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v ABSTRACT
Using semiconductor detectors, the fragment angular distributions
have been measured in the cases of fission of Bizo9 and U238 induced by
alpha particles of various energies ranging from 23 MeV to 115 MeV
obtained from the Berkeley 88-inch variable-energy cyclotron. The center
of mass angular distributions were analyzed by a least-squares fitlting
code to obtain the value of K02 corresponding to the saddle point exci-
tation energy Ex® for each bombarding energy. The transmission coeffi-
cients TZ and the mean square of the orbital angular momentum <ﬂa> of
the fissioning nucleus required for deducing KO were determined from
- optical model calculations. For both the cases of compound nuclei of
At213 and Puzuz, it is found that the values of Ko2 increase more rapidly
with Exs than expected on the basis of the Fermi gas model, irrespective
of the assumptions made about the multiple chance fissions., The fission
cross sections of U238 for alpha particle enefgies up to 110 MeV, also
measuréd in this work, enabled us to check the accuracy of the optical
model calculations. The presence of direct interactions and theixr effects

on the deduced values of K z were also investigated in detail in the

38

_ ~case of the target nucleus U2 Using the standard expression for
U ‘ Tn/Ff,'the first chance values of KO2 have been obtained and further
corrected for the estimated direct interaction effects, in the case of

the target nucleus U238

Even after allowance is made for the direct
interaction effects, the energy dependence of Ko2 appears to be signifi-

cantly different from that expected on the basis of the simple Fermi gas
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model. These results can be explained xf’ithin the framework of the Fermi
gas model if it is assumed that Jeff/af2 increases significantly with
the bombarding energy. It appears likely that these results suggest a
rapid increase in the effective moment of inertia Jeff with the angular
momentum as can be expected on the basis of the observed steep variation

in the saddle shapes with ZZ/A.
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I. INTRODUCTION .
In the last few years, several measurements on the angular distribu-

tion of the fragments in the fission of a number of nuclel induced by a

' 1 . .
variety of projectiles have been reported. The interpretation of

‘these angular distributions and further developments in this field are

primarily based on a model proposed by A. Bohr.2 The underlying idea
of the model is that the stretched fissioning nucleus in passing over
the saddle point exhibits gquantum states similar to those observed in
the permanently deformed nuclei, except that the states of the saddle
point nucleus are expected to be quasistationary since the nucleus
spends a very small time at the saddle point. The orientation of the
fissioning nucleus at the saddle point, then, depends on the available
qﬁantum states characterized by _f, M end ﬁ, where T is the total
angular momentum of the nucleus, ﬁ'is the projection of Ton a space
fixed axis (taken as the incident beam direction) and K is the projec-
tion of f'on the.éymmetry axis of the fissioning nucleus. By assuming
that f'is conserved from saddle point to scission point, the expected
angular distribution of the fission fragments can be calculated by
averaging over the distributions of the ii fﬁ and f’states available at
the saddle point. In the case of medium energy fission, where the
angular momentum deposited by the projectile on the compound nucleus is
much larger than any possible spin of the target nucleus or the projec-
tile, a simplification emerges from the fact that M % 0, The distribu-

+ion in the I-states can be obtained from an optical model calculation

- of the particle transmissioﬁ coefficients as a function of f{ With

3

such considerations Halpern and Strutinski~” and Gr:c'iffin}+ have extended
the Bohr model to the case of medium enérgy fission by further applying
statistical considerations at the saddle point to determine the distri-

bution in the available K-states. The fission fragment anisotropy is

- then found to depend on the parameter p = <Ia>/2K02, where Kb is the

standard deviation of the assumed Gaussian distribution of the K states.
Here it is assumed that the K-distribution is that of the internal
states of the nucleus corresponding to the saddle point excitatioﬁ
energy; therefore, on the Basis of the statistical theory KO2 is con~-

nected with the effective moment of inertia Jef and the nuclear

£
temperature T of the 'saddle point nucleus by the relation
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K% og... -1 . (1)
The effective moment of inertia Jéff is defined as
Jopp = JLJH/(JL - JH) s - (2)

L

where'Jr and J, are the moments of inertia about axes parallel to and
pérpendicular to the fission axis, respectively. On the basis of the

Fermi gas model, it is therefore expected that

' J s = ‘
2 “eff (Bx )° _
K = ° T s (3)
o] hZ L3
“f

where Ex~ is the excitation energy and e is the nuclear level densiﬁy
parameter both corresponding to the saddle point configuration of the
nucleus, The values of KO2 (end hence J_,,) can, therefore, be extracted
from the measurements on the fragment angular distributions and thereby
information on the saddle point shapes can be obtained if a rigid body

value is assumed for J These studies have been recently made by

_ eff”
Reising et. al.5 where the values of Jéff are derived from measurements

of the fragment anisbtropies in the 42.8 MeV alpha induced fission of a
variety of nuclei. |

The analysis of the angular distributions is relatively simple if
the observed fissions correspond primarily to first chance fissions and,
therefore, to a single value of EXS. But at those energies where multiple
chance fissions contribute significantly to the observed distributions,
the analysis of the angular distributions requires a knowledge about
the relative number of nuclei undefgoing fission at different excitation
energies. In other Wwords, for such cases it is necessary to know how
I"n/l“'f varies'with the excitaﬁ;on energy and mass number. Conversely, one
might expect to obtain some information concerning the number of neutrons
emitted before fission from the measurements of fragment anlsotropies
provided that other complicating processes do not set in at these
higher energies, and the theoretical framework remains justified
throughout the energy range. At the higher bombarding energies of alpha

particles, say from 40 MeV.to 110 MeV, where multiple chance fissions are
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expected both in the medium and heavy weight nuclei, to our knowledge
there are at present almost no data on the behavior of fragment aniso-
tropies with the bomb““ding energies. Conéequently very'little is
known about the new processes involved and the validity of the proposed
theoretical framework in this energy region. We have carried out
detailed measurements of the fragment angular distributions in the alpha

209 and U238, at various alpha particle bombardin

induced fission of Bi
energies ranging from about 30 MeV to 115 MeV. On analyzing the data
within the standard theoretical framework it is found that KOZ varies
significantly more rapidly with the excitation energy than expected on
the basis of a Fermi gas dependence, irrespective of the assumptions
made sbout multiple chance fissions. In the case of the bombardment of
U238, it has been possible to experimentally check the optical modei |
calculations of <2?> and to correct for the direct interacﬁioh effects
and the multichénce fissions, and, therefore to gquantitatively evalua@é
the deviations of first chance K g with theory. Though these results
may be taken to point out a rapld variation of J off with angular
momentum, guestions may also be raised regarding the energy aenendenc°

of K
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II. EXPERIMENTAL

Beams of alpha particles of different energies up to 115 MeV were
obtained from the 88-inch varisble-energy cyélotron at Berkeley. The
emergent beam passed through a quadrupole focussing magnet and was then
deflected into the experiméntal area by a switching magnet where the
veam was further focﬁssed by a second quadrupole magnet to obtain a
sharp beam spot at the center of the target position in the experimental
vacuum chamber, The final focuséing ad justments were made by placing
a gridded quartz disc at the ctherwise target position, and by observing
the beam spot through the light emitted from the irradiated area of the
quartz. A steel cylinder of about 9.5-cm length having a collimator
in the center of the side facing the beam was placed in the beam pipe.
This collimator restricted the beam area to a circle of 0,3-cm diameter.
The beam then further passed through three graphite collimators spaced
7.3 cm apart and each provided with holes of O,k-cm diameter to ensure
that its edges would not be struck by the beam. The distance of the
last collimator from the target position was about 1k cm.

