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ABSTRACT

We present the results of measurements of the angular distribution

197 209

of fission fragments produced by irradiation of Au

1
various heavy ions. The projectiles, Bll, Clz, N 4, and 016, had energies

and Bi with

from a few MeV above the Coulomb barrier to 10.4 MeV per nucleon. The gross
features of these results can be explained by use of a model and parameters
that have been used by others to account for angular distributions of fission
fragments from helium - ion bombardments. In detail, however, these results
appear to indicate that the models used to predict the average value of the
angular momentum of the compound nucleus give values too low near the

Coulomb barrier. Furthermore, at high bombarding energies it is necessary

to consider the fact that appreciable direct interaction is taking place.
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I. INTRODUCTION

The development of heavy-ion accelerators at Berkeley and at Yale
has made it possible to extend the investigation of nuclear fission reactions
to compound nuclel possessing large amounts of exciltation energy and total
angular momentum. Studies of charged-particle-induced fission at lower
energies have established that fission-fragment angular distributions are

1-3

related to the spin orilentation and ZZ/A of the fisslioning species. Heavy
ions have been shown to substantially enhance these effects. i}

Consideration of the energy and spin states of the stably deformed
nuclei led Bohr to propose a model that has been successful in explaining the
anisotroples observed in low-energy fission.7 Halpern and Strutinski8 and,
independently, Griffin9 have extended this theory to describe fission at
higher energies. Interpretation of results from both heavy-lon-induced
and helium-ion-induced fission studies has shown that the theory provides
a reasonable model for the explanation of such reactions.

We have attempted to amplify and extend the results from earlier
studies of angular distributions in heavy-ion fission. In particular we
have studied differences in angular momentum, excitation energy, and %

o1

among several systems. Bombardment of the monoisotopic targets Aul and
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g1 209 11’ 12 14

with B C s XN, and Ol6 forms a series of compound nucleil
ranging in Z from 84 to 91. The cross sections for heavy-ion-induced
fission for nuclei in this region are quite large,u;5but the fission barriers
are sufficiently high and the degree of excitation of the residual nuclel

so low that contributions to fission from non-compound-nucleus reactlons

are negligible (less than l%),lo

II. EXPERIMENTAL METHOD

The data reported here were obtained by collecting the fission recoil
atoms at several angles, and then measuring their gross radioactivity. A
diagram of the recoil collection chamber is shown in Fig. 1. On the basis
of differential recoll-range measurements as a function of angle, two
techniques were adopted for catching the fission fragments. At angles of
300 to the beam or less, ten O.9O-mg/cm2 Mylar discs were mounted in the
catcher holders. This procedure usually permitted a good separation between
the fission and spallation activities. In addition it provided the means
for a reliable correction for activation of the catchers induced by scattered
beam particles. At angles greater than 3OO a cover of 0.30 mg/cm2 or
0.90 mg/cm2 (depending upon angle) was placed over a 3°3O-mg/cm2 catcher
and a 3°3O-mg/cm2 disc to serve as a blank. Activity in the blanks was
always negligible.

The Berkeley Hilac accelerates heavy ilons to a constant terminal
energy of 10.4%0.2 MeV per nucleon.ll Lower energies were obtained by in-
serting welghed beryllium foils in the beam. The energy of the degraded
ions was determined from conversion of Northecliffe's range-energy relation-

12
ships for aluminum to beryllium by the use of data reported by Sternheimer.

13
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Be degrading foils

0.2-in-diam collimator slits

MU -23389

Fig., 1. Diagram of angular-distribution chamber.
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Unsupported targets of gold and bismuth ranging in thickness from
about 500 to 1000 pg/cm2 were used. These target thicknesses represent
but a small fraction of the fission-fragment range. For most experiments
the target was oriented at 45° to the beam direction. The differential cross
sections did not change with variation of target angle for catchers placed
at less than 60° to the target normal.

The fission-fragment activities were measured simultaneously at
32 counting stations equipped with Gelger-Mueller tubes. The register pulse
from each counter was modified so that i1t would feed into a specific channel
of a Penco 100-channel pulse-height analyzer. Counting was continued long
enough to show that the angular distribution determined by gross beta count-

ing did not depend on the time after the end of bombardment.

