch larger th an  1.00 are 

being used in sta tistica l model codes th a t  take  asp/aeq to be independent of 

spin, th en  allowing a sp/a eq to decrease w ith  increasing  beam  energy to fit 

evaporation residue excitation functions is more reasonable th an  allowing 

kf to increase w ith beam  energy.

In  an  a ttem pt to obtain inform ation about the  pre-saddle delay time 

id and the saddle-to-scission tran s it tim e t ss, from the 28Si + E r ->  Pb pre­

scission particle m ultiplicities, using the s ta tis tica l model code JOANNE, 

the following procedure was used: (1) the  level density  p aram eter of the 

d a u g h te r  n u c le i, a f te r  p a rtic le  e m iss io n , w as a ssu m ed  to be 

aeq=A/8.6 M eV-1 as predicted by equation  2.52 for nuclei w ith A=195; 

(2) the  S ierk b a rrie rs  were not scaled, ie k f = 1.00; and (3) for each pre­

saddle delay tim e Td, a sp/a eq was allowed to vary  w ith beam  energy to 

reproduce the  ap p ro p ria te  evaporation  res id u e  excita tion  function of 

H inde et a l  [HIN83].

Figure 4.16 shows the asp/aeq needed to reproduce the 28Si + 164E r ->  

192Pb ev ap o ra tio n  re s id u e  e x c ita tio n  fu n c tio n  of [H IN 83] w ith  

a eq=A/8.6 MeV-1 and kf = 1.00. Note th a t for id < 20x l0 -21 s, a sp/a eq varies 

w ith  beam  energy as discussed above, ie a sp/a eq in itia lly  decreases w ith 

beam  energy and  approaches a c o n s tan t va lue  a t the  h igher beam
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Figure 4.17 The experim ental 28Si + 164E r ->  192Pb pre-scission neu tron , 

pro ton  and  alpha partic le  m ultiplicities and sta tis tica l model calculations 

w ith  various pre-saddle  delays id', the saddle-to-scission tim e xss se t to 

zero; a eq=A/8.6 MeV-1 ; kf=1.00 and the p a ram ete r asp/aeq ad justed  to fit 

the  evaporation residue excitation function of [HIN83]. The num bers a t the 

r ig h t hand  end of the  curves represen ting  the calculations a re  pre-saddle 

delay tim es in  un its  of 10-21 s.
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energ ies . F igure 4.17 com pares s ta tis tic a l model calcu lations of the 

2®Si + 164E r —> 192Pb pre-scission neu tron , proton and a lpha  partic le  

m ultip lic ities w ith various pre-saddle delays Td (xss=0) to the m easured  

m u ltip lic itie s . W ith  xss=0 the  p re-sadd le  delays requ ired  to fit the  

e x p e r im e n ta l  p re -sc iss io n  n e u tro n , p ro to n  an d  a lp h a  p a r tic le  

m ultiplicities are 160xl0-21 s, 30x l0 -21 s and 20x l0 -21 s respectively. The 

sm all id required to fit the alpha particle m ultiplicities compared to the  id 

required  to fit the neu tron  m ultiplicities is in qualitative aggreem ent with 

the  recen t m easu rem en t and s ta tis tica l model analysis of pre-scission 

a lp h a  particle  em ission from the reaction  19F + 197Au by Ikezoe et al. 

[IKE90]. Ikezoe et al. concluded th a t  th e ir resu lts support the conjecture 

th a t  the  decay w idth of a lpha particle  em ission grows on a sim ilar time 

scale to th a t of fission. I f  th is conjecture was true  then  the p resen t proton 

d a ta  would suggest the proton decay w idth also grows on a sim ilar tim e 

scale to th a t  of fission. Even if one was willing to believe th a t  the decay 

w idth  for the emission of a particle as simple as an  a lpha particle grew on 

a tim e scale roughly equal to th a t  of fission, i t  would be un rea lis tic  to 

believe th a t  the decay w idth  for the  em ission of a single nucleon would 

grow on such a long tim e scale.

