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Radioactive recoil techniques have been developed for 
measuring angular distributions and range distributions 
of individual fission products following heavy ion in- 
duced fission. From these measurements, values can be 
extracted for the recoil velocity of the fissioning nucleus, 
the velocity imparted by fission, and the fission an- 
isotropy. These techniques were applied to reactions of 
101 MeV 160 on 238U, and confirmed that the reaction 
mechanism is essentially entirely complete fusion-fission. 
Accepting this, the data determine the kinetic energy 
release in forming the various products to a precision 
of 1%; while the overall magnitude of the energy is in 
good agreement with previous results, the data suggest 
a systematic correlation between kinetic energy and the 
position of a product on the nuclear charge dispersion 
curve, not previously reported, which is similar to but 
significantly larger in magnitude than the effect expected 
from simple Coulomb repulsion. Significant variations 
in anisotropy are also observed between products, which 
appear to be partially correlated with the variations in 
kinetic energy. 

PACS: 25.85.Ge 

1. Introduction 

While the processes of spontaneous fission and thermal 
neutron induced fission have been extensively studied, 
and proton induced fission has been studied to energies 
of hundreds of GeV, much less work has been devoted 
to investigating details of the fission process resulting 
from light heavy ion induced reactions, although an un- 
derstanding of the fission process would seem to be an 
essential pre-requisite to exploring the mechanisms of 
reactions on very heavy target nuclei. 

* Present address: School of Physics and Space Research, Universi- 
ty of Birmingham, UK 

More than twenty five years ago, Viola and Sikke- 
land [1, 2] first studied the occurrence of binary fission 
in reactions of 238U with light heavy ions at energies 
up to approximately 10 MeV/u. Essentially all work per- 
formed since on fissioning systems has been done with 
on-line counter techniques measuring the total energy 
release, gross angular distributions, or, most pertinent 
to an understanding of the competing mechanisms of 
interaction, fission fragment angular correlations. At en- 
ergies only slightly above the Coulomb barrier, several 
distinct reaction mechanisms may be present; however, 
the bulk of the fission cross-section occurs following 
complete fusion, characterized by full momentum 
transfer to the compound nucleus. 

To date, such on-line measurements are unable to 
resolve the mass and charge of individual fission prod- 
ucts. The distributions which are reported are generally 
summed over several masses, making it very difficult to 
extract any detailed information about the competing 
mechanisms. 

In contrast, off-line detection of/?-decaying fission 
products enables unique identification of the product 
mass and charge, although the latter my be complicated 
by the presence of short-lived /?-decay precursors. By 
collecting the fission products emitted during the reac- 
tion in appropriately designed catchers and then measur- 
ing the geometric distribution through the catchers for 
a particular product, the complete velocity distribution 
may, in principle, be determined. Hence one can investi- 
gate the way in which properties such as the fission ener- 
gy and anisotropy of the angular distribution vary with 
fragment mass, as well as detect the contribution of 
mechanisms other than complete fusion to formation of 
the individual products. Recently, the Seaborg group has 
carried out recoil studies I-3, 4] of 240 MeV 12C on 23aU 
which have largely concentrated on the incomplete fu- 
sion-fission processes occurring at 20 MeV/u. 

We have developed techniques, described in Sect. II, 
for measuring both the angular distribution and the pro- 
jected range distribution of individual fission products. 
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Fig. 1. Kinematics of the fission process. The laboratory velocity 
of a fission fragment, U, is the vector sum of v and V 

From analysis of these two distributions for each de- 
tected product, it is possible to extract three principal 
parameters which characterize the reaction mechanism 
and the fission process: the recoil velocity, v, of the 
fissioning system, the additional velocity, V, acquired by 
the product in the fission process, and the anisotropy, 
co = P(O~176 of the fission angular distribution. Fig- 
ure 1 shows the relationship of v and V; the velocity, 
U, of the emitted fission fragment in the laboratory frame 
is the vector sum of v and V. In essence, the forward/ 
backward asymmetry of the measured laboratory angu- 
lar distribution provides a measure of the ratio v/V, while 
the maximum range observed in the range distribution 
is related to the sum, v+  V; combining the results of 
the two measurements enables the values of v and V 
to be deduced. In cases where more than one process 
populates the given product, the values obtained repre- 
sent averages over the different processes. 

It should be noted that both the experimental tech- 
niques and the subsequent analysis represent refinements 
of methods used in the early years of fission studies, 
which were reviewed by Alexander [5]. 

The value of v serves to identify the reaction mecha- 
nism prior to fission. Complete fusion is characterized 
by full momentum transfer, leading to a unique value 
for the recoil velocity 

v = Yen = (2 mp E)X/z/(mp q- mr) 

(where mp and mt are the masses of the projectile and 
target and E is the incident laboratory energy). Any 
other mechanism, such as incomplete fusion or particle 
transfer, involves reduced momentum transfer and hence 
a lower value of v. 

The values of V and co reflect details of the fission 
process itself. V is related to the energy release in fission; 
however, in order to interpret the meaning of V in detail, 
it is necessary to correct for the fact that the detected 
fission product  differs from the original emitted fission 
fragment as a result of neutron evaporation. The an- 

isotropy parameter, co, is related to the amount  of angu- 
lar momentum deposited in the excited system. For  
heavy ion induced fission, angular momentum deposi- 
tion may be considerable and may be expected to modify 
the fission process significantly. These questions are dis- 
cussed in Sect. IV. 

We have applied these techniques to studying the 
reactions of 101 MeV 160 on 2asu, which are believed 
on the basis of previous work [2] to proceed almost 
exclusively via the mechanism of complete fusion, with 
a view to understanding the fission process in such sys- 
tems. Sikkeland et al. [-2] measured 3.2% of the fission 
events from 110 MeV 160 on 23su to be non-compound 
nuclear (NCN), and extrapolating their curve down in 
energy suggests about 1-2% N C N  events at 101 MeV. 
It should be noted that recent on-line recoil studies [-6] 
of evaporation residues from both light (non-fissile) and 
heavy (fissile) system have shown that, although incom- 
plete fusion only begins to make a significant contribu- 
tion as a reaction mechanism at energies well above the 
Coulomb barrier, it is present at a low level right down 
to the barrier. 

As described in Sect. II, we have measured product  
yields for approximately forty radioactive fission prod- 
ucts; for many of these we have also measured the angu- 
lar distribution and projected range distribution, and 
have extracted values for the parameters v, V, and co 
as described in Sect. III. The values of v obtained are 
generally consistent with complete fusion. In Sect. IV we 
discuss the variation of the observed values of V and 
co with product mass and Z. Using a simple model for 
the neutron multiplicities, which acounts rather well for 
the measured product  yields, we derive the total kinetic 
energy release associated with formation of each product, 
and compare this to the variation expected from an ele- 
mentary calculation of the Coulomb energy. This work 
appears to be the only study measuring recoil properties 
as well as yields of a wide range of individual fission 
products in light heavy ion induced fission at anything 
like comparable energies. 