The vacuum chamber used.is similar to the one described elsewhere.7
After passing through the target, the beam was collected in a Faraday '
cup connected to an integrator, which measured the Integrated beam
current. The bismuth targets were prepared by the standard volatilization
process, using bismuth of the highest available purity, and self;
supporting foils of thickness 239 ug/cm2 were used in the measurements,

238

The uranium targets, made by vacuum evaporation of U O2 onto

~ 70 pg/cm2 carbon backings, were obtained from the Los Alamos Scientific
Laboratory. The U238 target was made of depleted U238
nation of 0.03% U235. The thickness of the uranium target was 110 ug/cmz.

The target films were mounted on étainless steel rings of %—in. inner

with a contami-

diameter, and measurements were made with the targets mounted at the
standard angle of MSO with respect to the beam direction.

The fragment detectors were phosphorous diffused semiconductor
detectors of 400 ohm~cm p-type silicon and of 1 em X 1 cm square size,
which were operated at reverse bias of 40 volts, 'The chamber had two
movable arms each of which could be set at any angle from Oo to 180o
with respect to the beam direction in the two halves of the chamber,

Three fragment detectors D D2 and D, were mounted on one of the arms

o 3

¥
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with an angular separation of 200, and such that each of the detectors
was at a distance of 12.7'cm from the target center., The fourth
deﬁector Dh was mountéd at_exactly the same distance on the bther.arm
in the other half of the chamber. With this geometry the maximum apgle'

of divergence from.the mean detection angle is about izo; The pulses

- from each detector preamplifier were fed to a standard transistorized

amplifief followed by a diseriminator to cut off any alpha pulses caused
by the scattering of the beam. The émplifier outputs gated by the
respective discriminators were simultaneously recorded on a MOQ channel .
analyzer used as four analyzers of 100 channels each. The adjustments

in the discriminator level of each of the systems were made to cut

off any low energy tail in the recorded spectrum. The low energy

ends of the recorded spectra were also finally examined and the counts
recorded in each of the scalers were corrected for any residual low
energy tail in the corresponding spectrum. The tail correction in
general was less than about one percent.

The angular distributions were measured by changing the angle of
the arm carrying the three detectors, while keeping the detectdr Du
at a fixed angle of 90o in.the other half of the chamber to serve as
a monitor. During some of the runs, where there was also interest in
the measurement of total fission cross sections,.the integrated beam
current was used as a monitor. With the present collimating device
and the focussing adjustments, the beam spot on the target could be off.
the center by not more than 1 to 1,5 mm, Even this non~centefing of the
beam could. cause a change in the solid angles of detection at l’TOO and
90O by about 2,5% in opposite directions, changing the ratio of solid
angles by about 5%. However, by counting the fragments at 90O on both
sides of the taréet by means of detectors~D2»and Dh’ it was possible
to correct experimentally for any non-centering of the beam position on
the target. Using a Cf252 fission source, 1t was first insured that
the solid angles subtended by the two detectors are the same within
l%. Any small deviation of the beam position from the target center
which could appreciebly change the solid angle of detection at various
angles was obtained from the differences in the counts of D, and D)

detectors; and the angular distributibns were corrected for this effect.

Further, any small differences in the detection geometries'of the three

t
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detectors (Di, bz end D ) were obtained from the data in which the
fragments were counted at the same angle but with different detectors,
and these were also ‘taken into account in obtaining the angular dis-
tributions from the recorded data. The angular distributions for most
_of the cases were measured at angular intervals of 5 from. 170 to 90
(in the backward direction), and at a few angles in the forward
‘direction. In all the runs, the angle of emission of the detected
fragments with the plane of the foll was kept greater than MS Hence,
in those cases where the fragments were detected in the forward

directions, the foil was rotated by 90°.

IITI. EXPERIMENTAL RESULTS
The measured angular distributionsvwere transformed to the center
of mass system with the assumption of full momentum transfer of the
alpha particles to the compound nucleus. In fact, the measurements
on the fragment-fragment angular correlations, as described later,

209 practically

show that in the case of the less fissile nucleus Bi
all the fission events correspond to the case of full momentum transfer
even at the extreme bombarding energy of 110 MeV, Even in the case of
U238, it is found that the fraction of fission events corresponding

to incomplete momentum transfer.at 110 MeV bombarding energy is too
small to significantly affeet the results of transformations. The
average values of the kinetic energy of the fragments, equal to 74 MeV
for the compound nucleus At 213 and 86 MeV for the compound nucleus
PuZMZ’ were used in the transformations, For a typical case of alpha
particle energy of iOO MeV, the meaéured angular distributions plotted

in the center of mass system are shown in Fig. 1 for the above two

targets, It can beseen—thatthe—points measured in the backward and

the forward angles describe nearly the same curve, pfoviding, in a
direct way, a Jjustification for the assumptions used in the transfor-
mation. The least-squares fits to the angular distributions were made
w1th Legendre Polynomials, terminating the number of terms of the
Legendre Polynomial at a value such that the X changes by léss than 2%
in going to the next term. The observed anisotropies N(l?lo)/N(ébo) and

the coefficients resulting from the least squares fits for the various
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'alpha bombardlng energles are summarized in Table T for the two

targets., It can be ‘seen that even at the highest bombardlng energies,v
the higher terms are not statlstlcally 31gn1f1cant - For the typical

case shown in Flg 1, the Legendre polynomial least-squares fit to

~ the data is also shown. N

~ The statistical error on the anisotropy 'in each measurement was
ébbut’one pefcent except for the first two low energy points in the
case of fission of 31209. However, even after corfecting for the beam
position on the target, the data were found to be reproducible only
within about 2 to 3 pergent, possibly due to the presence of certain
other unknown systematic errors. These larger errors are therefore
assigned to the values of the measured-anisotropies given in Table I,
Figure 2 shows & plot of the measured anisotropies for the case of
alpha induced fission of U 38. For the sake of comparison and complete-
ness, the results obtained by Vandenbosch,‘et. al.” and by Leachman and
Blumbérg9 for the alpha particle bombarding energies of less- than
45 MeV are also shown in the figure, and these results are found to be
in good agreement with the present measurements. Quaiitatively; the”
increase in the anisotropy with the bombarding energy in a step-like
fashion in the energy range of 20 MeV %o 60 MeV can be understood on
the basis of the increasing angular momentum and the onset of‘(a,xnf)

processes, But it appears to be an unforeseen result that the aniso-

. “tropy is nearly constant or slightly decreases for bombarding energies

higher than 60 MeV, The same trend can be seen in the case of fission

s 20 . .
of Bi 9, where the anisotropy is constant for bombarding energies
higher than about 70 MeV, These results are discussed later in a

quantitative way,
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IV. ANALYSIS OF RESULTS AND DISCUSSION
| A. Comparison With Theory