I1IT. TREATMENT OF THE DATA

To obtain angular distributions in the laboratory (lab) system, the
decay of each sample was plotted as shown in Fig. 2. Angular distributions
were determined at various times during the decay in order to show the time
independence of the distribution. These were then averaged to give the final
lab results. From the time independence of the angular distributions and the
gross decay characteristics of these decay curves, it was concluded that
the experimental technique gives results that accurately represent the
average Tission process. The measurements corresponding to the bombardments
with N14 and 016 have been checked further in experiments using solid-
state detectors according to a system described elsewhere.lO Good agree-

ment between the results obtained from the two techniques has been found.
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Fig. 2. Gross fission-fragment beta activity as a function
of time. Limits of error on points are less than 2%.



-6- UCRL-10248

In Fig. 3 the lab results for the system Bi209 + 016 are given.
The error‘bars represent standard deviations and include errors due to
counting statistics, differences in counter geometries, and any induced
activation in the catchers.

Conversion of the data into the center-of-mass (c.m.) system de-

pends upon the quantity
x = V/v, (1)

where V 1s the velocity of the c.m. and v 1s the velocity of the
fission fragment in the c.m. system. Although a single value of X cannot
be rigorously applied to a manifold nuclear reaction such as fission, a most

probable value for binary events, me 5 can be estimated from the formula

) B
CN C.Mm. ?

2 ;
x° = ApEpAf/ (& (2)

mp

where A and EP represent the mass and lab kinetic energy of the projec-
tile, respectively; Af and EC o represent the most probable mass and

c.m. kinetic energy of the fission fragment, respectively; and ACN

represents the mass of the compound nucleus. Af has been estimated from

the relstionship

where V 1is the mean number of neutrons emitted in the fission process;

—- 1k

Vv 1s calculated from lLeachman's result;

- *
v = v +O-12E 3

0
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Fig. 3. Several laboratory angular distributions from Bi209
bombarded with 01©. The errors represent standard
deviations. The differential cross section at 900 is
unity in each case.
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where VO 1s the mean number of neutrons emitted from the same compound
*
nucleus undergoing spontaneous fission and E is the excitation energy.
Values for VO were taken from the compilations by Hulzenga and Vanden-
15 * .
bosch;, and E was calculated using the mass tables of Cameron.

5,6

E has been measured for many of these systems. Unmeasured values

c.m
were interpolated from the measured ones.

Values of Xip have also been determined by studying the angular
correlation of coincident fission fragments.lo The measured values for
these systems are in good agreement with calculations based on Eg. (2).
Furthermore, transformation of the data into the c.m. system with these
values gives excellent symmetry about 9OOu The transformed angular dis-

tributions for the NlLL + Aul97

system are given in Fig. 4 as a typical
example.

No attempt will be made to present all the angular distributions
measured. Figure 5 shows the anisotropies measured in the various systems
studied, plotted as a function of the lab energy of the bombarding particle.
Anisotropy is here defined to be the yield at 180° divided by the yield at
900 , both in the center-of-mass system. Smooth curves have been drawn
through the points. These results are summarized in Table I.

These curves show several obvious features. TFirst, in every case,
the anisotropy increases with increasing bombarding energy. Second, the
curves for bombardment of gold targets form a group lying above a similar
group of curves for bombardment of bismuth targets. Third, within each of
these groups there is a progression of decreasing anisotropy with in-
creasing projectile mass (except for the nitrogen bombardments). Similar
results have been previously observed and gqualitatively explained in terms of

6
the theory presented below°5’ Fourth, for both gold and bismuth targets
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Fig. 4. Center-of-mass angular distribution from Aul97 bombarded
with Nlh. Solid curve 1s Halpern and Strutinski theoretical

fit; broken curve is plot of l/sin 6.
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Table I. Measured and calculated properties of each system studied here.
Symbols are defined in the text.