A more plausible explanation of the apparen t discrepancy betw een 

the  pre-saddle delay tim es Xd required  to fit the  ligh t charged particle  

m ultip licities and the  m uch larger value of Td required to fit the neu tron  

m ultip licities w ith  the  saddle-to-scission tim e xss se t to zero, is th a t  Td is 

less th a n  2 0 x l0 -21 s; xss is long enough to allow a significant num ber of 

n eu tro n s to be em itted  by the  post-saddle compound system s; and the 

pro ton  and alpha partic le  em ission ra te s  are  suppressed  rela tive  to the 

n eu tro n  em ission ra te  by the deform ation of the post-saddle compound 

system s. A suppression  of the  lig h t charged p artic le  em ission ra te s



Table 4.10 E stim ates  of the  change in the deform ation energy of 

n o n -ro ta tin g  192Pb compound nuclei a t  the  saddle- and  scission- 

points, following neutron , proton and  alpha particle  emission.

change in  deform ation energy (MeV)

Saddle-point Scission-point

n e u tro n  em ission -0 .2 -0 .4

pro ton  em ission 1.3 2.7

a lp h a  partic le  em ission 2.1 4.5
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rela tive  to the neu tron  emission ra te  with increasing deform ation may, at 

first, seem  unrealistic . One m ight expect an increase in the  proton and 

a lp h a  p artic le  em ission re la tive  to the  n eu tro n  em ission due to the 

reduction  in  the  charged partic le  em ission b a rr ie rs  th a t  comes w ith 

increased  deform ation. The increase in deform ation energy of daughter 

nuclei following pro ton  and a lpha  partic le  decay, re la tiv e  to th a t  for 

n e u tro n  em ission is, how ever, often overlooked. This effect causes a 

suppression of the  charged particle emission relative to neu tron  emission 

w ith  increasing  deform ation. This is easily i llu s tra te d  in  the  case of 

particle emission from a nucleus a t the saddle-point deform ation, where it 

is well know n th a t  th e  fission b a rr ie r  decreases w hen a n eu tro n  is 

rem oved b u t increases following the emission of charged particles. Proton 

and  a lp h a  p a rtic le  em ission  from a n uc leus a t  th e  sadd le-po in t 

deform ation is thus hindered by the increase in  the  deform ation energy of 

the  daugh ter nucleus. This effect is larger for a lpha  partic le  decay than  

for proton decay and becomes larger w ith increasing  deform ation. The 

code JOANNE models th is effect by tak ing  the ro tation  p lus deform ation 

energies of the  p a re n t and daugh ter nuclei associated w ith  post-saddle 

particle emission to be equal to the average of th e ir respective saddle- and 

scission-point configurations. Table 4.10 contains estim ates of the  change 

in  the  deform ation energy of non-rotating 192Pb compound nuclei a t the 

saddle- and  scission-points, following neutron , proton and  a lpha  particle 

em ission .

A nother factor which contributes to the suppression  of the  alpha 

p a rtic le  em ission  re la tiv e  to the  n eu tro n  em ission , w ith  increasing  

deform ation, is the reduction in the slope of the ro tation  plus deformation 

energy of compound nuclei as a function of spin, w ith increasing  m oment 

of inertia . As m entioned in section 2.3.2, the em ission of a lpha  particles is 

enhanced relative to the emission of protons and neu trons w ith  increasing



beam  e n e r g y  (MeV)

Figure 4.18 The experim ental 28Si + 164E r ->  182Pb pre-scission neutron, 

proton and  a lpha  partic le  m ultip licities and s ta tis tica l model calculations 

w ith various saddle-to-scission tim es xss and the  pre-saddle delay tim e id 

set to zero. The num bers a t the r ig h t hand  end of the  curves represen ting  

the calculations are  saddle-to-scission tim es in  u n its  of 10~21 s.
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spin due to the increasing slope of the rotation plus deform ation energy of 

the daugh ter nuclei w ith increasing  angular m om entum  (see figure 2.16). 

A decrease in  the  slope of the  ro ta tion  plus deform ation energy as a 

function of spin, caused by an  increase in the  m om ent of in e r tia  of the 

com pound nucle i, reduces th is  en h an cem en t of the  a lp h a  p a rtic le  

em ission and thus produces a suppression of the alpha partic le  em ission 

relative to the  neu tron  and proton emission.