II. Experimental procedure 

Three types of experiment were performed at the Harwell 
Variable Energy Cyclotron, one to measure the individ- 
ual fission product  yields, a second their angular distri- 
butions, and a third, their range distributions. The three 
recoil experiments differed only in the geometry of their 
catchers. A beam of 101 MeV 16OS+ was used, corre- 
sponding to an energy far enough above the Coulomb 
barrier for interaction with 23sU to ensure a reasonable 
fission cross-section. In all cases, individual fission prod- 
ucts were identified by off-line 7-ray spectroscopy, and 
their decays, often complex because of fl-decay feeding, 
were followed over several months. 

Two separate fission product  yield measurements 
were performed, concentrating respectively on the short- 
lived and long-lived products. In each a target compris- 
ing 1 mg/cm z depleted 238U deposited on aluminum and 
a 25 gm thick aluminum catcher were mounted inside 
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Table 1. Cumulative (CUM) and independent (IND) nuclides for which yields were measured, with decay details used. GI~ d is the yield 
actually detected in the forward hemisphere, a t the deduced total yield in both hemispheres, and era the total mass yield evaluated 
using the charge dispersion curve discussed in the text 

Product CUM/IND Half-life 7-ray Branching ratio G~-,~e c% aa 
(keV) ( % ) (mb) (mb) (rob) 

91Sr CUM 9.52h 556 61.3 3.9_+0.1 7.0 _+0.2 7.6_+0.2 
92Sr CUM 2.71 h 1384 90.0 3.2_+0.1 5.9 _+0.2 6.9• 
95Zr CUM 64.0d 757 55.4 5.6_+0.3 10.1 - + 0 . 5  10.4_+0.6 
96Nb IND 23.4h 778 96.9 0.8_+0.07 1 .43_+0 .13  19.0_+1.7 
97Zr CUM 17.0 h 658 106.0 5.3 • 0.1 9.5 _+ 0.2 11.4 __ 0.2 
97Nb (g + m) IND 72.1 m 658 98.5 1.5 _+ 0.3 2.7 _+ 0.5 18.2 _+ 3.7 
99Mo CUM 2.75 d 140 90.7 8.0_+ 0.3 14.3 _+ 0.5 14.5 _+ 0.6 
l~ CUM 39.3 d 497 89.5 10.1 _+0.2 18.0 _+0.4 18.1 _+0.4 
t~ CUM 18.4m 358 89.0 8.6_+ 1.4 15.3 _+2 .5  17.7_+2.9 
l~ CUM 4.44h 724 46.7 9.3_+0.2 16.5 _ + 0 . 3  17.2• 
~~ CUM 21.7 m 303 66.0 14.1 _+ 3.6 25.0 _+ 6.4 25.7 • 6.6 
l~Ag(g+m) CUM 7.45d 342 6.68 29.0_+3.0 51.2 _+5 .3  51.9• 
112pd CUM 21.1 h 617 50.0 9.4_+0.2 16.6 _+0.4 20.8 • 
112Ag IND 3.14 h 617 42.5 2.3 _ 0.3 4.1 • 0.5 23.3 • 3.0 
113Ag(g+m) CUM a 5.37h 298 10.0 12.7_+1.0 22.4 • 24.2• 
HVCd(g+m) CUM b 2.40/3.40 h 1303/1066 18.3/23.2 6.9_+1.7 12.1 _ + 3 . 0  15.5• 
122Sb(g+m) IND 2.70d 564 70.8 2.5_+0.1 4.4 _ + 0 . 2  22.7• 
lZ~Sb(g+m) IND c 60.2d 603 98.4 6.0_+0.4 10.5 _ + 0 . 7  28.1_+1.9 
lZ6I IND 13.0d 389 32.2 1.2_+0.2 2.0 _+0 .3  17.4_+2.6 
12VSb CUM 3.85d 686 35.3 3.7_+0.4 6.4 _ + 0 . 7  17.8_+2.0 
129Sb CUM 4.32h 813 43.5 1.1 _+0.2 2.0 _+0 .3  17.6• 
13~ IND a 12.4h 536 99.0 4.9_+0.1 8.5 _+0 .2  21.2• 
131I CUM 8.02d 365 81.2 7.3• 12.7 _+0 .2  24.7• 
132Te CUM 3.26d 773 78.7 2.8_+0.1 4.9 _ + 0 . 2  65.9_+2.4 
132I(g) IND e 2.30h 773 76.4 3.5_+0.2 6.1 _+0.4 22.3_+ 1.3 
132Cs IND 6.48 d 668 97.4 1.5 _+ 0.2 2.6 _+ 0.4 12.2_+ 1.6 
133I(g+m) CUM 20.8h 530 87.0 4.0_+0.1 6.9 _ + 0 . 2  33.9_+0.9 
135I CUM 6.61 h 1260 28.6 2.3 _+0.2 4.0 _+0.4 86.6_+ 7.5 
13SXe(g +m) IND 9.08h 250 90.4 2.4_+0.2 4.1 • 19.1_+1.7 
~36Cs IND 13.2d 819 99.7 3.4• 5.9 _ + 0 . 2  16.7_+0.5 
14~ CUM 12.8 d 487 52.9 3.7 • 6.4 _+0.2 25.5 • 
14~ IND 40.3 h 487 45.9 3.2_+ 0.1 5.5 • 0.2 13.8 • 0.4 
~4~Ce CUM 32.5 d 145 48.4 9.4_+0.5 16.1 _+ 0.9 19.2 • 1.1 
142La CUM 1.52h 641 47.4 3.4_+0.3 5.8 • 18.5• 1.6 
143Ce CUM 33.0 h 293 42.8 5.8 _+ 0.2 9.9 _+ 0.3 17.9 _+ 0.6 
t47Nd CUM 11.0 d 91 27.9 5.3 _+ 0.4 9.1 _+ 0.7 12.9 • 1.0 
15Opm IND 2.68 h 334 69.0 2.5 _+ 0.4 4.3 • 0.7 10.9 • 1.7 
153Sm CUM 46.7h 103 28.3 4.4_+0.4 7.5 _+0.7 14.3• 1.3 

a Excludes 20% of isomeric state 
b Ground state and isomeric state determined separately and summed 
~ Excludes 20% of M 1 isomeric state 
a Excludes 17% of isomeric state 
~ No sign of isomeric state 