. . * . 2 . .
Target  Projectile E . E Anisotropy P K, <£c>alc <ngpt
(Mev)  (MeV)
ﬁ Aul97 Bll 11k 103 4.15%0.11  7.9%0.3 122 L41.4 38.9

2
(z°/4 = 33.9) 100 90 4.00%0.1k .3t0.4 105 36.9  35.8

85.6 76 4.09+0.18 73 31.4 35.1

-1 -1 =3
o
o
o
on

80.1 71 L.03%20: 20 .1%0.5 67 29.0 33.1

69.5 61 3.24%0.19  5.2%0.6 61 23.7 27.0
Aul97 c12 125 100 4.1220.12  7.%*0.3 1% L3.5  Lo.5
(ZB/A = 34.6) 118 93 4.18+0.16  7.3%0.3 131 Lki.2  39.4
112 87 3.98+0.16  7.0f0.4 123 39.1 37.9
108 8l 3.99t0.04  7.2%0.5 110 37.6  37.9
81.0 58 3.66%0.15 5.8%0.3 63 25.5  30.6
69.9 48 3.1740.17  5.0%0.3 37 18.2 26.8
a7 Nlh 145 116 3.86*0.15 6.7f0.3 212 50.3 k2.5
(22/A = 35.1) 127 99 3.7h%0:112  6.3t0.4  17h  Lhk.2  39.5
123 95 3.66%0.15 6.2%0.3 165 L2.7 38.8
107 8o 3.41%£0.10 5.2%0.4 139 35.9  33.9
9.7 71 3.38%0.15  5.4%0.4 99 30.8 33.4
83.1 58 2.93%0.11  L4.1%0.h4 66  22.0 27.5
Aulg7 o16 166 124 4.13£0.19 7.70.4 241 57.4 0 L9.0
(ZZ/A = 35.5) 143 103 4.02%0.15  T7.4%0.4 187 k9.6 45,7
137 97 3.79%0.15  6.6%0.4 190 L7.2 k2.5
117 79 3.61%0.14  6.3%0.4 132  38.4 39.2

i

8h.3 L9 2.50%0.13  3.5%0. 3% 14.9  25.5
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Table I. (Cont.)

. . * . 2
Target  Projectile Elab E Anisotropy P KO <'ec>alc <£e?(pt

(MeV) (MeV)

209 11

Bi B 114 89 3.32%0.11  5.3t0.3 185 L41.7 37.5
(ZZ/A = 35.2) 95.9 71 3.22%0.13  5.1%0.3 137 35.3 34.8
91.0 67 3.20%0.16  5.0%C.3 126 33.4  33.7

80.4 57 3.17+0.14  4.8%0.3 97 28.8 31.6

69.5 46 2.60%0.14  3.5%0.3 87 23.2 25.6

62.7 40 2.62%0.21  3.3%0.5 58 18.5 23.8

Bi209 C12 125 85 3.27¢0.14  5.3%0.3 201 43.5 39.7
(ZZ/A = 35.8) 112 73 3.15%0.14  4.9%0.3 175 39.0 36.7
105 66 3.14%0.11  L.6%10.3 161 36.3  3Lk.5

97.4 59 3.07%0.17 4.4#0.3 140 33.1  32.9

89.7 52 2.90%0.12  3.9%0.3 125 29.5 29.9

81.0 bl 2.74%20.10  3.6%0.3 95 2h.7 27.h4

3209 N14 145 101 3.23%0.15  L4.9*0.3 292 50.4 Lo.2
(ZZ/A = 36.3) 127 8l 3.07%0.13  L.5%#0.3  2h2 4h.0  38.6
123 81 3.04%0.15  4.5%0.3 225 L2.L  38.2

116 | Th 3.03%0.10  L4.5%*0.3 195 39.5  37.3

110 68 2.90%0.15 L4.1t0.3 185 36.8 35.1

106 65 2.84%0.14  3.9%0.3 176  34.9 33.7

99.5 59 2.50%0.14  3.6%0.3 155 31.5 31.5
83.1 L3 2.2410.12  2.5%0.3 ok  20.4  24.k
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Table I. (Cont.)
Target  Projectile  E E.  Anisotropy o K02 <i;%lc<<z;§pt
(MeV)  (MeV)
31209 016 166 107 3.65%0.13 6.0%0.3 309 57.4 L4o.2
(ZZ/A = 36.8) 143 86 3.55%0.20 5.8%0.5 235 L49.2 Ls.7
137 80  3.11%0.15 L.720.3 261 Lk6.7 LO.5
119 6L 2.85%0.15 4.0%0.3 209 38.6 35.2
117 62  3.03%0.11 L4.5%0.3 176 37.5 37.0
102 48  2.48%0.15 3.1#0.4 147  28.5 28.8
84.3 32 1.89%0.11  1.7%£0.3 b6 11.8 19.3
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the anisotropies measured in the nitrogen bombardments tend to fall low with
respect to the sequence just mentioned. This anomaly most probably has its
origin in nuclear surface reactions which, as will be discussed later,
apparently are an important consideration in heavy-ion fission studies.
Similar plots can be made of anisotropy versus excitation energy,
average orbital angular momentum brought in by the projectile, or kinetic
energy in excess of the Coulomb barrier. Although such plots differ in

