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A computational procedure based on the order-disorder model for predicting independent yields of fission
products in higher energy fission is described. Based on the experimental observation that increase in
excitation energy of the compound nucleus is used up only in exciting the fragments resulting from fission, a
scheme for the distribution of extra excitation between the fragments has been evolved. The extra excitation
energy is shown to be shared between the two impending fragments in proportion to the number of neutrons
out of the balance number (as per the order-disorder model) going to either of the fragments. The
calculational procedure essentially consists of making use of the scheme and obtaining the excitation energy of
the fragments for higher energy fission from those for spontaneous fission. Data on neutrons evaporated
v(Z;, N)) from individual fragments for the higher energy fission are calculated from the excitation energy
using the cascade evaporation scheme. The product isotopic distributions are calculated from V(Z;, N;) data
and calculated fragment isotopic distributions given by the order-disorder model. The product isotopic
distributions thus calculated along with experimental product mass yield data give the independent yields of
the products. The results obtained for fission of 2**U by fission spectrum neutrons (fast) and 14.7 MeV (high
energy) neutrons are discussed in the paper. A comparison of the predicted independent yields with
experimental values shows good agreement within reasonable limits. The total isotopic yield versus Z
distribution for fast and high energy neutronic fission show as expected a decrease in peak to valley ratio with
increasing excitation energy of the compound nucleus. ¥(Z;, N;) distributions for both the fission reactions are
presented. They show less pronounced shell effects at N =50 and 82 than in the case of thermal fission. The
isotopic, isobaric, and isotonic averages of V(Z;, N;) retain the sawtooth nature as in the case of thermal fission.
The Wahl plot shows that |Z, — Zycp| decreases with increasing energy of fission. The present study also
confirms the experimental observation that Z, for higher energy fission lies between the values predicted by the
unchanged charge density and equal charge displacement hypotheses.

NUCLEAR REACTIONS, FISSION *%U(n,f), E=2 MeV, 14.7 MeV; calculated

isotopic distributions, charge distributions, independent yields of products and

neutron evaporation and energy distribution in individual fragments using order-
disorder model.

I. INTRODUCTION

Experimental studies on nuclear charge distri-
bution in binary fission is by and large confined
to thermal neutron induced (thermal fission) and
spontaneous fission. Data on higher energy
fission are scanty, presumably because of the
relatively low fission cross sections and the re-
sulting experimental difficulties.

Meek and Rider!'? have compiled radiochemical
data on product mass yields and charge distribu-
tion parameters for ten fission reactions induced
by neutrons in six nuclides. Product mass yields
are given for masses 66 to 172. The widths (o)
of Gaussian isobaric product charge distributions
obtained from measured independent yields are
given for 32 masses for ?**U thermal fission and
the average value of o) as 0.56 is assumed for
other masses.! In the revised compilation,? how-
ever, o, values have been assumed to be constant
at 0.56 for all masses. No directly determined
o) values are available for fission spectrum neu-
tron induced (fast) and 14.7 MeV neutron induced

14

(HE) fission of 2U. The experimental independent
yield values for 235U thermal, fast, and HE neu-
tronic fissions are available for 108, 5, and 34
fission products, respectively.? Experimental
values on cumulative yields for thermal, fast,
and HE neutronic fission of 23U are given for
130, 118, and 123 fission products, respectively.?
Recommended independent and cumulative yields
obtained by using isobaric charge distribution
parameters are also given for all products .2

On the basis of the fragment formation scheme
of the order-disorder model (ODM) it has been
predicted that a total of 671 fission fragments in
the mass range 80 to 156 are formed in fission,
out of which about 333 remain to be identified.?
Data on physical measurements of fragment mass
yields are limited for higher energy fission.
Even in the case of thermal fission, where many
measurements exist, they suffer from limitations
in mass resolution,? though some improved mea-
surements are reported.® Charge distribution
data from x-ray measurements for higher energy
fission are also not readily available. Qualitative

181



182 D. N. SHARMA, M. R.

theories on charge distribution in fission have
been attempted by earlier workers,®™'? but no
satisfactory theoretical procedures to predict
charge distribution parameters or independent
yields in higher energy fission are available.

In the present work the ODM developed ear-
lier’®~!% and successfully used to derive a number
of parameters for thermal fission has been ex-
tended to study the charge distribution in higher
energy binary fission of #°U and to work out a
number of connected parameters.