F igure 4.18 com pares s ta tis tica l model calculations of the  28Si + 

164E r - >  l 92Pb p re -sc iss io n  n e u tro n , p ro ton  and  a lp h a  p a rtic le  

m u ltip lic ities , w ith  various saddle-to-scission tim es xss (xd=0), to the 

experim ental m ultiplicities. W ith the  pre-saddle delay tim e id set to zero, 

both the m easured  neu tron  and proton m ultiplicities can be fitted  w ith a 

saddle-to-scission  tim e of xss= 8 0 x l 0 -21 s . A tim e m uch la rg e r  th a n  

1 6 0 x l 0 -21 s would be requ ired  to fit the a lpha particle  m ultip lic ities. 

F ig u re  4.19 shows com binations of xss and xd th a t  can be used  to give 

reasonable fits to the 28Si + 164E r —> 192Pb pre-scission neutron, proton and 

a lp h a  p a rtic le  m u ltip lic itie s . The com bination  th a t  gives th e  b est 

s im u ltan eo u s fit to all th re e  se ts  of m u ltip lic itie s  (v,7t and  a )  is 

Xd-llxlO-21 s and Xss^öSxlO-21 s. F igure 4.20 compares the experim ental 

m ean energies of the 28Si + 164E r ->  192Pb pre-scission protons and  alpha 

particles to the m ean energies predicted by JOANNE using X d =llx l0 -21 s 

and xss= 5 3 x l0 -21 s. The calculated  m ean proton energies seem  to be in 

reasonab le  ag reem en t w ith  the  m easu red  values. The m ean  a lpha  

partic le  energies are, how ever, over-predicted in  the  s ta tis tic a l model 

calculations by ~1 MeV. This suggests the  a lpha partic le  tran sm iss io n  

coefficients determ ined using  the  optical model potentials of [HUI62] are 

inappropria te  for calculating pre-scission a lpha particle  em ission in  the 

28Si + E r ->  Pb reactions.



82

neutrons
protons
alpha p a r tic le s  '

(xlO

Figure 4.19 The com binations of xSs and Xd betw een the solid, dotted and 

dashed  curves can be used to give reasonable  fits to the 28Si + 164E r ->  

192Pb p re-sc iss ion  n e u tro n , p ro to n  and  a lp h a  partic le  m u ltip lic itie s  

respectively.

beam energy (MeV)

Figure  4.20 The experim ental m ean  energies of the  28Si + 164E r ->  192Pb 

pre-scission  protons and  a lpha  p a rtic le s  and  the  m ean energies p redicted  

by JO A N N E using Xd=llxl0-21 s and  xss=53xl0~21 s.
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Figure 4.21 The experim ental 28Si + 164E r ->  192Pb pre-scission  a lpha  

particle  m ultip licities and sta tistica l model calculations w ith  the s tan d ard  

a lpha  partic le  transm ission  coefficients shifted tow ards low er energies by 

1 MeV. (a) xss=0 and the  num bers a t the  r ig h t hand  end of the  curves 

rep re se n tin g  the  calculations are  p re-sadd le  delay tim es id  in  u n its  of 

10-21 s. (b) Td=0 and the num bers a t  the  r ig h t hand  end of the  curves 

rep re se n tin g  the  calculations are  saddle-to-scission tim es xss in  u n its  of 

10"21 s.
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To obtain a b e tte r  agreem ent between the calculated and m easured 

m ean  energ ies of th e  p re-scission  a lpha  p artic les , ca lcu la tions were 

perform ed w ith  th e  s ta n d a rd  a lpha  partic le  tran sm iss io n  coefficients 

(determ ined using  the  po ten tials of [HUI62]) artificially  shifted  tow ards 

lower energies by 1 MeV. The enhancem ent of the a lpha particle  emission 

ra te  produced by th is  1 MeV sh ift of the a lpha  p artic le  transm ission  

coefficients produces an  increase of ~ 1% in the values of a sp/a eq required 

to fit th e  evapo ra tion  residue  cross sections of [HIN83]. F igure  4.21 

com pares the  m easured  28Si + 164E r ->  192Pb pre-scission a lpha  particle 

m ultip lic ities to s ta tis tic a l model calculations w ith  the  s ta n d a rd  alpha 

particle transm ission  coefficients shifted tow ards lower energies by 1 MeV 

and (a) xSs=0 and  various values of Xd and (b) Xd=0 and various values of xss. 