detail from those shown in Fig. 5, they are qualitatively the same.

V. INTERPRETATION OF RESULTS

A. Theory

According to Bohr, the quantum states of the fissioning nucleus at
the saddle point are described by I, the total angular momentum; K, the
projection of I on the nuclear symmetry axis; and M, the projection of I
along the bean direction.7 The angular distribution is then described by
the square of the symmetric top wave function ,DﬁKlz.

For fission induced by a beam of particles, M 1is no greater than the
spin of the target nucleus, and I 1is approximately equal to the orbital
angular momentum, £ , of the incident particle. If the average value of
£, <L, 1s sufficiently large, it is possible to assume M=0 and to replace
the symmetric top wave functions by the classical expression
I [2

1D, |

okl o= lsin®s - (KB/IZ)]—l/z, for sin 6 > K/I

= 0 for sin 6 X/I
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Averaging over the respective distributions in I and K, G(I) and F(K),
Bohr obtains the angular distribution
max max o 5, 2 1/2
w(e)ei/\ dI / ake (1) F(X) / (sin“p - K°/1I°)
0 KgY1I

sin O

(3)

Both Halpern and Strutinski, and Griffin, assume that G(I) should be well

%9 For F(K)

approximated by the classical distribution of spin states.
Halpern and Strutinski propose a Gaussian distribution based on statistical

theory. The anisotropy predicted by this treatment is characterized by the

parameter
12 2 12
B max jol max (&)
p - 2 - 2
: 2
b KO 2%eff T
where KO 1s the mean value of K, %eff is the effective moment of inertia of

the nucleus at the saddle point, and T 1s the nuclear temperature. The

effective moment of inertia is defined as

T &5 T = (5)

£t I 3

i

The quantity %'[ is the moment of inertia with respect to the symmetry axis
and %L, is the moment of inertia with respect to an axis perpendicular *o
the symmetry axis. 1In this definition %eff decreases as the elongation of

the nucleus increases.
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B. Application of the Theory

Chaudhry, Vandenbosch, and Hulzenga have successfully applied this
theory to analysis of angular distributions of fragments from fission induced

by helium ions in various targets,3 According to their treatment,

*
m - - -
1= (B E, - E_ )/
*
where E is the excitation energy of the fissioning nucleus, Eth is the
height of the fission barrier, Erot is the rotational energy of the nucleus

at the saddle point, and a is the usual level-density parameter. @On the
1
basis of other experiments T they have developed an empirical relationship

for predicting Eth and have shown that a reasonable value of a is

- 2
A/8 MeV l. Using these parameters and values of Imax based on the optical-
1
model calculations by Huizenga and Igo 8 they have been able to interpret their
angular distribution data on the basis of an effective moment of inertia,

%%ff , that decreases with decreasing ZZ/A.

We have attempted to analyze our data in the same way. We first make
the assumption that fission 1s occurring in the original compound nucleus.
It is quite possible that this assumption i1s wrong; we investigate its
lmplications in appendix A.