II. REVIEW OF THE ORDER-DISORDER MODEL

According to the ODM,®~15 3 fissioning nucleus
undergoes an early charge polarization into two
“impending fragments,” with charges Z, and Z
and neutrons N§ and N§, respectively, corre-
sponding to the most B-stable configurations for
the respective charges. This is followed by a
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FIG. 1. The order-disorder model of fission.

IYER, AND A. K. GANGULY 14

random distribution, as in an order-disorder
process, of the balance number of neutrons
(Nyar=144 = N5 —N 3, in case of 2*U) between the
polarized impending fragments prior to scission.
A schematic representation of the model is given
in Fig. 1.

A number of parameters for the thermal fis-
sion of 2*°U have been calculated in Refs. 13-15
using the model. The procedure used in these
calculations essentially consists of the following
steps:

(i) Calculation of the probability distributions
P,(Z;,N,) of fission fragments along the isotopic
line (fragment isotopic distributions) of charge
Z;.

(ii) Calculation of the total isotopic yields Y,(Z;)
from fragment isotopic distributions and experi-
mental fragment mass yields Y,(4,) using an
iterative method.

(iii) Calculation of the number of neutrons %(Z, N,)
evaporated from individual fission fragments us-
ing fragment isotopic distributions, as given by
the model and those of products P}(Z,, N;) calcu-
lated from published data on product mass yields
Y, (A,) and charge distribution parameters Z; and
04

(iv) Calculation of the excitation energy of fission
fragments from the %(Z,;, N,) adopting a cascade
evaporation scheme.*

(v) Calculation of the kinetic energy of fission
fragments as the difference between fission en-
ergy and excitation energy.

The averages of the above calculated parameters
along charge (isotopic), mass (isobaric), and
neutron (isotonic) lines are obtained and isobaric
averages are compared with available experi-
mental data.

III. SCHEME FOR DISTRIBUTION OF EXTRA EXCITATION
ENERGY BETWEEN TWO IMPENDING FRAGMENTS

The data on average number of neutrons evapor-
ated per fission, 7, for neutron induced fission
of ?*°U as determined by Hopkins and Diven'® and
by Mather, Fieldhouse, and Moat,'” show that the
rate of increase of 7, with increasing excitation
is very close to what would be expected if all
the added energy is considered as extra excitation
imparted to the nucleus and utilized for neutron
evaporation from fragments.!’® These data cover
the range of incident neutron energy from ther-
mal to 14 MeV.

Further in support of the above, it has been ob-
served’ %4 that in high energy fission there is
very little dependence of the fragment kinetic en-
ergy on the incident neutron energy or on the
excitation energy of the fissioning nucleus.
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Based on these observations we adopt in the
present work that the extra excitation (consisting
of the binding energy of the incident neutron and
its kinetic energy) imparted to the target nucleus
goes into exciting the compound nucleus.

The two impending fragments consist of two 3
stable configurations of (Z,,N$) and (Z,,N3),
leaving the balance neutrons N, , to be shared
among the two as in the order-disorder process.
The excitation energy of fragments in spontaneous
fission is then understood to be only due to the
charge polarization process in the fissioning
nucleus. The extra excitation of the fragments
over that in the case of spontaneous fission is
shared between the two fragments in proportion
to the number of balance neutrons going to either
of these as shown in Appendix A.

Thus, for the light fragment

n
Xﬁu(zf’Ni)zxfs'F(ZhN/)+xm(=Bc)]—\;‘i; 1

and

XL (Z,N) =XE(Z,, N,) + %, (= BE +€°) an;
(2)

where X%.(Z,;,N,) is the excitation energy of a
light fragment in spontaneous fission. Lower
subscripts th, F, and HE indicate the parameter
for thermal, fast, and high energy fissions, re-
spectively; x,,is the extra excitation of the fis-
sioning nucleus in thermal fission over that cor-
responding to spontaneous fission. Subscripts
F and HE indicate the parameter for fast and
high energy fission; B€ is the binding energy of
the incident neutron to the target nucleus; €€ is
the Kkinetic energy of the incident neutron; »n, is
the number of neutrons out of N, going to the
light fragment.

IV. PROCEDURE FOR CALCULATING PRODUCT
INDEPENDENT YIELDS FOR FISSION OF ANY ENERGY

The computational procedure for calculating
independent yields of fission products in fission
of any energy consists of the following steps:

(i) computation of fragment excitation energy;

(ii) computation of ¥(Z;, N,) from these excitation
energies; (iii) computation of fission product
isotopic distributions from %(Z,, N;); (iv) compu-
tation of total isotopic yield vs Z distribution; (v)
computation of fission product independent yields.
Description of the procedure in sequence is given
below.