The n eu tro n  and  pro ton  m ultip licities are  re la tive ly  unaffected  by the 

enhanced a lpha  partic le  emission. Figure 4.22 shows com binations of xss 

and Xd th a t  can be used to give reasonable fits to the neu tron , proton and 

a lp h a  p a r tic le  m u ltip lic it ie s  w hen th e  s ta n d a rd  a lp h a  p a rtic le  

tran sm ission  coefficients are  shifted tow ards lower energies by 1 MeV. 

The com bination th a t  gives the  best sim ultaneous fit to all th ree  sets of 

m ultip licities (v,7t and  a ) is Xd=0 and xss=80xl0-21 s. F igure 4.23 compares 

the  experim ental m ean  energies of the 28Si + 164E r —> 192Pb pre-scission 

a lpha  p a rtic le s  to th e  m ean  energies predicted  by JO A N N E w ith  the 

1 MeV sh ift in  th e  a lpha  partic le  tran sm ission  coefficients, Xd=0 and 

xss= 8 0 x l0 -21 s. The sim ultaneous fits to the 28Si + 164E r —> 192 Pb pre­

scission n eu tro n , p ro ton  and  alpha partic le  m u ltip lic ities w ith  (a) no 

ad ju stm en t of the  a lpha  particle  transm ission  coefficients, Xd=HxlO-21  s 

and  xss= 5 3 x 1 0 _21 s and (b) a 1 MeV sh ift in  th e  a lp h a  partic le  

transm ission  coefficients to lower energies, Xd=0 and  xss= 8 0 x l0 -21 s are 

shown in  figure 4.24.
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Figure 4.22 The com binations of xss and id  betw een the solid, dotted and 

dashed curves can be used  to give reasonable  fits to the  28Si + 164E r ->  

192Pb pre-scission  n e u tro n , p ro ton  and  a lp h a  p a rtic le  m u ltip lic itie s  

respectively w hen the  a lpha  particle  tran sm ission  coefficients are shifted

tow ards lower energies by 1 MeV.
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Figure 4.23 The experim ental m ean energies of the  28Si + 164E r _> I92pb 

pre-scission a lpha  partic les and the  m ean  energies predicted by JOANNE 

w ith the  s tan d ard  a lpha  partic le  transm ission  coefficients shifted tow ards 

lower energies by 1 MeV, Xd=0 and xss= 80xl0-21 s (solid curve).
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Figure 4.24 The simultaneous fits to the 28Si + 164Er -> 192Pb pre-scission 

neutron, proton and alpha particle multiplicities with no adjustment of 

the alpha particle transm ission coefficients, T d = l l x l 0 -21 s and 

tss=53x10“21 s (dashed curves); and a 1 MeV shift in the alpha particle 

transmission coefficients to lower energies, Td=0 and tss=80x10“21 s (solid 

curves).
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Figure 4.25 The simultaneous fits to the 28Si + 170Er —> 198Pb pre-scission 

neutron m ultiplicities of [HIN86] and the proton and alpha particle 

multiplicities from the present study, with no adjustm ent of the alpha 

particle transm ission coefficients, X d=12xl0-21 s and xss= 6 0 x l0 -21 s 

(dashed curves); and a 1 MeV shift in the alpha particle transm ission 

coefficients to lower energies, Xd=0 and xss=80xl0-21 s (solid curves).
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Sim ilar calculations were also performed for the 28Si + l67,l70Er ->  

I95,l98pfc> reactions. The best sim ultaneous fits to the 28Si + 170E r - >  198Pb 

pre-scission neu tron , proton and alpha particle m ultip licities w ith  (a) no 

ad justm en t of the  a lpha particle  transm ission  coefficients, Xd=12xl0-21 s 

and tSs= 6 0 x 1 0 -21 s and (b) a 1 MeV ad ju stm en t of the  a lpha  particle 

transm ission  coefficients to lower energies, Td=0 and xss= 8 0 x l0 -21 s are 

shown in  figure 4.25. The m easured  28Si + 167E r ->  195Pb pre-scission 

p ro ton  and  a lp h a  p a rtic le  m u ltip lic itie s  (no n e u tro n  m easu rem en ts  

presen tly  exist) are  compared to sta tistical model calculations w ith (a) no 

ad justm en t of the  a lpha particle  transm ission  coefficients, Xd=12xl0-21 s 

and tss= 55 x10-21 s and (b) a 1 MeV ad ju stm en t of the  a lpha  particle  

transm ission  coefficients to lower energies, Td=0 and xss= 8 0 x l0 -21 s are 

shown in  figure 4.26. The m ean alpha particle energies, predicted by the 

calcu lations show n in  figures 4.25 and 4.26, a re  com pared to th e ir  

experim ental values in figure 4.27.

