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Abstract 
Gamma-ray multiplicities have been measured following 
fission of nuclei with a wide range of mass and angular 
momentum. The average multiplicity reflects the total 
angular momentum of the fragments, but the observed 
variation of multiplicity with fragment mass asymmetry is 
dominated by shell effects. The highest average 
multiplicity arises from fission of the heaviest compound 
system, produced with the lowest angular momentum. This 
behaviour is well described by spin enhancement through 
statistical excitation. 
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The study of high angular momentum phenomena has dominated 
nuclear structure physics In recent years. In particular the 
partition (and transfer) of angular momentum between relative 
motion and intrinsic spin is of current interest, for both deep 
inelastic collisions and heavy ion induced fission. A simple 
model describing the statistical excitation of collective, 

1 2) angular momentum bearing modes has been proposed ' and used to 
explain the following observations: the spins of fragments 
following sequential fission are not strictly perpendicular to 

3) the reaction plane as suggested by simple friction models ; -
4) the spins of fragments from spontaneous fission are large ; 

heavy ion induced fission produces fragments with even higher 
.pm 5" 7'. 

Several studies of the angular momentum carried by fission 
6 7 8 9 fragments ' ' , deduced from y-ray multiplicities <M >, have 

been carried out. Apparently conflicting results were reported 
144 6) 

when <M > was observed to decrease for *"Gd ' with increasing 
194 7) 

fragment mass asymmetry, but increased for Hg . Thus it was 
concluded that the angular momentum in the fragments varied 
differently with mass asymmetry in the two cases. Our results 
for nuclei In the range A - 189 to 251 indicate that shell 
effects In the fragments themselves can produce variations in 
<M > of -v 15% which may explain the differences in the results 
of refs. 6 and 7. Consequently such variations of <M> will not 
generally be predicted by a model based on liquid drop 
behaviour, and perhaps more importantly, the conversion of shell 
affected values of <M> to angular momentum Is uncertain. 
However, the average multiplicity, I.e. that measured without 
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fragment mass identification, <Hy>, better reflects the total 
fragment spin and its variation with compound nucleus mass 
provides a severe test of the statistical excitation model. 

Fission was studied for systems produced by the bombardment 
of 1 7 0Er, 1 8 1Ta, 1 9 7 A u and 2 3 Z E h with beams of 115 MeV 1 9F, of 
1 9 7Au with 100 MeV 1 9 F and of 1 8 1Ta with 150 MeV 3 2 S . Pulsed 
beams were obtained from the ANU 14UD accelerator with beam 
bursts ^lns in duration and separated by 107ns. The time of 
flight of the fission fragments was measured using an avalanche 
counter located at -150* to the beam direction and 36cm from the 
target. Three 7.6cmx7.6cm Hal detectors were used to detect y-

rays, In coincidence with fragments, at angles of 60° (150°), 
150°(60°) and 90°(90°) to the beam (fission fragment) direction, 
the last detector being normal to the reaction plane. The 
detectors were located 30cm from the target to allow 
discrimination against neutrons by time-of-flight. The Nal 

137 detector efficiencies were determined using calibratod Cs and 
Co sources in the target position. 

Fission fragment masses were assigned using their time-of-
flight combined with the total kinetic energy (TKE) release 
given by ref.10. The mass resolution, typically ±4amu, was 
determined principally by the variation In TKE, assumed to be ±9 
MeV, for a given mass split. The singles mass distributions 
obtained were consistent with those measured in similar heavy 
ion reactions 
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The mass asymmetry, R, is here defined as the ratio of the 
mass of the heavy fragment to that of the complementary light 
one. The ^-ray multiplicities as a function of R for 100 MeV 
and 115 MeV 1 9 F on 1 9 7Au (producing 2 1 6Ra) and for 150 MeV 3 2 S 
on 1 8 1Ta (producing 2 1 3Ac) are shown in fig.la. These compound 
nuclei have very similar fission properties and this is 
reflected in the variation of total fragment multiplicity,<My>, 
with R. All three reactions show pronounced dips in <My> 
symmetrically located about R=1.0, i.e. independent of whether 
the light or heavy fragment is observed. Whilst the symmetric 
location of the dips supports our method of mass determination, 
there is a consistent tendency for <My> to be lower when the 
light fragment is detected. This small asymmetry, which is most 
pronounced in the Nal detector at 150° to the fragment 
direction, and least pronounced in the 90° detector, is 
attributed to kinematic effects which give rise to very 
different fragment velocities depending on whether the heavy or 
light fragnent is detected in the backward direction. 