an e lec t r ica l ly-suppressed  F a r a d a y  cup a n d  i r r ad i a t ed  
at  a b e a m  cur ren t  of  a p p r o x i m a t e l y  60 par t ic le  nA.  In  
the shor t - l ived  measu remen t ,  the d u r a t i o n  of  the  i r rad i -  
a t ion  was only  20 rain, whereas  in the  long- l ived  mea-  
su rement  the  i r r a d i a t i o n  las ted  6 h. In  each  case, af ter  
i r r ad i a t i on  the ta rge t  and  ca tcher  were coun t ed  toge ther  
75 m m  from the face of  a 25% efficient Ge(Li )  de t ec to r  
which had  p rev ious ly  been  ca l ib ra t ed  to be t te r  t han  5% 
in efficiency and  a b o u t  0 .1% in energy. A con t inuous  
sequence of  counts  was pe r fo rmed  over  a pe r iod  of  two 
months .  Subsequent ly ,  a vers ion  of  the G A M A N A L  [7] 
code was used to  f ind and  in tegra te  all peaks  and  to 
correct  for de tec to r  efficiency. F o r  each y- ray  of  interest ,  
decay  curve analys is  was used to conf i rm the iden t i ty  
of  the fission p r o d u c t ;  ha l f  lives and  b r a n c h i n g  ra t ios  

were t aken  f rom the G S I  c o m p i l a t i o n  [8]  and  are  l is ted 
in Table  1. The  spec t ra  and  decay  curves were exceeding-  
ly complex ,  due b o t h  to  the n u m b e r  of  fission p roduc t s  
and  the ac t iva ted  p r o d u c t s  f rom the a l u m i n u m  ca tcher  
foil, as well as to /?-decay f rom the charge  dispers ion.  
The  ta rge t  th ickness  (measured  us ing R u t h e r f o r d  back-  
sca t ter ing  with  a 2 M e V  e b e a m  to an  accuracy  of  5%) 
and  the b e a m  fluence (known to an e s t ima ted  5%) were 
then app l i ed  to  conver t  the yields to abso lu te  cross-sec-  
t ions,  ~rlwe, for p r o d u c t i o n  of  these p roduc t s  in the for- 
w a r d  hemisphere .  Resul ts  are  l is ted in Table  1; the un- 
cer ta int ies  do  no t  include the sys temat ic  7% unce r t a in ty  
in no rma l i za t ion .  The  knowledge  ga ined  of  the decay  
charac ter i s t ics  of  each ? - ray  line was used in the decay  
curve analyses  of  the fol lowing exper iments .  The  nucl ides  
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~Target 

Fig. 2. Cross sectional view of the catcher assembly used for mea- 
suring angular distributions. The assembly is cylindrically symmet- 
ric about the beam axis 
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Fig. 3. Measured laboratory angular distributions for four products 
(solid histograms). The dotted histograms show the fits obtained 
using a center of mass angular distribution of the form 
a + b cos z ~b + c cos 4 q~ 
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listed are only those which could reasonably be regarded 
as either independent yields (IND) or fully cumulative 
yields incorporating all fl-decay precursors (CUM). 

The catcher arrangement  for the angular distribu- 
tions, shown in Fig. 2, sandwiched the target (which con- 
sisted of 100 gg/cm 2 23su on 100 gg/cm 2 A1) between 
eighteen 2 m m  thick aluminum plates (nine in the for- 
ward direction, nine backward) with a conical hole of 
half angle 45 ~ machined through each set. A 4 m m  diam- 
eter hole at each end allowed entrance and exit of the 
beam, which was collimated to 2 m m  diameter. This as- 
sembly was irradiated for 14 h at a beam current of 40 
particle hA. Afterwards, each ring with fission products 
captured on the inner bevelled edge was counted repea- 
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Fig. 4. Measured projected range distributions for the same four 
products as in Fig. 3 (solid histograms). The dotted histograms 
show the result of fitting, using the angular distribution previously 
determined 

tedly on the face of one of two 25% efficient Ge(Li) 
detectors over a period of two months. Spectra were 
analyzed and decay curve analysis performed for each 
catcher, as above. A correction factor was applied to 
normalize the two detector efficiencies at each energy 
of interest. Finally the angular distribution was obtained 
by dividing the measured yield in each catcher by the 
calculated solid angle subtended. Four  typical angular 
distributions are shown in Fig. 3; in each case, the data 
has been normalized to the same total yield. The angular 
distributions peak at (or near) 0 ~ and 180~ they are 
not symmetric in the laboratory frame, being displaced 
toward forward angles due to the mot ion of the fission- 
ing system. While the overall acceptance angle for fission 
products is from 6.3 ~ to 173.7 ~ , accounting for more than 
99% of the total solid angle, many  of those fission frag- 
ments emitted at lab angles near 90 ~ were stopped in 
the target assemply. This is seen as a reduction in yield 
in three catchers around 90~ these were excluded from 
the subsequent analysis. 

The third experiment measured fission product  differ- 
ential range distributions, projected along the beam axis, 
using the conventional stacked foil technique of our pre- 
vious work [9, 10]. The target comprised 100 gg/cm 2 
depleted 238U on a support  of 100 gg/cm 2 A1, mounted 
with the uranium layer downstream; the catcher stack 
consisted of 25 aluminum foils averaging 200 ggm/cm 2 
in thickness. The exact thickness of each foil was mea- 
sured prior to use by measuring the energy loss in tra- 



versing the foil of  5.8 MeV e-particles f rom a 244Cm 
source. The target  and catcher  foils were irradiated for 
14 h at a beam current  of  approximate ly  35 particle nA. 
Once again, each catcher foil was repeatedly counted  
on one of  the two Ge(Li) detectors,  spectra were analyzed, 
decay curve analysis performed and the factor  to correct  
the relative efficiencies of  the two detectors applied, as 
above. Finally the range distr ibution was obta ined by 
dividing the measured  yield in each catcher by the thick- 
ness of the catcher. Typical  range distr ibutions are 
shown in Fig. 4 for four  products.  Fo r  each product ,  
a cont inuous  distr ibution of ranges is observed due to 
the fission angular  distribution, with the yield in the first 
catcher arising f rom fragments  emitted just  forward of  
90 ~ in the l abora to ry  frame, and the m a x i m um range 
corresponding  to emission at 0~ this m a x i m u m  range 
decreases significantly as a function of  p roduc t  mass. 

III. Analysis of results 

The interdependence of  the analysis of  the three experi- 
ments  to determine v, V, co, and cross-sections dictates 
the order  of discussion of  the results below. 