The observed angular distribution of the fragments in the center of

' 2
mass system have been analyzed to deduce the values of K for various

o

“ alpha partlcle bombardlng energies on the basis of the model proposed
by Halpern and Strutlnskl 3 According to the theory, the differential
- cross section for fission at the center of mass angle 6, relative to the

value at 90o_is given by

2
J |
f L exp -8 sin” 6\ 14 gin® 6| 2
, 2 0 - .
wey _° s Mo , W
O . . .
w(90~) 2 2 )
g £ exp 2 J EEEZ dﬂz
0 LLKOZ °\ux .

where J is the Zero order Bessel function, and zm is the maximum v
angular momentum brought in by the incident particle. The above expres-
sion assumes that the target and projectile spins are zero, and the
particle deposits in the nucleus all values of the angular momentum up
to the maximum value. z with a uniform probability per unit z Further,
a possible weak dependence of fissionability on the angular momentum £
has been neglected here, In the present experiments, we are aotually
dealing with a zero epin target in the.case of U238, and calculations
show that even for the case of Bizo9 (spin 9/2) the effect of the targed
spin on the anisotropy is negligible in the pfesent cases where large
angular momenta are brought in by the incident projectile. The total

: engular momentum of the nucleus is therefore taken equal to the orbital
angular momentum £ of the incident projectile., The actual distribution

in £ obtained from optical model calculations of the particle trans-

mission coeffic1ents Tz as a function of £ ShOWS that the probability : t
. distribution for the momentum dep051ted is, in general rounded at the .
top end rather than being wniform in 2 throughout, as assumed in Eq.o(h). ®
But it is known that the anisotropy calcu;ated from the above expression o

corresnonds very nearly to the actual case, if the appropriate value of
2
zm is taken as zmz =2 <£g> , Where <£g> is the average value of the

square of the angular momentum. As shown later, the computations
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carried out 4n the present work also confirm this According to Eq. (&)

the anisotropy depends on the parameter p = <£g>/2K R ‘which can

: therefore be obtained by a least-squares £it of the experimental angular

'distrlbutlons to Eq. (4). The value of <£%> for the compound nuclei

formed can be obtained from the relation

A Zzz (22 +1) 1, | '(5)
Y (26 + 1) T,

Without introducing the simplifying assumptions regarding the shape’ of
the f-distribution, the following exact expression for the differential

eross section can be obtained by summing the cross section for each

state £4:
2 . 2 .2 .2
Y (224 1)7, 4 exp| Loin O (12 ein O |
) o 2 ,
6 £ Ly . LK :
- 2 . 5 = o (6)

o v _ - ,

W(907) Z: (22 + l)Tz £ exp :é-f T il -

L : ILKO o} ‘LFKO

The observed center of mass angulaer distributions were fitted to both

. (4) and (6) with a least-squares fitting code using an IBM TOLL

:comouter to obtain in each case the value of K 2. The values of Tz and
<£?> were computed from an optical model code as described in Section C.

‘The values of KO2 resulting from the least-squares fitting of the data

. Q
are summarized in Tables II and III for the cases of fission of Bizo’

238

and U , respectively. It can be seen from Tables II and III that there -

is no significant difference in the values of KO2 obtained from fitting

. to Egs. (4) and (6), which shows that the simplifying assumptions intro-

duced in deriving Eq. (h do not introduce any significant error. For

" simplified presentation we have therefore discussed the results mostly

in terms of the parameter <£g>/2KO , denoted by p.

The binding energies of the alpha particles to the respective target
nuclei, which were used to calculate the excitation energies Ex;.were
taken from the compilations of Everling et, al.lo The excitation energy

Exs for the saddle point configuration was calculated from the
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s o
Ex® =Ex - Epp = A - Ep , o (7)

where ERO is the rotational energy of the spherical compound nucleus,
EPP is the energy of a rotating saddle point conflguratlon (referred to
as the Pik-Pichak shape) above that of the rotating sphere and A is the

shell correction energy.
In the case of 31209 the values of E for different rotaticnal

? PP .
energies were obtained from the calculationsll’la on the rotating liquid
drop, and a value13 of A equal to 3.6 MeV was used. In effect, the

calculated values of (E__ + A) vary from 16.2 MeV for the case of zero

PP
angular momentum to 13.6 MeV for £ ~ 30 units (average value of the
angular momentum in the bombardment with 115 MeV alphas). In the case of
U238 the values of (EPP + 'A) are denoted by Ey in Table III., In this

case a value of 4.9 MeV was used for the £=0 case; this decreased with

b

the angular momentum to a value of 3.2 MeV for £ ~ 31 units (average
angular momentum produced in the bombardment with 115 MeV alphas). The
values of Ex" calculated in this way correspond to the case of first
chance fission. In the present range of bombarding energies; in both

the cases of fission of Bi209 and U238; it is expected that the observed
fissions correspond to several values of Exs due to fissions taking

place after the emission of zero, one or more neutrons or other particles;
end therefore the deduced sz represent some average values over the
various chance fissions. These values of KO2 are plotted against Ex"
<(calculated for the first chance fission) in Figs., 3 and 4 for the cases

¢ 8
209 and U23 , respectively, The solid line in Fig, 3

of fission of Bi
represents the values of Ko2 given by the Fermg geas model-(Eq. 3). This
was obtained by normalizing to the value of Ko deduced from the measure-
ments with the L0 MeV bombarding energy of slpha partlcles where
essentially all the observed fissions take place with a singie value of

) Ex® corresponding to first chance fission. The shaded area around the
solid line corresponds to the uncertainty in the normalization constant
based on the estimated uncertainty in the measured value of K 2 at the
normalizing point. For the sake of comparison with the present results,
the values of K 2 obtained by Chaudhry, ggkakglu in the range of

energylS Ex” between @bout 4 to 16 MeV are also shown in Fig. 3. It

s
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can be seen that the energy dependence of sz as calculated from
Eq. (3) after normalizing to the present results with 40 MeV alpha

particles gives a good fit to the values of KO2 deduced in their

measurements,

It is apparent from Fig. 3 that although the values of KO2 deduced
in the small energy range of Ex® up to about 16 MeV can be fitted to
the dependence given by the Fermi gas model, the experimental values of |
KO2 become significantly larger than theory with increasing excitation
energy even 'if it is assumed that the observed fissions correspond to‘
first chance fissions. If multichance fissions are taken into account,
one instead.expects the values of K02 to be lower than those given by
the shaded region, and consequently the deviations with the theory are,
in fact, more serious than apparent in the figure. Figure 4 shows the -

deduced values of K 2 fbr the case of fission of Puznz. The values cf

16

K02 deduced at two dlfferert low excitation energles by Slmmons, et, al.

- and Viola, et. al. ol are also shown in this figure, The dotted curve

has been drawn through the experimental points in a smooth fashion to
represent the observed variation of KO2 with Exs. A more rapid
increase in the values of KO2 with Ex" than given by the square root
dependence expected on the Fermi gas model is also evident in the cas¢

of fission of Puzuz, as cen be seen in Fig, 4, The plot of Koz/‘(Exs)-ZT

- versus Ex® shown in Fig. 5 brings out more clearly the observed

deviation from the. theory On the basis of the statistical theory,
it is expected that K /(Ex )2 should be constant at higher energies
where the palring effectsl expected at low energles have disappeared,

However, the present results show that K /(Ex )2 is inereasing with

" Ex® even for values of Ex® - up to 100 MeV.