In contract to the results shown in fig.la, which have 
minima in <My> near R*1.4, the other reactions (fig.lb) have 
minima for symmetric fission (R»1.0), although the Pb system 
has less well pronounced features. 

Evidence for the origin of these variations is seen In the 
Nal spectra. Spectra associated with high (R*1.0) and low 
(R*1.4> regions in <M > for 115 MeV 1 9 P on 1 9 7Au are shown in 
fig.2. Also shown are the spectra for the full fragment mass 

232 170 distributions from the Th and Er targets. All spectra 
have been normalised to the number of observed fission 



fragments. Each spectrum shows the features observed in 
continuum y-raj studies following (HI,xn) reactions; an 
exponentially falling high energy region associated with 
statistical transitions, and a low energy 'yrast bump', arising 

170 
from yrast-like cascades. The spectrum for Er is shown under 
that for the other reactions as a dashed line. Since the number 
of statistical y-rays/fragment is essentially the same in all 
cases, the observed variations in multiplicity are purely a 
result of changes in the number of observed yrast-like 
transitions. 

The N and Z values of the fission fragments in the cases 
which exhibit well defined dips in <tty> are shown for various 
values of R in fig. 3. The regions of the minima are indicated 
as hatched areas. Evidently the minima occur for these three 

251 cases when both fragments are near a closed shell. For Es 
the dip occurs at symmetry where both fragments have Z'vSO, while 
189 

Ir also has a minimum at R*1.0 where both fragments have 
216 213 

11*50. For Ra and Ac, <My> is reduced when the heavy 
fragment has Z'vSO and the complementary fragment simultaneously 

7) 217 
has N*50. Schmitt et al observed similar structures In Ac 

20 197 
produced with 164 MeV Ne on Au. Thus when both fragments 
are 'spherical' the reduction in <My> is readily observed. The 
simultaneous production of two 'spherical' fragments does not 
occur in the fission of Pb, the case lr. which sharp dips in 
<M\> are not experimentally observed. 
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The occurence of minima In <Hy> near magic neutron or 
proton numbers Is strong evidence that they are associated with 
shell effects. However, these minima may Imply reduced angular 
momentum In the primary fragments or reflect differences in 
multiplicities in the final stages of y-decay. The former is 
unlikely since the nascent fragments of a hot rotating system 
are not expected to be affected by shell structure. However, 
after cooling by the emission of several neutrons, shell effects 
begin to be important, and the variation in <My> is more likely 
to be a result of the nuclear structure of the fragments. One 
possible cause is the occurrence of isomers with half-lives 
£10ns which would reduce the number of observed yrast-llke y~ 

rays; such isomers are more likely to occur in the vicinity of 
closed shells. 

The effects of shell structure may also be evident in the 
144 194 194 

previous measurements for Gd and Hg. Hg lies between 
189 200 

Ir and Pb and, with the relatively poor mass resolution of 
ref.7, <My> shows little structure, consistent with our inter
pretation. The fragments from 1 4 4 G d 6 > lie between closed shells 

216 
for symmetric fission, similar to the Ra case. As the mass 
asymmetry Increases towards R-2.0, the light fragment first 
approaches 2*28 and then N*28. The heavy fragment simultan
eously approaches N*50 and a reduction in <M > would then be 
expected. The data of ref.6 do not extend beyond K-2.0 but it 
is reasonable to assume that the observed behaviour is 
consistent with the effects of shells. 



Although the detailed variation of <My> with R may be 
affected by shells, the average multiplicity for each reaction, 
<fl~>, is such less sensitive to them and may be used to deduce 
the total fragment spin. Angular momenta have been estimated 

6 12) —— 

using the very simple prescription ' <L> = 2(<M >-4) and are 
given in column 9 of table 1. For rigidly rotating nuclei the 
total fragment spin is expected to be proportional to that of 
the fissioning compound nucleus (see column 3 of the table). 
Clearly this expectation is not In agreement with the observed 
trends. The disagreement Is particularly evident for the 115 

19 
NeV F reactions which show a monotonic Increase in the average 
fragment spin with compound nucleus mass, even though the 
angular momentum of the heavier compound systems is decreasing, 
simply due to the increasing Coulomb barrier energy. The 
average angular momentum of nuclei which undergo fission 
decreases even faster with mass (col.2 of the table), since 

9qi 189 

essentially all Es nuclei undergo fission, whereas for Ir 
only those with the highest angular momentum do so. 