A. Angular distributions 

In the moving  frame of  the fissioning nucleus, the fission 
angular  dis tr ibut ion is necessarily symmetr ic  about  90 ~ , 
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and peaks at (or near) 0 ~ and 180 ~ We represent this 
by the functional  form:  

d a  
= a + b cos 2 q5 + c cos 2 ~b 

dO 

where ~b is the centre of  mass angle, or, in terms of  the 
an iso t ropy  co, 

dcr 
dO - a {1 + (co - 1) [-6 cos 2 q~ + (1 - 6) cos 4 q~]} 

where b/a = ( c o - 1 ) 6  and c/a = (co -  1 ) ( 1 -  6). The angular  
distr ibution observed in the l abora to ry  frame is dis- 
placed towards  forward angles due to the velocity v of  
the fissioning nucleus. Since the l abora to ry  angle, 0, is 
given by the relation cot  0 = cot  ~b + k/sin q~, where k = v/V 
(Fig. 1), the degree of displacement  depends only on the 
ratio k. The yield caught  by a catcher plate spanning 
the l abora to ry  angle f rom 0~ to 02 is just :  

4dO2,k) 
2~za ~ {1 + (co-- 1) [6 cos2 q5 + (1 -- 6) cos4 q~]} sin q~ d qb 

ch(O~,k) 

Least squares fitting of this expression to the measured  
labora tory  angular  distr ibution thus enabled the four 
parameters  a, co, 6, and k to be determined. N o t e  tha t  
d a  d a  o 
dO (0~ and dr2 ( 9 0 ) = a ,  so that  a is simply a nor-  

Table 2. Nuclides for which recoil properties were measured. The experimental quantities are k, co and Unlax; from k and Urea x the 
values of v and V are derived; V~y is an improved estimate of V assuming the complete fusion mechanism. E k is the experimental 
estimate of total kinetic energy release, determined from Vr as described in the text (corrected for the difference in range/energy relations), 
while Eco~l is the same quantity predicted on a simple Coulomb basis 

Product CUM/IND k co gmax a V a V a Vcf a E k Ecoul 
(Mev) (MeV) 

91Sr CUM 0.131_+0.015 1.73_+0.05 1.762_+0.008 0.204-+0.024 1.558+_0.022 1.538-+0.008 171.4-+1.9 186.4 
92Sr CUM 0.164_+0.027 1.93_+0.10 1.734_+0.007 0.244_+0.041 1.490-t-0.035 1.510_+0.007 169.4_+1.7 187.0 
97Zr CUM 0.139-+0.011 1.79_+0.04 1.691_+0.012 0.206_+0.017 1.485--+0.019 1.467_+0.012 174.5_+3.0 190.8 
99Mo GUM 0.137_+0.010 1.94_+0.04 1.686_+0.004 0.203_+0.015 1.483_+0.014 1.462___0.004 175.6_+1.0 192.5 
99Tc IND 0.165_+0.042 1.84_+0.18 1.724-+0.007 0.244-+0.063 1.480_+0.054 1.500_+0.007 192.2-+1.8 196.1 
l~ CUM 0.158_+0.018 1.68_+0.06 1.680-+0.004 0.229_+0.026 1.451_+0.023 1.456_+0.004 185.1_+1.1 194.9 
l~ CUM 0.144__0.008 1.72-+0.03 1.634_+0.005 0.206_+0.012 1.428-+0.011 1.410-+0.005 182.6_+1.4 195.7 
tllpdm IND 0.178_+0.041 2.41_+0.16 1.582_+0.010 0.239_+0.056 1.343_+0.048 1.358_+0.010 192.5_+2.9 198.7 
tl2pd CUM 0.193_+0.014 2.24_+0.06 1.547_+0.008 0.250_+0.018 1.297_+0.017 1.323_+0.008 183.1_+2.3 198.1 
iiZAg IND 0.232_+0.044 2.31_+0.17 1.551_+0.009 0.292_+0.056 1.259-+0.046 1.327-+0.009 186.8_+2.6 199.3 
ll3Ag CUM 0.164-+0.015 2.25_+0.06 1.563_+0.007 0.220_+0.020 1.343_+0.019 1.339_+0.007 189.1_+2.1 198.6 
llsCd CUM 0.158_+0.012 2.05_+0.05 1.559_+0.007 0.213_+0.016 1.346_+0.016 1.335_+0.007 193.8_+2.1 199.1 
122Sb IND 0.186_+0.028 2.10_+0.12 1.447_+0.005 0.227_+0.035 1.220_+0.030 1.223_+0.005 186.9_+1.6 199.9 
124Sb IND 0.104_+0.064 2.15_+0.18 1.464_+0.008 0.140_+0.085 1.324_+0.077 1.240_+0.008 198.5_+2.6 199.9 
iZ6Sb CUM 0.100_+0.024 1.85_+0.15 b 
13~ IND 0.126-+0.010 1.74_+0.03 1.412-+0.006 0.158_+0.013 1.254_+0.012 1.188_+0.006 201.0_+2.1 199.3 
13i[ CUM 0.181_+0.009 1.91_+0.03 1.410_+0.006 0.216_+0.011 1.194_+0.011 1.186_+0.006 202.4_+2.1 199.5 
132[ IND 0.136_+0.031 1.50_+0.13 b 
133[ CUM 0.207_+0.012 1.53_+0.04 1.382_+0.011 0.237_+0.014 1.145_+0.016 1.158_+0.011 200.1_+3.5 199.4 
i35Xe GUM 0.163_+0.019 1.75_+0.08 1.349_+0.003 0.189_+0.022 1.160_+0.019 1.125_+0.003 195.7_+1.1 198.7 
136Cs IND 0.190_+0.035 2.11_+0.19 1.346_+0.008 0.215_+0.040 1.131_+0.035 1.122_+0.008 197.9_+2.9 198.0 
i4~ CUM 0.100_+0.036 1.56_+0.12 1.328_+0.005 0.121_+0.044 1.207_+0.040 1.104_+0.005 204.1_+ 1.9 197.4 
14~ IND 0.179_+0.017 1.69_+0.07 1.316_+0.006 0.200_+0.019 1.116_+0.017 1.092_+0.006 200.3_+2.2 196.1 
14iCe CUM 0.208_+0.024 1.94_+0.10 1.306+0.007 0.225_+0.026 1.081_+0.023 1.082_+0.007 197.4_+2.6 195.9 
143Ce CUM 0.197_+0.012 1.64_+0.04 1.299_+0.006 0.214_+0.013 1.085_+0.013 1.075_+0.006 202.8_+2.3 195.3 

a [MeV/u] i/2 
b No range distribution measured 
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malisation constant, co is the anisotropy, and the param- 
eter 6 determines the relative weights of the cos2 ~b and 
cos 4 ~b terms. 

As discussed in the previous section, data from three 
catchers around 90 ~ are invalid because products emitted 
at these angles are stopped in the target; these data were 
excluded from the fitting process. In general, the data 
from the first and last catcher plates, which subtend very 
small solid angles and suffer from a background of acti- 
vation products due to scattered beam, are of poorer 
quality than the rest. The fitting procedure was applied 
twice, once including these data and once without; the 
results obtained with these data included have been used 
except where the resulting fit is significantly worse than 
without them. Effectively then, the four parameters were 
determined by fitting 13 to 15 data points. 