From the above simplified discussion, it appears that in both the

21 24
3 end Pu 2, the values of sz increase more

cases of fission of At
rapidly with the excitation energy than expected, irrespective of any
assumptions about multichance fissions, However, to meke quantitative
comparison with the @heory it is necessary to evaluate the values gf first

2
chance KO , and also to take into account the £[-dependence of the

fissionability., Moreover, since the deduced values of K . depend.

crucially on the calculated values of <Eg>, it is des1rable to check

experimentally the results of optical model calculations. Finally, it
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is also necessary to investigate the effect of poséible direct.inter-
actions at high bombarding energies on the deduced values of K ¢ As

' discussed in later sections, for the case of bombardment of U 8 it has
been possible to check experimentally the results of optical model
calculations, and to obtain information on the values of fitet chance
sz corrected for the effect of a small measured fraction'of direct
interaction events to enable a gquantitative comparison with the

expected energy dependence of KO

B. TFirst Chance Kéz

The effect of neﬁtron emission on the magnitude and direction of'f
is, in general, not expected to be significant even at the extreme alpha
238 at this bombarding
energy the average initial angular momentum <4> is about 27, the
average angular momentum <Zﬁ> carrled by the neutrons is about 2.8 and
the value of the parameter J_ - T/h (=0 ) is about 250, The ratio
<£><i >/c 1s, therefore, 61gn1f1cantly less than unity and, therefore,
the emitted neutrons are expected to be weakly coupled to the initial
angular momentum, resulting in a nearly isotropic addition of the
neutron angular momentum vector to the initial spin. As suggested by
Halpern and Strutinski,3 the small effect of the disorientation produced
in f’may as a result get cancelled with a likely increase in the value
of 4. It is therefore reasonsble to assume the same initial value
of <£%> for all the fissioning species., On the other hand, the values
of sz a{e expected to change significantly as arresult of particle
- emission. The extraction of first chance K02 from the measured angular
distributions and also the determination of KO2 using effective <2%>
which takes into account the £-dependence of the fissionability, require
a knowledge about the values of [ /P as & function of excitation energy, ®
angular momentum and mass number, In the case of At213, these calcu- “
-lations oﬁ Fn/I‘f depend rather sensitively on the input level density - &

parameters a, and a But at present, apart from the uncertainties in s

£
the values of a, and an, Very little is known about the possible energy
dependence of a, for this near magic nucleus At 3. Moreover, as

pointed out by Vandenbosch, 19 for the case of At 3, which has a large
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negative alpha binding energy, a significant evaporation of alpha
particles in competition with neutrons can be expected at high excita-
tion energles The calculationo on particle competition using optical
model penetrabilities and 1nclud1ng angular momentum effects show that
at the excitation energy of 110 MeV, Fa/Fn may be of the order of unity.
Because of the ambiguities in the values of &, and af, and complexities

introduced by possible alpha particle competiﬁion, it is difficult to

_exactly evaluate the values of first chance Koz. However, to illustrate

that the values of first chance K 2 are expected to be higher than the
observed average values, the calculated values of K 2 for various
nuclel formed as a result of neutron emission from the 1n1t1al compound
nucleus At 13 are shown in Table III for the typical case of initial
excitation energy corresponding to the bombardment with 110 MeV alpha
particles, In these calculations we have taken into account the

fact that as a result of neutron emission, although T decreases, the
value of J off increases due to the increase in the value of ZZ/A. The
dependence of Jeff on ZZ/A was taken as deduced by Reising, et, al.5

from the measurements on fragment anisotropies. It can be seen that

 the net effect is that the values of KO2 are decreased for the nucleil

undergoing fission after the emission of neutrons. Further, in the
case of emission of alpha particles or any other charged particles, the
values of KO2 of the residual fissioning nuclei are also expected to be
lower because of the decrease in both the‘Jeff and T. It can therefore
be concluded that whatever be the weighting factors of the various
nuclei, the values of first chance Kozzshould be significantly larger
than the ob;erved average values of KO » thereby further increasing the
deviations from the shaded curve (Fig. 3) based on Fermi gas theory.

In the case of fission of Puzuz the calculations show that neutron
emission and fission are expected to be the only significant competing
processes, and, therefore, it is simpler to calculate the effect of
L-dependence of fissionability on the deduced values of KOZ, and to
estimate the values of first chance KOZ. The 4-dependence.of fission-
ability arises from the differences in the moments of inertia of two
configurations in the competing processes of neutron emission’ and
approach to fission barrier. In the statistical picture the resulting
decrease of the barrier height with the angular momentum (as seen in

Table III) increases the relative probability of fission with respect
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to particle emission for iarger £ values. We have taken into account
this dependence in a simplified manner by multiplying the deduced
values of Ko2 by a factor <z%>e/<z3>, where <2%>e and <£2> are the
average values of the square of the angular momentum relevant for the
" compound nuclei undergoing fission and for the compound nuclei formed,

fespectively. The <£a>e is obtained from the relation

o - S %28 + 1) T, P.(A;Ex,4) . .’,(8)

©  Y(ze+ 1) T, P(A,Ex,2)

Here Pf(A,Ex,E) is the probability that the nucleus with mass A, excita-

tion_enefgy Ex and angular momentum £ undergoes fission, end is given by
P, = I‘f/(I‘f + rn) S (9)

A computer program for the IBM 7094 was set up to correct the values of
Ko2 for the f-dependence of fissilonability, and to calculate the fraction
of nuclei undergoing fission at different stages and thereby to deduce

the value Ko 2 of first chance Koz. The standard expression ° for Fn/Ff_

1
with &, = 8p = A/p was used in these computations, For the sake of

simplicity,fit was assumed that the emitted neutrons carry a constant.
kinetic energy equal to 2T instead of a more realistic Maxwellian
distribution, This simplifying assumption is not expected to introdﬁce
any significant error invthe present case, since f‘n/l‘f changes slowly
with the excitation energy throughout most of the energy range. These
calculations gave the values of <£2>e appropriate for different nuclei
formed after neutron emission, and, therefore, an average value of <z?>e
_ weighted by their relative population was used. The following expression

was used for calculating the first chance KOZ:

1 . -1
<132>e _ il:al xF, ([3) + (1-1)e] T,) o)

2
(KO )<22> Z - ‘ ’

i=1 i

where first chance Ko2 1ls then given by
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2 . X O M .
= ‘ . _ 11
Koo =910 . | (11)
Here xF, are the number of nuclei of mass (A-i+l) undergoing fission at
saddle p01nt temperature T The change in the effective moment of
inertia J ( J ff/h ) due to the change in Z /A resultlng from neutron
emission is taken into account by the factor c which was taken from the

-

work of Reising et. al.’ The above expression for estimating KOl

“assumes that the observed anisotropy is equal to the weilghted average

of the anisotropies for fissions taking place at different stages during
neutron emission. The results of numerical calculations show that there
is no significant difference in the results of this simplified procedure
and that of the rigorous procedure in which the normelized angular
distributions are averaged to obtain the resulting angular distributions.
The last six columns of Table III show the results of these calculations
for values of B = 8, 15 and 23. It'is apparent that for this highly
fissionable nucleus of Puzuz, the calculated values of <£%>e and the

extracted values of first chance fission_Koz are not very sensitive to

- the assumptions regarding the level density parametefs characterized

by B. Moreover,.the extracted values éf Kolz_areznot significantly
increased as compared to the average values of KO primarily gue to the
predominance of first chance fissions, Since in any case Kol should
at least be equal to KOZ, the uncertainties in the assumption that a,
and a, are equal, is not expected to significantly change the extracted

T

values of K 12' A plot of K l versus Ex° is shown in Fig. 6, where

the vertical open bars enclose the values of K 12 obtained under dif-

ferent assumptions about B, It can be seen that the extracted values

of Kol

dependence on Exs. In the next two sections the optical model calcu-

2 .
clearly show the deviation from the expected square root

‘lations and the direct interaction effects are examined with a view

to determine any likely contribution to the observed deviations from

these factors.