The sta tistica l model calculations, w ith the  1 MeV shift in  the  alpha 

p artic le  tran sm iss io n  coefficients, ten d  to u n d e r-e s tim a te  th e  m ean 

energies of the  pre-scission a lpha  partic les by < 0.5 MeV, while the  

calcu lations w ith  no a d ju s tm e n t of the  a lpha  p a rtic le  tran sm iss io n  

coefficients over-estim ate the m ean pre-scission alpha particle energies by 

~1 MeV. This suggests the true  values of the  pre-saddle delay tim e Td and 

the  saddle-to-scission tim e xss, a re  som ew here betw een  those values 

obtained using the  calculations w ith  and w ithout the 1 MeV shift in the 

a lpha  partic le  tran sm iss io n  coefficients. The analysis  p resen ted  here 

indicates th a t  for 28Si + E r ->  Pb fusion-fission reactions Td < lOxlO-21 s, 

tss=(70±20)x10-21 s and for beam  energies > 155 MeV m ost of the  p re ­

scission particles are  em itted  by the compound nuclei during  th e ir tra n s it 

from saddle to scission. A lthough the calculations shown in  figures 4.24 to 

4.26, q u a lita tiv e ly  reproduce the  overall tren d s  in  the  p re-scission
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Figure 4.26 The experim en tal 2®Si + 167E r —> 195Pb pre-scission  proton 

and a lp h a  p artic le  m ultip lic ities and  sta tis tica l model calcu lations w ith 

no a d ju s tm e n t  o f th e  a lp h a  p a r t ic le  t ra n s m is s io n  c o effic ien ts , 

Td=12xl0-21 s and  xss= 55xl0-21 s (dashed curves); and a 1 MeV sh ift in  the 

a lp h a  p a rtic le  tra n sm iss io n  coefficients to low er energ ies , Td=0 and  

tss=80x10-21 s (solid curves).
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Figure 4.27 The experimental mean energies of the 28Si + 167>170Er ->  

I9 5 ,l9 8 p b  pre-scission alpha particles and the mean energies predicted by 

the calculations shown in figures 2.25 and 2.26. No adjustm ent of alpha 

particle transmission coefficients (dashed curves); and 1 MeV shift in the 

alpha particle transm ission coefficients towards lower energies (solid 

curves).
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Figure 4.28 The measured anisotropies for the 28Si + Er ->  Pb pre­

scission proton and alpha particle emission. The squares, triangles and 

circles are the 164Er, 167Er and 170Er target results respectively. The 

dashed curves are calculated anisotropies, averaged over the three 

reactions (see text).
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p a rtic le  m u ltip lic ities as a function of both beam  energy and  m ass, 

q u an tita tiv e ly  there  are discrepancies betw een the calculations and the 

ex p erim en ta l charged partic le  m ultip lic ities. T hese d iscrepancies are 

m ost likely due to the m any sim plifying assum ptions used in  calculating 

the m ultip licities. For example: (1) the particle em ission was assum ed to 

come from compound nuclei, e ither a t the ir equilibrium  deform ation or a t 

a po in t h a lf  way betw een the saddle-point and the scission-point; (2) for a 

g iven  beam  energy , th e  equ ilib rium  and  sadd le-po in t level density  

p a ram ete rs  were assum ed to be independent of the  spin of the compound 

system s; (3) th e  level density  p a ra m ete r used in  calcu lating  the  post­

saddle partic le  em ission was assum ed to be the sam e as the saddle-point 

level density  param eter; (4) the  particle  tran sm ission  coefficients were 

assum ed to be independent of deform ation; and (5) the  pre-saddle delay 

tim e and  th e  saddle-to-scission tim e were assum ed to be independen t of 

spin and excitation energy.