The dotted histograms in Fig. 3 show the fits ob- 
tained. The values for the parameters k and c0 are listed 
in Table 2 for all the products for which angular distribu- 
tions could be measured; it can be seen that these param- 
eters were in general determined to an uncertainty of 
approximately 10%, though in some cases, where decay 
curve analysis was particularly difficult or yields were 
low, the uncertainty is significantly larger. The uncer- 
tainty in the determination of 3 was large and we do 
not attach any significance to the values obtained (the 
parameter a has no significance since the data were arbi- 
trarily normalized). 

In order to determine the sensitivity of the ratio k 
to the algebraic form of the distribution chosen, the data 
were also analyzed by two other procedures: (i) an alter- 
native functional form a + b cos 2 ~b + c/sin q5 was fitted 
to the data, and (ii) a simple integration procedure was 
used to determine the midpoint of the distribution in 
the moving centre-of-mass frame of reference. Both ap- 
proaches yielded results for the ratio v/V consistent with 
those listed in Table 2 but with somewhat larger uncer- 
tainties. These methods suffered, however, from an in- 
ability to define a simple anisotropy, P(O~176 It 
must be stressed that no simple formulation of the angu- 
lar distribution really fits the yield near 0 ~ and 180 ~ and 
the form chosen in this work merely allows convenient 
definition of the desired ratio, v/V, while providing rea- 
sonable fits to the data. There is no evidence that the 
particular formulation has more or less theoretical valid- 
ity than other approaches. 

B. Cross-sections 

For the centre of mass angular distribution, 

d a  _ a{1 +(co_ 1)[6 cos2 ~b +(1_6)cos4 q~ ]} 
dO 

it is straightforward to show that the fraction of the 
yield emitted forward in the laboratory frame is: 

1 + k + �89 1)6(1 + k3) + }(co - 1)(1-6)(1 + k  5) 
Fswa= 2[1 +1(co 1)~+�89 1)(1--6)] 

The parameters, k, e), and 3, determined by fitting to 
the measured laboratory angular distributions as de- 

scribed in the previous section, were used to calculate 
Fswe for each product for which an angular distribution 
had been measured, and the results were used to convert 
the measured cross-sections, aSwe, for production of nu- 
clides in the forward hemisphere, into total cross sec- 
tions, fft=afwd/Ffwd, for each nuclide. Since cross-sec- 
tions were measured for many more nuclides than the 
25 nuclides listed in Table 2 for which it was possible 
to measure angular distributions, interpolated values 
were used. When plotted against product mass, the 
values of F~wd which could be extracted were found to 
lie on a straight line, varying from 0.555 at mass 90 
up to 0.582 at mass 140 (the uncertainty in Fiwd, which 
is dominated by the uncertainty in k, was typically 1%, 
and essentially all values were consistent with this line 
to within the experimental uncertainty). Accordingly this 
linear relation has been used to calculate the values of 
a~ listed in Table 1; it is believed that the additional 
uncertainty introduced by the conversion from aSw d to 
a, is negligible. 

C. Range distributions 

The principal aim of analyzing the projected range distri- 
butions is to determine the quantity Umax = V + V from 
the "endpoint"  of the distribution. The exact shape of 
the distribution (typical examples are shown in Fig. 4) 
depends upon the angular distribution. In fact, it is inter- 
esting to note that in terms of the projected velocity, 
U cos 0, the yield distribution has exactly the same form 
as the center of mass angular distribution, centered at 
U cos O=v. The measured projected range distribution 
is somewhat distorted because (i) the range is not exactly 
linearly proportional to velocity, and (ii) range straggling 
broadens it. 

The measured distributions were fitted, using the 
values of the parameters already determined for k and 
the form of the angular distribution, and using a parame- 
terized form of the range/energy relations of Northcliffe 
and Schilling [11] to convert velocity to range in alumi- 
num. In addition to an arbitrary normalization factor, 
two fitting parameters were used: Um,x and a parameter 
controlling the width of a Gaussian broadening which 
was superimposed on the velocity in an attempt to repro- 
duce the effect of straggling; this second parameter con- 
sistently took a value of approximately 5% of Um,x. If 
the fission process responsible for forming a given prod- 
uct involves a distribution of kinetic energies, this will 
also contribute to the broadening of the measured distri- 
bution. A further smearing was applied to account for 
the finite thickness of the 23aU target: recoiling products 
were assumed to originate with equal probability any- 
where between 0 and 0.1 mg/cm 2 before the start of the 
catcher stack. 

The dotted histograms in Fig. 4 show the result of 
this fitting, which is quite satisfactory. The fitting proce- 
dure determines Um~x to an uncertainty of typically 
0.5%, but this precision must be viewed with some cau- 
tion since spurious results would be obtained if the yield 
in the last significant catcher were not detected for any 



reason. There is also significant systematic uncertainty 
in the absolute values obtained, due to uncertainty in 
the range/energy relation used. For cumulative products, 
a small error is introduced by the use of the range/energy 
curve for the observed nuclide instead of that for the 
actual product. These points are discussed further below. 
The values obtained for Umax are listed in Table 2. Like 
all velocities referred to in this paper, these are in units 

/ 

[MeV/u] 1/2. (A velocity of 1 [MeV/u] 1/2 corresponds to 

a value of/~ =Vc of approximately 0.033.) 

D. Results: the reaction mechanism 

From the values of k=v/V determined from the mea- 
sured angular distribution and Umax= V + V determined 
from the range distribution, it is possible to extract 
values for the two velocities of interest: V= Umax/(1 + k) 
and v = k Um,,](1 + k) for each observed product. The re- 
sulting values are listed in Table 2. 

The values obtained for v, the recoil velocity of the 
fissioning nucleus, are plotted in Fig. 5 as a function 
of product mass. With two exceptions, 13~ and 14~ 
all the experimental values are consistent with the theo- 
retical recoil velocity, vc,=0.224 [-MeV/u] 1/2, of the 
2S4Fm compound nucleus formed in complete fusion, 
which is denoted by the horizontal line in this figure. 
Quantitatively, the weighted average of the experimental 
values is 0.96_+0.02 v~, (or 0.94 if the 13~ and 14~ 
values are included, but these are clearly inconsistent 
with the assumption of identical v for all products). The 
present data thus confirm the conclusion of previous 
work [2] that at this incident energy the reaction mecha- 
nism prior to fission is essentially exclusively complete 
fusion. 

It seems likely that the barely significant overall 4% 
difference in absolute value between the experimental 
v and the theoretical v~, arises from some systematic 
effect in the measurements or the analysis. The most 
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Fig. 5. Experimental values of v, the recoil velocity of the fissioning 
nucleus; the value vc, expected from complete fusion is shown by 
the horizontal line 
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likely source of systematic error is the range/energy rela- 
tions used; the observed discrepancy-would arise if the 
tabulated range values of Northcliffe and Schilling [11] 
were systematically too high by approximately 4% in 
this regime, which is quite credible. In this case, all of 
the velocities determined in the present work would be 
systematically underestimated by 4% and energies un- 
derestimated by 8%; however, as discussed in the next 
section, there is no evidence of this in the values obtained 
for the fission energy, which are in good agreement with 
the values expected from systematics. Although we can- 
not entirely exclude the possibility that the observed 4% 
discrepancy arises from a small contribution of mecha- 
nisms other than complete fusion, involving smaller re- 
coil velocities, there is no sign of the type of systematic 
variation between different products expected in that 
case. 