In estimating the excitation energy above the saddle point, we have

*
calculated the total excitation energy, E , from the mass table of Everling,

1
Konig, Wapstra, and Mattauch (EKWM) 7 (except for the oxygen bombardments,
l6>

for which it was necessary to use Cameron's mass table. The fission barrier

heights, Eth , were based on the formula of Hulzenga, Chaudhry, and

q

Vandenbosch}L7 agaln using the EKWM mass tables where possible and pairing

and shell corrections from Cameron where rot. The energy tied up in rotational
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, - 2. 2 ‘ . .
motion, Erot , was taken to be<\£j7 bl /2%0 , Where %O is the rigid-body
moment of inertia of a sphere and <Z> is the average orbital angular momentum

brought in by the heavy ion. The method for estimating this latter quantity

is described below. Strictly speaking, we should use %eff rather than

%O s but since %ef is not much different from ﬁb and since E is

f rot

invariably small compared with E*, no appreciable error is introduced by
this assumption. In the appendix we discuss in more detail the cholce of
moment of inertia.
The gquantity Imzx was assumed to be equal to 9/h<<£:>2 . The
average value of the orbital angular momentum, <<Z>, was calculated by using
the parabolic approximation to the real part of the optical-model potential
described by Thomasnzo The parameters used in these calculations {i.e., nuclear
potential-well depth, nuclear surface thickness, and nuclear radius) were
those necessary to give the correct values for the total reaction cross section

38 plus Bll, Clz, Nlu, and 016, as measured by Viola and

for the systems U2
Sikkeland.zl

A1l the information needed to calculate values of %eff was thus
available. The results of such calculations are shown in Fig. 6, where we
have plotted %eff/ﬁo versus ZZ/A. Also shown in this graph are the data

of Chaudhry et aln3 who found & to be independent of excitation energy.

eff
A smooth curve connects thelr five points. We note that, although the points
based on our work bracket this smooth curve, the range of deviation 1s quite
large. However, these deviations are systematic: the points falling above
the curve correspond to bombardments at the highest energies, whereas points
falling below the curve correspond to bombardments at the lowest energles.

In particular, the three points falling the farthest below the curve are from

bombardments at energies only a few MeV above the Coulomb barrier.
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feff/ {,

32 34 36 38

MU.27738

Fig. 6. Ratio of effective moment of inertia at the saddle point,
%eff » to the moment of inertia of a rigid sphere, %O »

2
plotted against X = %GL%3 for various fissioning systems.
Open points refeﬁogo bombardments of Aul97 closed to bom-

J
bardments of Bi Bombarding projectiles are i%dicated
. T

as follows: 0O ®, B1l; A A, cl2; Om, nl¥; v, ol e

E
vertical lines are from Ref. 3. The line is a smooth curve
connecting the points from Ref. 3.
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The most reasonable explanation of this behavior is that we are not
predicting the correct value of {(£7. To investigate this possibility, we
have assumed that %eff/gb is given by the curve shown in Fig. 6 and then
calculated the values of<<£\7necessary to give this moment of inertia from
the experimental data. Designating this quantity as<f£\7expt’ we plot the
ratio Of<;g7expt to<<£\7calc , as calculated from the parabolic approxima-
tion, versus the kinetic energy of the bombarding particle above the Coulomb
barrier. We see in Fig. 7 that all the data for the eight different systems
fall roughly on one curve. This result seems to support the idsa that we
are calculating <£77badly, and that we are (a) underestimating it near the
barrier and (b) overestimating it at high energies.

It is not surprising that the model used for the calculation of gﬁ }
does not give good results near the Coulomb barrier. That this should be the
18

case has been pointed out by Huizenga and Igo. In analyzing the total

reaction cross sections for heavy-ion bombardment of U238, Viola and Sikkeland
encountered difficulty in obtaining a consistent fit between those determined
at the maximum and minimum energies and that determined at 5 to 15 MeV above
the Coulomb barrierOZl However, such lmprovements as one might make in the
model would give still smaller values of’<£\7 at low energies. Calculations
based on a square-well model lead to essentially the same results unless we

ray

use an r value of about 1.8 fermis.

0
Aside from the possibility that the model for calculating <£\7is Wrong,
there are two effects that might make the average angular momentum of the
figsioning nucleus different from that calculated. These are the effects of
direct interactions and the effect of competing compound-nucleus reactions.

Sikkeland and Viola have investigated direct interactions in heavy-

o . . . 238 16
lon-induced reactions and estimate that in the system U + 166-MeV O ions,
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Fig. 7. Ratio of experimental to calculated average angular
momentum plotted against center-of-mass kinetic energy
of the projectile in excess of the Coulomb barrier. The
various symbols have the same significance as in Fig. 6.
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. . . Pt
approximately 25% of the reaction cross section involves direct interaction.