-16- | : UCRL-16706

C. Optical Model Calculations
and thereby <£a> were calculated for each alpha

The values of Tz e
particle energy and each target nucleus with an optical model code

using the Woods-Saxon parameters given by Hulzenga and Igo.22 Figure T
shows the calculated values of <£%> along with the list of the optiéal

model parameters used in these calculations. The calculated reaction

vcross'section o, can be expressed to a good degree of accuracy by the

. R
following relationship: N

oy = 2% %2 <zz> . - (12)
The accuracy of the calculated <z?> can, therefore, be inferred from a
comparison of the calculated o, with the experimental values, The
measured reaction cross sectionsof U233 and U23s'with 18-L3 MeV alpha
particles have been found23 to be in good agreement with the total
reaction cross section calculated with an optical model using the above
parameters, In the present calculatioﬁs, it has been assumed that the
same parameters can also be used for alpha particles of energies up to
115 MeV. Even though the optical model parameters are expected to depend

on the bombarding energy, the use of the same parameters can be justified

 from the fact that the calculated o, shows a very weak dependence on

R
the potentials used, especially for higher bombarding energies. However,

since the values of KO2 deduced from the experiment depend crucially on
the calculated values of <ﬂg> , it is necessary to expeérimentally
ascertain the accuracy of the present calculations of <z3>. For this
reason we have measured24 the total fission cross sections for bombard-
ment of U238 by alpha particles of energies up to liO MeV, The fission
cross sections measured in the present work for alpha particle energies
between 40 MeV-110 MeV are shown in Fig. 8a aloné with the data obtained
by Viola and Sikkeland25
The ratio cf/

for alpha particles of energies up to 4L.6 MeV.

GRC of the measured fission cross sections to the

- reaction cross sections calculated with the optical model for various

alpha particle bombarding energies are shown in Fig. 8. Since the
residual nuclei formed in this bombardment have low fission barriers
(~ 5 MeV)'and high excitation ehergies, the probability of the nucleus to
fission at some stage of the competition between neutron emission and

fission .is very large. The observed ratio of/cRc of about 0.9 in the

i dmnmret < s pepemt, $ i Fmer T T
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region of alpha particle energies of 40 MeV is consistent with the’

26 .
_measurements of Wing, et. al,. whlch_showsthat in this energy range

the spallation cross section is about 9% of the total reaction cross
section. TFor alpha particleAenergies larger than TO MeV, the measured
fission cross sections are less than the calculated reaction cross
sections by about (lO + 5)4, A frection of this érder can ééain be
.expécted for the spallation cross sections at these higher energies,

if the fraction of inbteracticns corresponding to the incomplete

momentum transfer have increased as compared to lower energies, as

discussed 4n Section D. For the typical case of 110 MeV hombardment

the fission cross section is found to be about 15% iess then the cal-
culated reaction cross secticn which could be interpreted by saying
that at this energy the fraction of direct interactions vhich dc not
lead to fission is about 15% and the calculated reaction cross section
is in agreement with the experiment. Ar alternative explanation for

this can be that the optical model calculations give about 15% over-

- estimate of cR(and therefore <E%ﬁ and there are no direct interactions

not leading to fission. However, in either case the corrections to be.
applied to the values of Kolz are the same, 4

For comparison with the optical model calculations, we have also
plotted the values of <£a> in Fig. 7, as calculated from the classical

model which is expected to be valid for the large alpha particle

bombarding energies; The values of <£a> were calculated from the
relationship
£2- : .
max ME - V) 2 '
<% = - ( - ) g It (13)

ol

where M is the mass of the alpha particle, V is the Coulomb barrier

height and R is taken equal to A(ll,‘SAl/ 34 1.2).

It can be seen from Fig. 7 that the values of <£g> calceulated from
the two models are in excellent agreement in the middle range of alpha
particle energies., At bombarding energies in the region of 110 MeV, the
values of <z%> calculated from the classical model are, in fact, larger
by about 5% than those celculated from the optical model, On the basis
of the above considerations, there does not appear to be any evidence
to show that the value of <£%>maywhave been overestimated at higher alpha

particle energies,'therebyAresulting in the larger values of Koz.l
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D. Direct Interaction Effect

In the transformation of the angular distr;bution to the center of
mass system and the calculation of <£g>, it was assumed for the simplified
analysis of the data that the incident alpha particle depcosits all its
momentum on the target nucleus and forms the compound nucleus. However,
the above assumption is not expected to be true for higher bombarding -
energies, where a significant fraction of the interactions may take place

via the mechanism of direct interactions leading to incomplete momentum

- transfer., The deduced values of sz can then appear to be larger due

to two kinds of effects introduced by the presence of direct interactions.
In the first place, the fissions which follow direct interactions can

be expected to have different angulaxr distributions as compared to those
which follow full momentum transfer, Secondly, even if the nuclei do

not undergo fission following direct interactions, the very presence of
direct interaction events may effect the values of <E%>. In what

follows we have estimated the effect of each kind on the deduced values
of Kol2 by considering the.case of bombardment by 110 MeV alpha particles.
The fraction of fissions which follow direct interactions can be experi-

a7

mentally determined”™' by investigating the forward linear momentum
transfer from a study of the fragment-fragment angular correlations.
These angular correlations were measured2 for the cases of fission of
Bi209 and U238 bombarded by 110 MeV alpha particles, and the results are
shown in Figs. 9é and 9o, It can be seen from Fig. 9 that the éngular

209

correlation for the case of Bi shows a single symmetric peak with a
half width of about 5.50. A single symmetric peak is expected for +he

case of specific momentum transfer followed by symmetric fission and,
therefore, it can be inferred that in the case of bombardment of B1209 )
practically all the observed fissions correspond to the case of full

momentum tranéfer even when the alpha particle energy is as high as

110 MeV. This is what one expects for these less fissile nueclei, where

the fission cross section decreases sharply with the decrease in the

energy deposited on the nucleus, thereby reducing by a large amount

the probability of fission in the case of direct interaction events, v .

238

However, for the case of bombardment of U the observed distri-
bution does indicate the presence of a small secondary peak corresponding
to the fissions following incomplete momentum transfer. 1In this case the

fraction of the fissions following direct interactions was determined by
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fitting the observed distribution to the sum of two Gaussian distribu-~
tions by a least'squares fitting code The two Gaussian distributions
which when summed, give the best fit to the observed distributicn

are also shown in Fig. 9b., From the fractional area under the secondury

. peek, it is estimated that in this case aboub 9% of the fission events

follow direct interactions., It is expected that the laboratory angular

- distributions transformed to the center of mass system under the assump=-

tion.Of full momentum transfer will not be appreciably affected due to

the presence of this small fraction of the direct interaction events.

In fact, the only effect, if any, of taking into account this fraction

in the transformation will be to reduce the center of mass anisotropy

resulting in a further increase in the value of Kolz' (This is because

the angular distributions are measured mainly in the vackward directions;
and the assumption of full momentum transfer leads to overcorrection if
there are some events with incomplete momentum transfer.)