The model of Moretto and Schmitt considers a system 
which has evolved Into two touching liquid drop spheres. The 
statistical excitation of the normal collective modes called 
bending, twisting, wriggling and tilting is evaluated and the 
average angular momentum associated with these modes determined. 
Excitation is more readily accomplished when the temperature of 
the system is high, enabling population of higher energy, and 
thus higher spin, modes. Also larger moments of Inertia of the 
fragments reduce the energy associated with a particular spin 
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maklng it more easily excited. For the 115 MeV F reactions 
the temperature variation is not large but the moment of inertia 
increases over the mass range by *50%. Thus the collective 
modes are more readily excited and can carry considerable 
angular momentum in the heavier systems. 

The quantitative results of applying the model are shown in 
columns 4 to 7 of the table. All collective modes favour the 
heaviest system, the bending and twisting modes having the 
largest contribution. The collective nodes increase the total 
spin of the heaviest system by *20 h whilst increasing that of 
189 

Ir by only M O h; the net result is an increase in angular 
momentum with increasing mass, in agreement with observation. 
Whilst the good quantitative agreement must to some extent be 
fortuitous, considering the simplicity of the model and 
uncertainties in extracting angular momenta from values of <M~>, 
the results are nonetheless remarkable and should encourage 
further theoretical Investigation. 

To summarize, we have measured y-ray multiplicities of 
fission fragments following a series of heavy ion induced 
reactions. The variation of <M > with fragment mass asymmetry 
can be affected by shell structure in the fragments. Care must 
then be taken in interpreting these results in terms of angular 
momentum variation and comparison with the statistical 
excitation model of ref.1 Is unlikely to be successful. The 
variation of total fragment spin over a wide range of compound 
nucleus mass and angular momentum however, is well accounted for 
by excitation of the bending, twisting, wriggling and tilting 
modes. 
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TABLE 1. Angular momenta imparted by collective excitations for the listed 
reactions. <L~> is the average angular momentum which leads to fission. 
The total calculated spin I T o t = {I2+I2,+I2,-2(2IR)2}Js. 

MODEL EXPERIMENT 

Reaction <Lf> Rigid 
Rotation 
only 

2 I R 

Rigid + 
Wriggling 

JW 

Rigid + 
Bending • 
Twisting 

h 

Rigid + 
Tilting 

I T 

Total 
Fragment 

spin 
Jtot 

<M~> Y Total 
Fragment 

Spin 
2(<M~>-4) Y 

170 E r +l9 F 

(18*lr) 
U S MeV 

50 14.3 16.9 21.0 16. S 24.2 13.8 19.6 

181 T a +19 F 

(200p b ) 

115 MeV 

44 12.6 15.6 20.6 15.2 24.2 14.5 21.0 

1 9 7 A u +
1 9 F 

( 2 l 6Ra) 
115 MeV 

40 11.4 15.1 20.5 14.5 24.4 15.8 23.6 

2 32 T h +19 F 

( 2 5 1Es) 
IIS MeV 

25 7.1 14.5 20.9 12.1 26.3 17.1 26.2 

1* 7AU +»9F 
( 2-Ra) 
100 MeV 

2S 7.1 11.9 16.7 10.7 20.8 14.5 21.0 

l 8 1Ta+ 3 2S 
( 2 1 3Ac) 
ISO MeV 

40 11.4 14.0 18.3 13.7 21.4 15.7 23.4 
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Figure Captions 
Fig.l. Gamma-ray multiplicities as a function of fragment mass 

asymmetry. Points to the left (right) of symmetry 
(R=1.0) correspond to observation of the light (heavy) 
fragment. 
a) Multiplicities for compound nuclei jRa and Ac. 
h) Multiplicities for 2 5 1Ec, 2 0 0 F b and 1 8 9Ir. 

Fig.2. Mai spectra for typical high and low multiplicities. 
All spectra are normalised to the number of observed 
fission fragments. The bottom spectrum is reproduced, 
as the dashed line, under all spectra. The comparison 
shows that high multiplicities are associated with 
increased intensity in the "yrast bump". 

Fig. 3. H and Z values of fragments from 2 5 1Es, 2 1 6Ra and 1 8 9 I r 
as a function of mass asymmetry, R. The dashed line 
indicates the positions of primary fragments, the full 
line those after neutron evaporation. The hatched 
areas represent the regions where dips occur in <My>. 
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