. .2 6 .
Further, theilr work indicates that in systems such as Bi 09 4 Ol essentially

none of the direct interactions leads to fission. Presumably these direct
interactions are surface reactions and occur at the expense of the formation
of compound nuclei with high spin states. To 1llustrate this effect, we

9% 1 166-Mev 016 ions 25% of the reaction

agsume that in the system Bi2
cross section goes into direct interactions removing the highest £ waves
from the compound-nucleus-formation cross section. We assume further that all
the compound nuclei formed undergo fission. The total reaction cross section
is calculated from the parabolic approximation to be 2160 mb with ~§£?z 574,
Correcting these for the 25% of the reactions in which no compound nucleus is
formed, we get a fission cross section of 1620 mb to be compared with a

value measured by Britt and Quinton of 1630 mb.6 The corrected value of

(£?7is 49.4, to be compared with <£j7 of 49.2. This agreement is rather
N

expt
encouraging.

2
o7 + Cl it is known that not all the compound

For the system Aul
nuclel formed undergo fission.g3 Some de-excite by neutron emission to give
astatine isotopes. If we assume that fissionability increases with increasing
angular momentum, we conclude that the products that survive the competition
from fission must in general have low angular momentum. Hence we might expect
the actual value of’<]f>, the average value of the angular momentum, for the
fissioning nuclei to be somewhat higher than (ﬁ\? for all the compound nuclei.
To illustrate this effect, we consider the case of 69.5-MeV carbon ions in-

197

cident on Au Since this energy is not far above the Coulomb barrier, we

2
may be safe in assuming that there is no direct interaction, b although the

dependence of surface reactions on bombarding energy is not completely resolved.

a5
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The calculated reaction cross section is 677 mb; the fission cross section

p)

measured by Gordon et al.” at this energy is 100 mb. If we assume that only

the highest angular momentum states fission, we calculate <I>7: 26.2; this

) ) N
is to be compared with a value of <Z,/expt of 26.8.

This agreement not only appears to be too good to be true, it actually

is. Classically, the maximum value of I = 3/2 4/2f7. Hence, using this

approach we can never find a value of I >‘3/2 <i£\>. However, we find two

cases with (ﬂ>> ﬁ(ﬂf? > 1.5. Furthermore, one of these is the case
Vv oexpt! N/ calce
16 20
of O + Bi 7 , where we might expect from the systematics of the competition

between fission and neutron emission that all the nueclei would eventually
fission.l5

However, in spite of the failure to obtain complete agreement between
experiment and thecory, we can summarize the situation by noting that if we
make alloweance for a reasonable amount of direct interaction at high bom-
barding energies and for an inability to predict values of<f£>’ for bombard-
ing energiles near the Coulomb barrier, the data are consistent with the theory.
Speaking more quantitatively, all but five of the 49 data can be accounted for

by values of(fﬁ > differing by not more than ZO% from the predicted ones and

values of all other parameters taken from other experimental results.
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VII. DISCUSSION

3

Chaudhry et al~ have discussed the moments of inertia in terms of two
models: one in which the nucleus at the saddle point 1s shaped like a
spheroid; the other in which it is shaped like two equal spheroids in con-
tact, with symmetry about the axis connecting their centers of mass. Neither
their data nor ours provide any means for distinguishing between these two
models. One would expect that for %eff/ %O > 0.9 the two-spheroid model
would not be applicable, since in this case the two spheroids would be oblate.

However, regardless of which model is chosen, both their experiments
and ours indicate that as ZZ/A decreases the deformation at the saddle point
increases. For low values of ZZ/A the saddle-point configuration is ex-
tremely elongated, with the extension of the nucleus along the axis of
symmetry being perhaps four or five times its extension perpendicular to that
axis. Cohen and Swiatecki have proposed that there is a rapid change in the
sequence of liquid-drop saddle-point shapes for nuclel with fissionability
parameter K 1in the neighborhood of X = 0.7.26 According to their inter-
pretation, this rapid change should result in a rapid increase in the elongation
of the fissioning nucleus as ¥ decreases across this region. The K wvalues
for the compound nuclei we have studied vary from about 0.68 to 0.735. Thus,
our data agree gqualitatively with the liguid-drop-model calculations.