However, since the fragments in the direct interaction events are
expected29 to have different angular distributions, the deduced values
of Kol2 should be correctédAfor these background events, Under the
reasonable assumptions that the values of N(90)/N(O) for these events
is between 1.0 and 3.0, the overestimateBO in thevdeduced values of KO
corresponds to between 10% and 16%, respectively. Secondly, the presence
of direct interactions mot leadlng to fission can reduce the value of
<ﬂ%> relevant for the nuclei underg01ng fission. This is because the
direct interaction, which presumably 1s a surface reaction. ocecurs at
the expense of compound nucleus formation with large z-values In the

presence of direct interactions, the value <£%> relevant for the

compound nucleus interactions can be written as o

<£g>c, Uc
s . “ (14)
<£?> éc;+,c '

d .

where <z?> is the value calculated from the opsical model and Ous Od
are the cross sections for the events corre5pond1ng to compound nuclel
and direct 1nteractlons, respectively,

In the case of U238

110 MeV is about 15% lower than the total reaction ecross section calcu-

, we find that the fission cross section at

‘lated from the optical model., Since at this energy all interactions
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“with complete momentum transfer are’expected to ultimately lead to
fission, the above deviation pointing to the forMation of spallation
1'products can be interpreted as due to the direct interaction events
occurring with a fraction of about 15%, The total4fraction‘of direct
- interaction events which either lead to fission or spallation products
can therefore be estimated to be about 24% (15% + 9%) in this case,
implying that the value of <£z‘ relevant for the compound nucleus
interactions is lower by the same value, Therefore, the total direct -
interaction events which do or do not lead to'fission can be expected
to give rise to an apparent increase of about 34% (24% + 10%) in'theﬁ
values of K g at 110 MeV bombarding energy. In order tc correct the

ol
values of K
ol

fraction of direct interaction events decreases.linearly with the bom—,
barding energy. The closed rectangles in Fig. 6 represent the
deduced values of K 12 corrected for this estimated direct interaction
effect To bring about clearly the deviations. of these corrected values
of K l from the expected Fermi gas dependence, we have shown in Fig._lO
a plot of K /(Ex )2 versus Ex°. It is clear from Fig. 10 that

l /(Ex ) instead of being constant, increases significantly with Ex'.

throughout the energy range it has been assumed that ‘the

- E. General Discussion

From the analysls of the results in the case of I’uzu2 fission,

~where 1t has been possible to correct the data for the known complexities,’

it is clear that K a does not seem to vary with Exs,as expected on the

statistical theoryo%Fig.-lO). The same trend is found in the case of
fission of Bizog,'where for the typical case of bombardment with 110 MeV
alphe particles the deduced value of K 2 is found to be at least 30% :
larger then expected. In this case also the corrections for the
multichance fissions and the fZ-dependence of fissionability should
further increase the values of first chance K 12, especially at higher
energies, The energy dependence of K /(Ex )2 was also indicated from
the angular distribution measurements of Viola, et. al 1 in the case
of heavy-ion induced fission of bismuth and gold. It is very likely
that in their work also only a part of the observed disagreement wifh
the theory might have arisen from the direct interaction effects, and

their results also indicated a genuine deviation from theory. In what
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follows the various possible reaéons'leading to the observed deviations
from the predictions of a simple Fermi gas model are discussed,

 As seen from Fig. 6, it is possible to explain:the presen? résults,
if Kolz is assumed to be proportional to Ex® rather than (Exs)2, This
would imply that either the distribution of K states at the saddle point
is determined from considerations other than that suggéstedbbylHalpern
and Strutinski,3 or the saddle point nuclear temperature has a linear
deﬁendence on ExS rather than the square root dependence given.by the
Fermi gas model. Although the known linear dependence of sz on Ex®
for low values of Ex" has been explained on the basis of nuclear
pailring effects,l8 it can bé said that the same linear dependence persists
throughout the energy range of Ex" even after the pairing effects have
presumably died out.

‘ On the other hand if the Fermi gas dependence of Koz on Exs.is
assumed to b§ true, the present results can be explained if one assumes
that J'eff/af2 increases with the excitation energy or with the
- increasing angular momentum as shown in Fig. 10, If the decrease of
a, with the excitation energy is not expected, which appears reasonable,

£

one has to infer that Je is increasing with excitation energy or

angular momentum, The iigrease in Jeff can be expected for values of
Exs'up to about 20 MeV on the basis of disappearance of the pairing
effects With the increasing excifation energy. For higher excitation
energies, where a rigid body value of Jeff is assumed, a change in Jéff
should involve some other effect.

An increase in the value of Jéff with excitation energy may be
expected to come about due to the presence of wriggling and vending
modes of oscillations about the saddle point shapes as described by
Nix and Swiatecki.32 Since these modes are not axially symmetric,
their presence should on the average increase JH and degrease Jl’
resulting in an increase in the value of Jéff. Qualitatively, it 1s
therefore expected that Jéff should increase with excitation energy as
the result of an increase in the intensity of these oscillations with
nuclear temperature. However, some guantitative estimates made by

Nix33 show that the increase in Jef due to these effects is only

: . £
about 2% when the nuclear temperature is increased from O to 2 MeV;
therefore, this effect can be ruled out as a possible reason for the

observed increase in J .
eff
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The rapid increase in the value of J wilth the bombarding energy

eff _
can be interpreted to suggest that the saddle point shape of the nucleus

- changes significantly with the increasing angular momentum £, Although

' a dependence of the saddle shape on the angular momentum is expected

on the basis of the liquid drop calculations,l2 thexresults of these
célculations show a much weaker dependence on the rotational energy than
required to explain the results shown in Fig. 10. For -example, these
calculations show an increase in the value of J eff of only about 9% for
Pu hz, and of only about 5% for the case of At213 in going from zero
rotational energy to the values corresponding to the 115 MeV alpha
bombardment, In Fig.AlO? the rotational energy ERO of the initial
spherical nucleus is shown in terms of the dimensionless parameter

= ERO/ESO, where the surface energy ESO is taken equal to 17.8 A2/3
(MeV). If the observed deviations are attributed entirely to the angular
momentum effect, the present results show that for the case of Puza2
Jéff is nearly doubled in value in going from y = O to y = o.0058(<z?>e =
1060). Comparing this with the results of rotating liquid drop calcu-
lations, one finds that the observed increase of Jeff with rotational
energy has to be about ten times more rapid than that given by these
calculations. |

It is known5 that the observed values of J £r are found to increase

more rapidly with Z /A than expected on the ba51s of the above calcula-
tlons for gilues of Z /A greater than about 33. It has been suggested by

that 1f 4 curvature correction term to the surface energy is
with ZZ/A can be made

Strutinski
included in the calculatlons, the variation of J off
more rapld,(and therefore in accordance with the deduced values) for the
range of ZZ/A greater than about 33. It is shown in the Appendix that

if the slope of Jeff versus Z2/A is modified by incorporating some changes
in the surface energy term, the natural consequence is that the slope of
Jopp Versus y is also changed in the same ratio, Therefore, in the region
of Z7/A correspondlng to Puznz, if it is assumed that J o ff increases about
ten times more rapidly with Z /A than the increase given by the above
calculations, one can expect an equally more rapid increase in Jéff with
angular momentum as compared to the above calculated results. Though the

variation of J with 2 /A as deduced by Reising, et. al.5

eff
to be more rapid than the calculated one, it is difficult to infer

does appear

the exact slope, due to the presence of scatter in the deduced
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vaiues. In any case, the difference in the slopes of the experimental
and calculated variation of Jefr with ZZ/A indicates at least quali-

tatively a signifiqaﬁtly,more rapid increase of Jeff with angular

.momentum than the calculated one.