There is no apparent reason why the mechanism re- 
sponsible for forming the products 13o I and 14~ should 
be different from that populating all the other products. 
We conclude, therefore, that the data for these two prod- 
ucts are probably incorrect, though we have been unable 
to locate any errors. It is in the nature of radiochemical 
studies that occasional points are invalid for no obvious 
reason, and undue importance should not be attached 
to isolated experimental values which conflict with the 
overall trend. 

For the remainder of this paper, we shall accept that 
all of the observed products are formed purely by com- 
plete fusion, and attempt to obtain insight into the subse- 
quent fission process. In addition to the production 
cross-sections, the parameters which contain useful infor- 
mation are the anisotropy, co, and the fission velocity, 
V. In the next section we consider the variations in the 
kinetic energy (derived from V) and the angular an- 
isotropy. Since there is a larger uncertainty in the experi- 
mental values of V (arising from the uncertainty in the 
determination of k) than in the quantity Umax = V+ V 
which has been determined with great precision, we shall 
work from the experimental Umax values and, following 
the assumption that we are dealing with complete fusion, 
obtain an improved estimate of V as V~I=Umax-vc,. 
The values obtained for V~y are listed in Table 2. 

IV .  D i s c u s s i o n  - the  f i s s ion  p r o c e s s  

In attempting to interpret the observed data in the con- 
text of a model of the fission process, a complication 
arises in that the observed products are not the primary 
fission fragments, but are formed from these after evapo- 
ration of several neutrons (and in many cases after sever- 
al /3 decays). Before any comparison can be made, the 
extent of this neutron evaporation must be established. 
Also, since most of the measured data are for cumulative 
partial chain yields, modelled quantities must be appro- 

150 priately averaged over the chain of fragments contribut- 
ing to each observed product. It is therefore necessary 
to establish the fission charge dispersion curve for each 
product mass. We approach these questions via consid- 
eration of the measured mass yields. 
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A. Mass yields 

Ideally, in order to extract details of the fission yield 
distribution, it is desirable to have yield values for a 
number of isobars, so that the center and width of the 
charge dispersion curve (which is assumed to be Gaus- 
sian in form at these energies [123) can be determined. 
Alternatively, if independent yields can be extracted for 
several isotopes of a particular element, the mass disper- 
sion can be determined. The ratio of the width of the 
mass dispersion curve to that of the charge dispersion 
curve at any point in the fission product distribution 

A 
is approximately ~ where A and Z are the mass and 

charge of the fissioning nucleus [13]. 
Unfortunately, in the present experiment it was not 

possible to determine yields for sufficient nuclides of the 
same mass to fit any charge dispersion curves (the only 
mass for which the yields of more than two isobars are 
known is 132 and the 132Te, 1321, and 132Cs c ross -sec-  

t ions  are insufficient without knowledge of the yield of 
132Xe). In only one case, iodine, was it possible to extract 
a crude mass dispersion curve using the independent 
yields of t26I, t3~ and 132I; this appears to be centred 
around mass 130 and to have a F W H M  value of approx- 
imately 6 masses. 

We have therefore based our initial values for the 
charge dispersion width and the extent of neutron evapo- 
ration on existing data from similar systems, and have 
investigated the effect of varying these parameters by 
using them to extract total mass yields from our data, 
bearing in mind that the mass yield curve should be 
smoothly varying and symmetric with respect to inter- 
change of a pair of fragments. 

Our picture of the fission process is as follows. Start- 
ing with the compound nucleus (atomic number Zc,, 
mass number A~n ) we assume that on average Vpr e neu- 
trons are evaporated prior to fission, and a further roost 
neutrons are evaporated from the pair of fragments after 
scission, so that in forming the final pair of fission prod- 
ucts a total of v = Vp,e + Vpo~t neutrons is evaporated from 
the system. From comparison of the neutron energy 
spectra measured at 0 ~ and 90 ~ Hinde et al. [14] have 
determined the separate yields Vpr e and Vpo~t as a function 
of excitation energy for various heavy ion systems. Fur- 
ther, in the case of ~gF+232Th [15], they investigated 
the dependence of these quantities on the mass of the 
observed product, and found, as expected from naive 
models, that at moderate excitation energy, Vp~e is inde- 
pendent of product mass for a given fissioning system, 
and Vpo~t is approximately proportional to product mass 
(expected if the excitation energy of the scissioning sys- 
tem is shared between the fragments in proportion to 
their masses). 

Then if scission of the system (Z~,, A~,-Vp~) gives 
rise to a fragment of mass A I it is expected to evaporate, 

Af Ypost neutrons. Thus, given a product on average, A~n-lJpre 

of mass Aprod, the most probable fragment mass A I lead- 
ing to formation of this product can be deduced from 

the relation 

AZ Vpo~t (1) 
Aprod= A f Acn-- vp,e 

We further assume that fission of the 2S4Fm compound 
nucleus, which has an excitation energy of 56.3 MeV, 
can be described by the unchanged charge distribution 
(UCD) hypothesis [16], so that the most probable 

charge, Zp, for a fragment of mass Af is Ay Zc, 
Acn - -  "~pre " 

Combining these expressions, we find that the most 
probable charge leading to a final product of mass Ap~oa 
is 

Apr~ Non (2) 
Zv - A~-- v 

We further assume that the standard deviation, S, of 
the Gaussian charge dispersion curve is independent of 
mass.  

The parameters required to model the effects of neu- 
tron evaporation are thus S, Vp~e and Vpost. Actually, since 
Vpre and Vpost do not appear separately in (2) but only 
as their sum v, only this quantity is required at this stage 
in the modelling. 

The results of Hinde et al. [15] for 105 MeV 19F 
on 232Th give v=9  (of which vp~e=3 and Vpost=6), and 
we have adopted these values as the starting point for 
our modelling. The value to be used for S, the width 
of the charge dispersion curve is less well determined. 
In their recent study of 240 MeV 12C on 238U, Yu et al. 
[4] found that the iodine yields could be divided into 
two regions, of which the more neutron deficient 
isotopes, apparently formed by fissions following central 
collisions, are most analogous to the products of fusion- 
fission observed in the present work; this group was 
observed by Yu et al. to have a mass dispersion curve 
with F W H M  5.4 mass units. In a radiochemical study 
of yields from reactions of 222-272 MeV 76Ge on 17~ 
which produces the compound nucleus 246Fm with exci- 
tation energies of 35 65 MeV, Liitzenkirchen et al. [17] 
found that a F W H M  of 5 mass units best fitted the 
measured yields of near symmetric (40 < Z_< 60) fragmen- 
tation products. Accordingly we took as our initial value 
S=  0.9, corresponding to a F W H M  in the mass disper- 
sion curve of 5.2 u. 