F ig u re  4.28 shows calcu lated  an iso trop ies for the  p re-scission  

p ro ton  and  a lpha  partic le  em ission, averaged over the  th ree  reactions 

2^Si + 164 ,167,170E r _ >  192,195,198p}-) These an iso tropies were estim ated  

u sing  equations 2.80 and 2.81 and m om ents of in e r tia  ap p ro p ria te  to 

spherical nuclei. The m ean nuclear tem pera tu res of the  d au g h te r nuclei 

T and  the  m ean  sp ins of the  p a re n t nuclei Ji w ere de te rm ined  using  

JO A N N E  w ith  the  1 MeV sh ift in  the  a lp h a  p a rtic le  tran sm iss io n  

coefficients tow ards low er energies, Td = 0 and xss = 8 0 x l0 -21 s. These 

calcu lations are  qualita tive ly  in  good agreem ent w ith  the  experim ental 

an iso trop ies, despite the  assum ption  of spherical em itte rs  used in  the 

derivation of equations 2.80 and 2.81.

The conclusion th a t  a t  high excitation  energy m ost of the  p re ­

scission partic les are  em itted  post-saddle, is in  contrad iction  w ith  the 

recen t conclusion by N atow itz et dl. [NAT90] th a t  the  bu lk  of the  p re ­

scission em ission occurs prior to the saddle-point. N atow itz et al. claim  it
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is possible to determine first-chance fission probabilities in heavy-ion 

reactions using only the excitation energy dependence of total fission 

probability. To calculate first-chance fission probabilities at an excitation 

energy of Ei, Natowitz et al. use the equation

Ppst (Ei)
P‘otal (Ei) -  Pp0tal (E2) 

1 -  Pp0tal (E2)
(4.2)

where PpSt (E) is the first-chance fission probability at an excitation energy 

of E; Pp0ta' (E) is the total fission probability of a compound system at 

excitation energy E formed in a heavy-ion fusion reaction; and E2 = Ei -  Av 

where Av is the average reduction is excitation energy caused by the 

emission of a neutron. Natowitz et al. have estimated first-chance fission 

probabilities as a function of excitation energy using equation 4.2 for the 

reactions 160  + 141Pr, 165Ho, 175Lu and 197Au; 12C + 169Tm and 

22Ne + 159Tb. Their first-chance fission probabilities initially increase with 

excitation energy, reach a maximum and then decrease. Natowitz et al. 

attributed the decrease in their first-chance fission probabilities at the 

high excitation energies to a suppression of the fission decay mode caused 

by a transient delay. Analysis of their first-chance fission probabilities 

gives transient delay times that are in good agreement with delay times 

derived from pre-scission neutron measurements. Equation 4.2 is, 

however, based on the assumption that the first-chance fission probability 

of a given compound system is only a function of excitation energy and 

independent of angular momentum. This assumption is invalid. It would 

be better to assume that the first-chance fission probability is only a 

function of angular momentum and independent of excitation energy (eg 

see figure 2.18). At low beam energies, fusion cross sections and the 

maximum spins contributing to the fusion spin distribution increase 

rapidly with beam energy. The rapidly increasing fusion spin values 

produce a rapidly increasing total fission probability, because of the 

increase in fission probability with spin. Equation 4.2 assumes this
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Figure 4.29 F irst-chance  and  to ta l fission p robabilities for th e  reaction  

160 + 197A u —> 2 1 3 p r a ssu m in g  B ass m odel fusion  cross sections; 

aeq=A/8.6 MeV-1 ; asp/aeq=1.00; kf=1.00; AL=0.0 and no p re-sadd le  delay 

tim e (solid curves). T he d ash ed  curve rep re se n ts  firs t-ch an ce  fission  

p ro b ab ilitie s  e s tim a te d  u s in g  eq u atio n  4.2 and  th e  s ta tis t ic a l  m odel 

calculations of the  to ta l fission probabilities, w ith Av=13 MeV as suggested 

by [NAT90].
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increase  in  to ta l fission probability  is associated w ith an increase in the 

first-chance  fission probability  w ith excitation  energy and th u s over­

e s tim a te s  th e  tru e  first-chance  fission p robab ilities . At high beam  

energ ies w here fusion spin d istribu tions become rela tively  insensitive to 

the  beam  energy, the depletion of the high spins by first-chance fission will 

cause  e q u a tio n  4.2 to u n d e r-e s tim a te  the  t ru e  first-chance  fission 