If the observed deviation in the values of Ko2 with the theory
is not fully attributable to the effects mentioned sbove, this would

imply that cerﬁain assumptions of the theory may not be true,

Vespecially at higher energies. In particular, if the time the nucleus

spends in passing over the barrier becomes ccmparable with the nuclear
period, so that the states at the saddle point are not even quasi-
stationary, the spsctrum of states at the saddle may have little
physical significance even in the statistical approach, In such a case
a somewhat weaker correlation may exist between the angular momentum
axis and the fission axis, thereby resulting in a lower anisotropy and
cohsequently apparently larger values of KOZ. waever, within the
framework of the statistical approach of Halpern and Strutinski it is
most reasonable to infer that either Jeff increases too rapidly with
the angular momentum or the relationship between the saddle point

excitation energy and the nuclear temperature is different from that

given by the Fermi gas dependence,
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- APPENDIX

Variation of Jeff with Zz/A and Angular Momentum z35

The variations of J .. with nuclear charge (i.e. ZZ/A) and with
. 1
angular momentum £ maey be related to each other by making use of the

fact that under certain circumstances (i.e., when dealing with fairly

elongated shapes) the electrostatlc repulsion and the centrlfugal forces

are fairly similar in their effects in modifying the shape of a nucleus.
(The principle tendency of both effects is to tear apart an elongated
nucleus into fragments.) In fact, if the presence of rotation (i.e.,
the presence of angular momentum £) cen be simulated by an increase in

the amount of charge (i e., an increase in ZZ/A) it follows that any

_anomalles present in the plobo of J off (or any other quantity related

to deformatlon) against Z /A should have their counterpart anomalies in

‘plots against £.

One can bring about the above argument guantitatively in the

following manner. It is assumed here that both the Coulombic and centri-

'fugal forces produce a single family of shapes characterized by a

deformation parameter 6.
The total deformation energy Ed of a nucleus as a function of

deformation parameter o can be written-as

0 o) o ‘ |
Ed(e) =E -E +E -E +E -E , (A1)
where E ,»EC and E Ex aré, respectively, the surface, Coulomb and
rotational energies for the deformed nucleus and E Eco and ERO are

the corre5pond1ng quantltles for the original spherlcal nucleus. The

deformation energy in units of the surface energy ESO can be written as
E,(6)

EO
]

=t(0) = (BS - 1) + ZX(BC - 1) +'y(BR -11) | (Az)

=F(g) + 2x G(8) + y H(6) s S (A3)%

o o 2 2,
R o n s X =B /2B = (2°/8)/(Z7/A)
and y = ERv/Esg. The saddle shape is obtained from the relation

F'(6) + 2x e (e)+ y Hﬁ(e) =0 S - | (L)



-26- ~ UCRL-16706

Differentiating Eq. (Al) with respect.to x and y, one gets

B p(e) + 2x 67 (0) + y 5 (o)
and e .
& - - 27°(6) . ”

F*%(e) + 2x 6"7(e) + y BT (e)

can be written in the form,

The’variation of Jeff
ca(g ) ald L) ae
Meff - eff” , (A7)
-~  dx de dx
and
Wee) | Were) 20 (a8)
dy de  dy ’ ,
It follows from Egs. (A7) and (A8) that
A(Tgpp) ) |
d(ix 7= 267 (o) _ const (independent of surface energy) (A9)
C_teff? - H(e) :
ay '

On the basis of Eq. (A9) if the surface energy term in the liquid drop
calculations is modified in order to change the slope d(Jeff)/dx5 as a

result of this, the slope d(Jéff)/dy will also get changed in the same
\ Sk

ratio, In particular, if the inclusion of curvature correction” in
the calculations leads to a more rapid variation of Jéff with ZZ/A, it

should also give a more rapid variation of Jéff with 2.
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FIGURE CAPTICNS
Relative differential cross-section as a function of the center
of mass angle in degrees. The open and the closed points
reﬁresent the expefimental data taken in the backward and the
forward directions, respectively. The solid curve is the
Legendre polynomial fit to the data. The dotted cﬁrve repre-
sents the least square fit of the data to-Eq. (4) to deduce
the value of P (=_<£%>/2K52).
The center of mass fragment anisotropies versus bombarding energy
of alpha particles in the alpha induced fission of U 38
The deduced values of KO as a function of the excitation energy

Ex" sbove the fission barrier for the case of alpha induced

fission of Bi209. The values of K obtained by Chaudhry,

“et, al. 13 for the relatively low energy region are also shown.

The shaded region represents the dependence expected on the
‘ 2

Fermi gas model as obtained by normalizing to the value of Ko
for the case of 40 MeV alpha bombarding energy where essen-
tially all the observed fissions correspond to the first chance
fissions.

The deduced values of KOZ as a function of the excitation
energy ExS above the fission barrier for the case of alpha

238

induced fission of ‘U The two points shown by triangle

and closed circle represent the values obtained by Simmons,
et. al.15 and Viola, et: al.l6 The dotted curve has been
drawn through the experimental points in a smooth fashion to
represent the obserzed variation of KO2 with Exs.

A plot of K /(Ex versus Ex for the case of alpha induced
fission of U 38 |
The extracted values of the first chance fission K (denoted
by K ) versus Ex°. The values of K 2 are extracted under

ol
the assumption that a, = 8, = A/B. The cdrcle, cross and

btriangle represent the values of K 2‘deduced for values of B

ol
equal to 8, 15 and 20, respectively, The values of Kol2 are

best represented by the rectangles enclosing the three points,

where the experimental uncertainty in the values of Kol2 are

also included, The values of Kblz corrected for the estimated

maximum direct interaction effects are shown as closed bars.
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Values of <42 for different alpha particle bombarding energies

calculated with the optical model code using.the Woods-Saxon'
parameters as listed in the figure, The dotted and theasolid
209 23

curves correspond to the target nuclei of Bi
respectively. The classical model values of <2%> calculated

Cwith R = (1.5 A /3 + 1.2) are shown as circles and triangles’

209

for the case of Bi and. U238, respectively.

Measured fission cross sections at different alpha bombarding

_ 8
- energies for the case of alpha induced fission of U 3 ' The
‘reaction cross sections calculated from optlcal model code are -

.shown by the solid line curve,

The ratio of the measured fission cross sections to the calcu-

lated reaction cross sections for different alpha'bombarding

'energies. The closed circles represent the measurements

carried out in this work.
The measured fragment-fragment angular correlation for the case
of alpha induced fission of (a) 81297 ana (v) U238. The number

of fragment-fragment coincidences 1is plotted for various angulaxr

/'-positiohs of one of the detectors with respect to the beam

'_direction, while the second detector is kept at a fixed angle

of 90o with the beam on the 6ther side of the foll., For the

_ case of target nucleus U238 (Fig. b), the best fit to the

observed distribution is obtained by the sum of two Gaussian

’_ distributions represented by solid line curves in the figure,

.. From the area under the secondary small Gausslan peek, the

‘Fig. 10,
. extracted for first chance fission at saddle point excitation i

percentage of fissions following incomplete momentum transfer

is inferred, :
2 s % L 8 2 2

A plot of K _,”/(Ex")" versus Ex . X ," are values of K

enexrgy Exs. These values of Kolz have been further correctéd

for the estimated maximum direct interaction effects, On the

Fermi gas mogel this can also be written as a plot of

eff/h . qf versus Ex~, The values of the average angular

'f momenta of the fissiloning nucleus are shown on the top x=-axis

-in terms of rotational parameter y, where y is the ratio of

the rotational energy E ° to the surface energy Eso for the

R
initial spherical shape of the nucleus, The surface energy Eso

is teken as equal to 17.8_A2/3 (Mev).