The following procedure was used to extrapolate the 
total mass yield, aA, for a given product mass from the 
experimental product yield a,. The probability of a frag- 
ment of mass A~ having nuclear charge Z' is 

g(Z,Af)= 1 z'+~ _{z_Zp~2 ' - / ~ -  ~ exp dz. 
l 2s.  ] Sz,-~ 

So for an independent product, the fraction of the 
O- t 

total mass yield populating the observed product, - - ,  
f fA  

is just equal to g(Zproa, AI), while for a cumulative prod- 

uct f i t=  ~ g(Z',Aft. (A I is related to Aproa as in 
O'A Z' < Zprod 
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Fig. 6. Total mass yields, aA, extrapolated from the 
measured product yields as described in the text, 
using S=0.95. The circles show the original values, 
the crosses show the same points reflected about 
Aprod= 122.5. The curve is the best fitted parabola 

(1).) Note that in this calculation only integer charges 
were used, although the underlying probability distribu- 
tion treats charge as a continuous variable. Non-integer 
masses were, however, used in the calculation of Zp; 
strictly speaking these should be interpreted as averages 
over the two adjacent masses, but this would not alter 
the results of the calculation. 

Values of aA were extracted in this way for all the 
detected products listed in Table 1, and the effect of vary- 
ing the charge dispersion standard deviation S was inves- 
tigated; the best value of S was taken as that value which 
gave the smallest scatter in the resulting plot of aA versus 
Aprod consistent with the necessary symmetry GA(Aprod ) 
= Ga(Acn--Aprod--V). Figure 6 shows the mass yields ob- 
tained using S=0.95, which appears to be roughly opti- 
mal. Each point has been plotted twice, at  Aprod and 
at the complementary mass 245 -- Aprod. The points are 
considerably scattered, more than expected from the 
quoted uncertainties (which take no account of the un- 
certainty in extrapolating from at to  aA) , but the form 
of the yield curve is basically as expected, an approxi- 
mate parabola centered at mass 122.5. 

A value of S = 0.95 corresponding to a mass disper- 
sion FWHM of 5.5 u, is slightly larger than expected 
but not unreasonable, and ,is used henceforth in this 
paper. We did not find it necessary to alter the value 
of v = 9 obtained from the data of Hinde et al. [15]. 

It may be noted that fitting a parabola centred at 
mass 122.5 to the points of Fig. 6 leads to an estimate 
for the total fission cross-section of 590 mb which is in 
good agreement with the work of Viola and Sikkeland 
[lJ, which suggests a total fission cross-section of 610 mb 
at this incident energy. (The best fit parabola is marked 
in Fig. 6; clearly the scatter of the points is significantly 
greater than implied by their nominal uncertainties, sug- 
gesting that the uncertainty in the fitted area is realisti- 

cally about 10%; it should also be remembered that 
there is an overall uncertainty of 7% in the experimental 
normalisation.) 

B. Fission energy 

Since the momenta of the two fragments following 
scission must be equal and opposite in the moving frame 
of the fissioning nucleus, in terms of the velocity Vr of 
the fragment A f ,  the total kinetic energy released is 

Acn - -  Ppre 
E k = l A f  V/ Acn__Af_vpr e. 

Now since evaporation of neutrons from the emitted 
fragment does not alter the average value of its velocity, 
the experimental estimate V~f of the fission velocity of 
an observed product provides a measure of the velocity 
of its parent fragment. Hence, using the relation between 
Aprod and Af given in the previous section, the best exper- 

imental estimate of E k is 1 2 Ac,--Vpr e . The 
2- Apr~ Vcf A c , - -  A p r o d  - -  V 

values for Eg obtained in this way are listed in Table 2 
and plotted in Fig. 7. A correction has been applied to 
the values arising from cumulative products to account 
for the fact that the average nuclear charge (Z )  of the 
recoiling products (calculated using the charge disper- 
sion approach of the previous section) was lower than 
that of the final detected product which had been used 
as the basis of the range/energy conversion for determin- 
ing V~f; the effect of this correction is to lower the ener- 
gies deduced for cumulative products by up to 4%, de- 
pending on the value of (Z)--Zprod- 

Although there is significant variation between prod- 
ucts, the values of E k obtained appear to be in overall 
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Fig. 7. Experimental estimates of the total kinetic energy release 
in fission, derived as described in the text, for the 23 products 
for which recoil distributions were measured. The crosses denote 
the values of Eco,l, the Coulomb energy at 18 fm 

reasonable agreement with the value of 195.0 MeV pre- 
dicted by the most recent formula of Viola et al. [18] 
for the average total kinetic energy release in fission of 
254Fm, and the average TKE measured by Viola et al. 
[19] of 196_+3 MeV. 

The simplest approach to modelling the fission ener- 
gy is as the repulsive Coulomb energy, Ecoul, of the two 
fragments, assuming that at some mutual separation dis- 
tance, D, the two fragments can be considered essentially 
at rest but beyond the range of the nuclear forces. The 
crosses in Fig. 7 show the values calculated using 
D= 18 fm for each fission product for which we have 
an experimental value; these values are also listed in 
Table 2. For independent products, Ecoul was simply cal- 

Zprod ( Z c n  - -  Zprod) e2 
culated as , while for cumulative nu- 

D 
clides the value listed is the properly weighted average 
of the individual values of Eco,l for products populating 
this nuclide (see the previous section). 

The value of D = 18 fm was chosen to reproduce the 
average E k for all fissions. This value of D leads to predic- 
tions of Ek in individual fission events ranging from 
186 MeV for Zprod=37 to 200 MeV for symmetric fis- 
sion. It can be seen that the experimentally deduced 
values of Ek agree in all cases with the predicted values 
to within 10%. However, the data show a systematic 
trend which is not reproduced by the model. The experi- 
mental values show an almost monotonic increase with 
Aproa, whereas the calculated values are approximately 
symmetric with respect to Aprod= 122.5 (symmetric fis- 
sion). As a result, the calculation systematically overesti- 
mates the Ek values for the lighter products and underes- 
timates them for the heavy products. 

Note that use of the form D=do(A}/a+(Acn-Vpre 
-AI)I/3), rather than the constant scission distance of 
18 Fm, would increase the calculated Coulomb energy 
for the most asymmetric products seen by approximately 

1% relative to that calculated for symmetric fission, thus 
slightly exacerbating the observed discrepancy with the 
experimental Ek values for light products. 