probabilities. I have calculated first-chance and to ta l fission probabilities 

for th e  reaction  160  + 19,7Au —> 213F r assum ing B ass model fusion cross 

sections [BAS77]; a eq=A/8.6 MeV-1 ; a sp/a eq=1.00; kf=1.00; AL=0.0 and no 

pre-sadd le  delay tim e. F irst-chance fission probabilities estim ated  using 

eq u a tio n  4.2 and  the  s ta tis tica l model calculations of the to ta l fission 

probabilities, w ith  Av=13 MeV as suggested by [NAT90], are  compared to 

the  s ta tis tica l model calculations of the first-chance fission probabilities in 

figure 4.29. The lack of correlation betw een the two sets of first-chance 

fission probabilities clearly dem onstrates th a t equation 4.2 can not be used 

to d e te rm in e  first-chance  fission p ro b ab ilitie s  in  heavy-ion  fusion 

reac tio n s .

4.4 Summary and Conclusions

E nergy  spectra  and  a n g u la r co rre la tions of p ro tons and a lpha  

partic les have been m easured  in  coincidence w ith fission fragm ents in the 

th ree  reactions 28Si + I64 ,l67 ,l70p r _>  I92 ,l95 ,l98p |5> w ith 28Si beam  energies 

rang ing  from 140 MeV to 185 MeV. For each com bination of beam  energy 

and  reaction, proton and alpha particle spectra were observed in  a detector 

consisting  of a C sl crystal coupled to a photodiode, in coincidence w ith 

fission fragm ents observed in an a rray  of up to th ir ty  parallel-p late  gas 

counters. The shapes of the  particle spectra  are  sensitive to the relative 

positions of the  C sl detector and the paralle l-p la te  gas counters. Analysis 

of th e  shape changes of the particle spectra as a function of the position of 

the  fission fragm ent detectors (gas counters) enabled the determ ination of
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the m ultiplicities, energy spectra  and angu lar distributions of the various 

sources of proton and alpha particle  emission.

The proton yields consisted of -50%  em ission from the compound 

sy stem s (pre-scission  em ission) and  -50%  em ission from  th e  fully 

accelerated  fission fragm ents (post-scission emission). The a lpha  particle 

y ields consisted  of -65%  p re-sc ission  em ission; -30%  post-scission  

em ission  and  -5%  near-sc ission  em ission. The pre- and post-scission 

proton em issions have m ean energies relative to th e ir em itting system s of 

- 1 1  MeV and -7  MeV respectively . The pre- and  post-scission a lpha 

partic le  em issions have m ean energies relative to th e ir em itting  system s 

of -20  MeV and -14  MeV respectively. The pre-scission proton emission is 

n ea rly  isotropic, while th e  pre-scission  a lpha  partic le  em ission has a 

large  anisotropy w ith  betw een 2 and 3 tim es more a lpha partic les seen 

perpend icu lar to the  spin direction of the  pre-scission compound system s, 

th a n  seen  para lle l to th is  d irection . The near-scission  a lp h a  partic le  

em ission has a m ean energy which ranges from -1 3  MeV to -14.5  MeV 

and  appears to decrease w ith increasing  beam  energy. The FWHM of the 

energy  d is tr ib u tio n  of th e  near-sc ission  a lpha  p a rtic le  em ission  is 

-5 .5  MeV. The FWHM of the  an g u la r d istribu tion  of the  near-scission 

em ission ranges from -24° a t a beam  energy of 155 MeV to -42° a t a beam 

energy of 185 MeV.

To obtain  in form ation  abou t the  dynam ics of the  fission process 

from  th e  pre-scission partic le  em ission da ta , the  s ta tis tica l model code 

JO ANN E was w ritten . The fission b a rrie rs  were assum ed to be those of 

the  finite-range liquid-drop model [SIE86] and the level density param eter 

of n u c le i a t  th e ir  e q u ilib riu m  d e fo rm atio n  w as a ssu m ed  to be 

A /8.6 M eV -1 . The p a rtic le  tran sm iss io n  coefficients w ere determ ined  

using  the  optical model po ten tia ls  of [PER76] for n eu tron  and  proton 

em ission and [HUI62] for a lpha  particle emission. The pre-saddle particle
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emission was assum ed to be from compound system s a t the ir equilibrium  

deform ations. The post-saddle particle  emission was assum ed to be from 

compound system s w ith  ro ta tion  plus deform ation energies equal to the 

average of those a t the  saddle-point and those for spherical fragm ents a t 

scission, as given in  equation 2.94. For a given pre-saddle delay tim e the 

ratio  of the level density  p aram eter a t the saddle-point to the  level density 

p aram eter a t equilibrium  was varied  w ith beam  energy to reproduce the 

appropria te  evaporation residue excitation function of [HIN83]. The level 

density  p a ram ete rs  used in  calculating the post-saddle particle  em ission 

were assum ed to be the  same as the level density param eters a t the  saddle- 

points.