In spite of the difficulties of interpreting experiments done with
heavy ions, these results together with those of Chaudhry et al. suggest that
it might be interesting to investigate angular distribution of fission frag-
ments using targets substantially lighter than gold, such as the rare

earths.
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IX. APPENDIX

In this section we discuss the assumption that fission takes place
before neutron emission, and the choice of the moment of inertia of the

fissioning nucleus.

A. Effects of Neutron Emission

The nuclear parameter of interest that we obtain from studies of
angular distribution of fission fragments 1s the quantity %eff/%O » the
ratio of the effective moment of inertia at the saddle point to the rigid-

body moment of a sphere. From Halpern and Strutinski's work we can say

2 2
(43 [a3 —_ 43
def?/go = H KO//édO .

If we assume that neutrons are emitted before fission we must use different

values of T and S from those used above. To evaluate this effect,

0
consider the logarithmic derivative of %eff/%o with respect to mass num-
ber A,

3 3
a —=tf oI gn - - ar/maa - 4. /Soaa
S S 0 0
0 0
*
aT 4T dE

2
:
&
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We assume that the energy loss on emission of one neutron is 10 MeV and

that T =  (E%/a)/? ; then,
*
dT/TdA = 5/E .

The moment of inertia, %O s is given by the relationship

5, = (2/5) AR",
— 2 ,5/3 ) _ o al/3
3 = (2/5) ro, A for R = RA .
Thus
-1
ay, B, dA = (5/3) A .

Since A 1s approximately 200 for the nuclei under consideration, this last

term is of the orderof 0.01.

Hence
3 3
===y =+ S (S R P
JO OO E

Furthermore, if we assume that neutrons are emitted prior to fission, the

fissionability parameter ZZ/A must be changed. For a decrease of 1

mass unit, ZZ/A increases by about 0.17 in this region of the pericdic table.
Thus, for each neutron assumed to be emitted before fission, each

point in Fig. 6 must be displaced along a line whose slope is

6< %ng> <%* + 0.01>
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For the six points corresponding to bombardment of gold with nitrogen
ions, this quantity (averaged over the data) is 0.4, to be compared with =
slope of the solid line of 0.2 in this region. Clearly, if neutrons are
emitted before fission, the data in Fig. 6 should be displaced upwards and
to the right relative to the solid curve. If there are many neutrons before
fission, such agreement as there is between our results and those of Chaudhry

3

et al.” would disappear. On the basis of these data, we conclude that an

average of only one or two neutrons at the most are emitted before fission.
Information available on the relative probabilities for fission and neutron

2
emission suggests that for systems such as Bi 09 the average number of neutrons

15

emitted before fission is close to zero. Measurements of the cross section

197

lead to the conclusion that an

23

for fission induced by carbon ions on Au

unknown but nonzero number of neutrons is emitted before fission.

B. The Moment of Inertia

The moment of inertia of a spherical shell of radius r, thickness

dr, and density p 1s

(8/3) = ar , (A1)

H

and for a body with spherical symmetry is

&x f o ar. (a2)
3 Jo

The mean square radius of such a body is
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)

<R?> = N/; rl+ p dr / ¥/; rt p dr. (A3)

The mass M 1s given as
2
M= lg jp r’ p dr. (Ak)

Combining the last three equations, we find that %O » the moment of inertia

of a body with spherical symmetry i1s given by

By = % M <32> . (A5)

If we assume that the mass density has the same dependence on radius
as the charge distribution, then the correct value of <Bé> to use in Eg. (A5)
is that determined by the electron-scattering experiments.27 Hofstadter
shows that for mass numbers greater than about 100, the mean-square radius

can be expressed to a good approximation as

2 _ i 2
<R>‘ 5 Ry o

where R = = 1.2Al/3 fermis. Combining this with Eq. (AS), we find

MR ° (46)

exactly the same as for a sphere of uniform density and radius equal to
1
1.2 A /3 fermis. We have used expression (A6) in calculating our moments

of inertia.
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A possible explanation for the very low moments of inertia found in
these experiments for the lowest bombarding energies might be that at these
low excitation energies the moment of inertia of the nucleus 1s less than
that of a rigid body. However, the excitation energies in question are
approximately the same as those encountered by Chaudhry et al., who found

that they could account for their results by using rigid-body moments.
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