Naively, one might expect all the values to show per- 
fect symmetry about Aproa= 122.5, since for every light 
product a complementary heavy fragment must be emit- 
ted. However, this need not be the case because the ob- 
served products sample different parts of the charge dis- 
persion curve. In general, we observed cumulative prod- 
ucts which sample predominantly the more neutron-ex- 
cessive half of the charge dispersion for the detected frag- 
ment (and the less neutron-excessive half for the comple- 
mentary fragment); accordingly the observed asymmetry 
in Ek values could qualitatively be explained if fissions 
in which the light fragment receives larger Z than its 
most probable value were to result in increased Ek. 

This effect actually appears in the Coulomb energy 
calculation, since the repulsive energy is increased by 
making the charges of the two fragments more nearly 
equal. This accounts for the asymmetry of the calculated 
values in Fig. 7. In particular, note that the calculation 
predicts an anomalously large Ek value for the indepen- 
dent product 99Tc (which has a Z more than 2 units 
of charge greater than the most probable Z for its mass), 
in agreement with the data. In general, however, the 
Coulomb energy calculation appears to underestimate 
the observed effect. 

Qualitatively, it may be possible to understand this 
effect as a consequence of changing binding energies of 
the fragments. Since the most probable fragments lie on 
the neutron excessive side of the valley of stability, mov- 
ing along the charge dispersion curve so that the light 
fragment becomes even more neutron-excessive (and the 
heavy fragment correspondingly less neutron-excessive) 
decreases the binding energy of the light fragment while 
increasing the binding energy of the heavy fragment; 
since the valley of stability is steeper for the light frag- 
ment than for the heavy, the overall effect is to decrease 
the binding energy of the system, reducing the available 
energy. It is possible that this then results in the observed 
reduction of the total kinetic energy released. However, 
quantitatively, the magnitude of the observed effect 
seems to be larger than expected from this treatment. 
It is also possible that Ek may be affected by the angular 
momentum present, as mentioned below. 

C. Angular anisotropies 

In Fig. 8, the experimental values of the anisotropy, 
co=P(0~176 are plotted as a function of product 
mass. The average of these values (making no allowance 
for the difference in yields between products) is 1.82. This 
may be compared to the values measured by Back et al. 
[20] for the anisotropy averaged over all fission products 
of 1.92 at 90 MeV and 2.24 at 110 MeV. 

The variation in the observed values, up to + 20%, 
is significantly larger than the experimental uncertainties, 
and apparently represents a genuine difference between 
products. Since the complete fusion process populates 
the compound nucleus with a continuous range of angu- 
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lar momenta up to the maximum value of 35 fi, (equiva- 
lent to a fission cross-section of 610 mb) and the an- 
isotropy is directly related to the angular momentum 
of the fissioning system, it would not be surprising if 
different products sampled different parts of the angular 
momentum distribution and were accordingly emitted 
with different average anisotropies. 

However, we have not been able to deduce any sim- 
ple correlation between the nature of the observed prod- 
uct and the value of its anisotropy, and it seems likely 
that several effects are interacting to produce the experi- 
mental anisotropy. One effect which seems to be present 
is that products from relatively symmetric fissions have 
larger average anisotropies than those from highly asym- 
metric fission; this can be understood if an increase in 
the angular momentum of the fissioning system increases 
the probability of symmetric fission relative to asymmet- 
ric fission, so that the average angular momentum in- 
volved in forming near-symmetric products is larger than 
in forming asymmetric products. (This might also ac- 
count for the fact that the anisotropy measured in on-line 
experiments [-20] is apparently somewhat larger than 
our average value, since yields of near symmetric prod- 
ucts are larger than asymmetric yields). However, data 
for a number of products conflict with this overall trend. 
There is also some indication of a negative correlation 
between E k and co, so that products for which the experi- 
mental value of Ek was larger than expected from the 
Coulomb model have smaller than average values of co; 
again several of the data conflict with this approach. 
Such a correlation is perhaps not surprising, in that the 
effect of increased angular momentum could be to in- 
crease the scission distance, D, and hence lower the Cou- 
lomb repulsion between the two fragments at scission. 
In the absence of a full theoretical treatment of the ex- 
pected variation of co for individual products, it appears 
that the data are not sufficiently complete to isolate all 
of the effects which are present, but they certainly indi- 

cate significant variations, 
been observed or predicted. 

4 2 1  

which have not previously 

V. Conclusions 

This study has demonstrated the ability of recoil mea- 
surements of this type to make precise determinations 
of the kinematic properties of individual products from 
fission. The precision of the angular distribution mea- 
surement was poorer than that of the range measure- 
ment, but the resulting values of the recoil velocity of 
the fissioning system were generally determined to within 
10% and (with two exceptions) were all consistent with 
the theoretical value, vc,, for complete fusion. Working 
with the range measurement alone, and accepting that 
the reaction mechanism is complete fusion, enables the 
values of the fission energy to be determined generally 
to better than 1%, and the correlations observed in the 
data at this level indicate that this uncertainty is reasona- 
bly realistic. The absolute values deduced for the fission 
energy Ek are entirely consistent with the average value 
expected from systematics, indicating that the magnitude 
of any systematic errors (such as errors in the range/ 
energy relations used) are very small. It therefore appears 
that such studies can play an extremely powerful role 
in further studies of fission. 

It has been confirmed that the reaction mechanism 
for 101 MeV 160 on 236U is essentially entirely complete 
fusion, with fission of the nucleus resulting after emission 
of some neutrons from the 254Fm compound nucleus. 
The measured yields of 38 products can be reasonably 
explained using the UCD hypothesis with a charge dis- 
persion whose standard deviation is 0.95 charge units, 
assuming a total neutron multiplicity of 9, of which 2.5 
neutrons are emitted prior to scission, as suggested by 
neutron measurements on similar systems [15]. The 
mass yield curve then appears to be roughly parabolic, 
with a total fission cross-section of approximately 
590 mb, in good agreement with the results of on-line 
measurements [1]. 

The present study revealed significant variations be- 
tween individual products in the values of the kinetic 
energy release, Ek, and the angular anisotropy, co, which 
have not previously been reported or predicted. The Ek 
show a systematic variation apparently related to the 
deviation of the charge split in a given fission event from 
the most probable division predicted by UCD, so that 
charge splits closer to equality lead to enhanced Ek (by 
10-15 MeV per charge unit). This effect is significantly 
greater than expected from changes in the Coulomb re- 
pulsion assuming fission to occur at a constant separa- 
tion distance, but may be understandable in terms of 
changes in the binding energy of the system. The angular 
anisotropies also show significant variations, suggesting 
that different angular momentum states of the com- 
pound system preferentially populate different products, 
but the relationship appears to be complex; symmetric 
fission products generally have larger anisotropies than 
products from asymmetric fission, but there also seems 
to be some correlation between Ek and co - large Ek 
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is often associated with small co. These effects merit fur- 
ther study. 
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