O .
O
7.. -
O -
0 :
3
3
8 : .
\ ! “2p0d Furqy3ll arenbs gseal oy} WOIJ pauUTBIQO SIUSTOTIIS0D ayy ug SUOTJBIASL paepire]s a9} 07 puodsariod sioaxs omun.Ho
A °8X04Z3 TBOT9S5138]S 0] UOITPPR Ul SIOIXS of3sumazshs mmnﬂ.dcﬁn
- ﬂmonwﬁ ‘ssal aq 03 payoadxa ST $91EJaus ecayy UL X0JJ3 Ayl "u0x3CT3K0 3y JO suoyjipuos fuizersdo .uwacam WG wWwoay paysnofed aae sagoyzred euydie ayz jo ssifaous wmmﬁﬁm
aoo..oﬂ8.o; 700°0FH00°0  E0CTOFL00"0 £00°0¥%S0°C  €00°030g2°0 H#0°05L6"1 Loo°07£00°0- 900°0FLI0°C  600°03290°0 mwo.oﬂa.a.o #00°0729$°0 90°036%°2  ©°¢11
i §00°0¥200°0~ L00°0¥910°0 900°03ES0°C  SOO°0ING2°C ©  %0°0F09°1 2T0°0¥€00°0  OTO°07L00°0 -600°072L0°0 g00°07O2°Q  900°03054°0 93°0:8h°2 0011
ST . %00"07€00°0 H00°0F940°C  £00°0T482°C  40°O¥QSl  L00"0%E00°0- L0OT0FG00°0  $00°07GH0°0  C00°0I0TI"0  %00°0%99S°C  90°CTHR"Z  0700T
" £10 OFHIC 0~ 2T0°0F010°0- TIC'OFHIO'O 600°0%650°0 L00°03ge 0 ©0°0509°T S00"0FT00°0  $00°0FES0°0 40070706170  €00°0%955°0 90°0%9%"2 0706
" 400°0F0T0°0~ %00°0%¥900°0- E£00°0T9TO'C £00°07020°0 Z00°0FE62°0  $0°OTT9'T i o . - L 0°¢g -
T10°07€00°0  OTOOF00°0~ Q00°032T0°C LUO'07I90°0  $00°0%TL2°0 60°0796°1 0T0°071T0°0  60070¥520°C  QO0"0FGS0°0 900 0¥Y6T°C  $00°0s675°0 90 on‘e  0°g
9.. : %00°0%200°0~ %00°07920°0 €00°07g40°0 200°07L12°0  #0°0¥09°1 2TO°OFH00°0  OTO°CER0°C _ 60070%6E1°0  100°0%426°0  90°079E°2z  o°¢L
A 900°0¥200°0~ S00°0%900°0~ $00°07g00°0 H00°07S5G°0  €00°0CF162°0 %07 0309°T 600°0%600°0  LOG°0FZHO0  90CT0F9QT0  $00°072T6°C  $0°0%lz'Z 6709
00°C¥T00°0  700°0F200°0- 400'OFLIC'O £0C°0FH20°0  €00°0¥792°C  #0OIRC"1T 210706100  TIO0FY00°0- OT0°OFAHO°0  600°07L2T°C 90cTorOly'o  60T0F2L"Z 070§
~ 01070¥400°0  QOC'03600°0 L0O'CIEE0'0  $00°0THSE'O  %0°OFIS'T .. §20°0FT100°0- 220°036T1"0 8T0°0%0g "0 g0"0F0T'Z  O7on
" © . BO0TOFTIC'0 LOCTO0RL10°C  SO0°OFHIT'O  40°0%9C°1 O . . R I . 070E
+ 21076720070~ OTO'0FTT0°0 600°0F1EC'0  GO0'0:6TL'0  (€0°ORLT"1 _ _ . , I ST &
0y . 85 % oo % (06)%/ (1LT)N 0T, 8 % L % (e (U (am)
. . QMNb ] ) mONﬂN (4
. v ¢
} o . o ~. *(a soz) ﬂN& NU % + 1= (g)N -°sar3zaus
Butrprequoq aTo13ged eydie snciiea Y03 pAIST] 88 SUOTNQTIISTIP Je(vdue ay3 03 371J a1wnbs 3583l Y} WO paure}qo sTRImOUATOd sapuafy] ayy Jo S3USTOTIIF00 ay3 pur sard

~0I30SUB $SEU JO Jaquasd ayg, .mmm: pus momﬂm Jo uoyesyg paonput Bydre ayj Ul sjusuBeIY ayy JO SUOTINQTIZSIP JETNSUB oyl WO $3{NSal tequantaadxs oy Jo Lremumg I SIqEl

(ST



o

-3%- | . UCRL-16706

Teble II, Values of KO2 obtained by the least squére fit 6f the observed angular dis-

tributions to the theoretical expression (4) and (6) for the various cases, Ex, <£%>,

BRO, EPP and Ex° are all defined in the text, The rotational energy ERo for a spheri-

cal nucleus is calculated using r, = 1.216 F,

51299
K 2
5, Ex <% E° Epp Ex® . °
(MeV) (MeV) (MeV) (MeVv) (MeV) Eq. (&) Eq. (6)
23.3
30.0 \
40,0 30.0 197.5 0.9 12,1 13.4 4%9,00,8% 49,5%0,8%
50,0 39.8 295.0 1.k 11.8 23.0 75.50.8 76.0%0.8
60.0 k9.6 393.3 1.8 11,5 32.7 86.8+1.0 87.4£1.0
70.0 59.4 490.0 2.3 1.2 . k2.3 ok,3%1.0 -~ 95,0%1.0
8.0 - 9.2 . 583.7 2.7 11,0 52.0 112.7:0.8 . 113.5:0.8
90,0 79.0 677.3 3.1 10.7 61.6 123,140,k 124,050 4
100.0 88.8 769.8 3.5 10.4 71.3 140.9%0,9 142,00.9
© 110.0 98.6 ' 815 - 3.9 = 10.2 81.0 158,41,1 159.9+1.1

115.0  103.6 907.0 4.1 10.0 85.9 161.3:0.6 162.8+0.6

a .
These errors-correspond to the standard deviations in the values of K 2 obtalned from
o

the least square fitting code and do not include any systematic errors,
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Table IV, Values of Ko2 for the various nuclei formed during the cascade of
neutron emission in the 110 MeV -alpha bombardment of 81209 ag calculated from
the relation K 2 = Jeps - T/ti®. The values of Jopp/fi¢ for various mass o -
bers are obtalned by 1nterpolatlon of the results on the values of Jéff/h

versus Z°/A as given by Reising, et. al, ‘The saddle-point temperature T'

is calculated from Ex® taking a = A/8.

Mass » » Ex EB* Ex® T 5
No. z" /A T pe/t (Mev) . (Mev) (MeV) (MeV) oKy
213 33.92 69.9 98,6 13.7 81.0 1.75 122.3
212 34,08 71.8 89.0 15.0 70.1 1.62 116.3
211 34,2k 73.6 80.5 15.7 60.9  1.51 111.1
210 34.%0 75.5 69.4 15.5 50.0 ° 1.37 103.4
209 - 3k.57 7.4 , 58.9 14,3 Lo.7 1.2k 96.0
208 34.73 79.2 47.6 13.6. 30.1 1.06 8.0
207 34,90 8L.1  37.6 12.9 20.8 . 0.89 . Te.2
206 0 35.01  83.0 . 26k 11.7 10.8 0.6k 53.1
5§§§é - o ' | , - 158.425.0

N : .
These values refer to the angular momentum dependent fission barrier height
‘obtained by adding the shell correction term A to EPP' ' \
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or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. '
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mission, or employee of such contractor, to the extent that
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