Reasonable sim ultaneous fits to the  p resen t pre-scission proton and 

alpha particle m ultiplicities and  the pre-scission neutron  m ultip licities of 

[HIN86] are  obtained using  the  code JOANNE w ith  a pre-saddle  delay 

tim e Td~10x 10“21 s and a saddle-to-scission time Tss^SöxlO-21  s . The m ean 

proton energies pred icted  by these  calculations are  in  good agreem en t 

w ith  th e  m easu red  values. T he m ean  a lpha  p a rtic le  en erg ies  are , 

however, over-predicted by ~1 MeV. In  an  a ttem p t to ob tain  a b e tte r  

ag reem ent betw een the  calculated  and m easured  m ean energies of the  

p re-sc ission  a lp h a  p a rtic le s , ca lcu la tions w ere perfo rm ed  w ith  the  

s tan d ard  a lpha  partic le  tran sm iss io n  coefficients shifted tow ards lower 

energ ies by 1 MeV. W ith  th is  1 MeV sh ift in  the  a lp h a  p a rtic le  

transm ission  coefficients, the  b est sim ultaneous fits to the experim ental 

pre-scission neu tron , proton and  a lpha  partic le  m ultip lic ities a re  w ith  

Td=0 and tss~ 8 0 x 10-21 s . These calculations tend  to under-estim ate  the 

m ean energies of the  pre-scission a lpha  partic les by < 0.5 MeV. This 

suggests the  tru e  values of id  and xss a re  som ew here betw een  those 

obtained using the  calculations w ith  and w ithout the 1 MeV sh ift in  the
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alpha  particle transm ission  coefficients. The sta tis tica l model analysis 

p resen ted  in th is chapter indicates th a t  for 28Si + E r ->  Pb fusion-fission 

reac tio n s T d< 10x l0 -21 s, tss= (7 0 ±2 0 )x10“21 s and for beam  energies 

> 155 MeV the bulk of the pre-scission particles are em itted by compound 

nuclei during th e ir tra n s it from the saddle-point to the scission-point. The 

requ irem en t th a t  id  be less th a n  lOxlO-21 s seem s consisten t w ith  our 

p resen t understand ing  of nuclear viscosity. The saddle-to-scission tra n s it 

tim e tss~70x10-21 s i s  more th a n  a factor of two larger th a n  predictions 

m ade using full one-body viscosity (see figure 2.33) and ~30 tim es longer 

th a n  calculations based on two-body d issipation through the  bu lk  of the 

n u c lea r fluid [CAR86]. The d iscrepancy w ith  the  one-body d issipation  

calculations becomes even larger if  they are scaled by betw een 0.2 and 0.5, 

as indicated by the m ean kinetic energy of experim entally observed fission 

fragm ents [NIX87].

In  sum m ary, we have dem onstra ted  for the  firs t tim e th a t  p re­

scission n eu tro n , pro ton  and  a lp h a  p a rtic le  m u ltip lic ities  show very 

d ifferent sensitivity  to the  pre-saddle and  saddle-to-scission delay tim es. 

The a lpha  partic le  m u ltip lic ities place s tr ic t lim its  on Td> w hile the 

n e u tro n  d a ta  a re  m ore effective in  defin ing  xss . C learly  th e re  is 

considerable need for im provem ent in  the models used to in te rp re t particle 

m ultiplicities in term s of delay tim es. The theoretical calculations of these
"•V

tim es are in  th e ir  infancy and  also need  fu r th e r  developm ent. More 

m easu rem en ts of charged partic le  m u ltip lic ities for nuclei of d ifferent 

fiss ility  are  n ecessa ry  and , in  conjunction  w ith  n e u tro n  d a ta , will 

undoubtedly help our understand ing  of dynam ical effects in  fission.
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