A. Computation of fragment excitation energy

The fragment isotopic distributions obtained
from ODM and the calculated product isotopic

distributions (cf. Sec. II) for thermal fission are
used' to calculate the number of neutrons
v(Z;,N,) evaporated from individual fragments
in thermal fission. From 7(Z;,N,) data the ex-
citation energy of individual fragments in thermal
fission is calculated'® adopting the cascade evap-
oration scheme. The extra excitation of a pair of
fragments in thermal fission over that for spon-
taneous fission is the binding energy of the in-
cident neutron in the fissioning nucleus. This
extra excitation energy is shared between the
two fragments as per the scheme outlined in Sec.
III. Hence by subtracting the extra from the cal-
culated excitation energy of individual fragments
in thermal fission the fragment excitation energy
in case of spontaneous fission is worked out.
These excitation energies for spontaneous fis-
sion are used as the base values for calculating
the excitation energy of fragments for higher en-
ergy fissions as indicated in Sec. III. Due to the
nonavailability of sufficient experimental data on
spontaneous fission the base values could not be
obtained directly.

B. Computation of ®(Z;,Nj)

Iyer and Ganguly’* adopted a cascade evapora-
tion scheme to compute the excitation energy of
each fragment using Weisskopf’s?® statistical
model and T(Z;, N;) computed using their account-
ing method.!* The scheme for obtaining the
7(Z;,N,) from excitation energy of fragments in
higher energy fission then consists of applying
the cascade evaporation scheme in the reverse,
i.e., to compute 7(Z;, N,;) from the computed ex-
citation energy of the fragments using Weisskopf’s
statistical model. The procedure is described in
Appendix B.

C. Computation of fission product isotopic distributions

The fission fragment isotopic distributions
given by the ODM depend only on the 3 stable con-
figurations!'® resulting from charge polarization
which in turn determines the balance number of
neutrons to be shared by the two impending frag-
ments. As such these distributions remain the
same for fission of any energy. The accounting
method of Iyer and Ganguly'* to calculate 7(Z;,N,)
from each fragment has been used in reverse to
calculate fission product isotopic distributions
from the fission fragment isotopic distributions
(as derived in Sec. II) and ¥(Z;, N;) calculated in
Sec. IV B. In this formulation a nonintegral num-
ber of neutrons evaporated is looked upon as the
fission fragment evaporating two integral number
of neutrons on either side of the nonintegral num-
ber with appropriate weights.



184 D. N. SHARMA, M. R. IYER, AND A. K. GANGULY 14

The product isotopic distributions Pg(Z, N;)
have also been calculated using Terrell’s sum-
mation method’® in reverse, using the frag-
ment distributions and 7(Z;, N,) values. The dis-
tributions obtained by the two methods agree well.

D. Computation of total isotopic yield vs Z distribution

The calculated fission product isotopic distribu-
tions and published fission product mass yields
(experimental) are then used to calculate the total
isotopic yield for each charge by using an iterative
procedure®® which solves the following simultan-
eous equations:

3 YUZ)[PUZ;, N = Yi(A,) (3)
ij

with the boundary conditions

Zi+N;=4,,

YA =D YZ)),
R 1

> PUz,N) =1,
j

where Y,(Z;) is the total isotopic yield for a
charge Z;.

E. Computation of fission product independent yields

The total isotopic yields obtained from the iter-
ative method are multiplied by the product isotopic
distributions obtained in Sec. IV C to get the in-
dependent yield of each product species.

V. INPUT DATA FOR THE CALCULATIONS

A. Data for calculation of fragment isotopic distributions

The data on the most 8 stable neutron number
for charges are calculated from the compilation
of Dewdney.?® Dewdney has arrived at the most
B stable charge for a mass from experimental
B decay energies. From these the most 3 stable
neutron number for each charge is obtained.

The mass formula used in the calculations is
the one given by Zeldes, Gronau, and Lev.*’
Though Zeldes’s mass formula does not have the
theoretical elegance of certain others like, say,
that of Myers and Swiatecki,?® by using a large
number of fitted parameters it seems to give
ground state masses sufficiently accurately.

B. Data for calculation of fragment excitation energy in thermal
fission

The input data required for calculation of product
isotopic distributions are the product mass yields

and charge distribution parameters. These are
taken from the compilation of Meek and Rider.?
In their revised compilation, however, they have
given the Gaussian spread (0}) as constant for
all masses. As it is known that the o} is a func-
tion of A,''29 we have used variable ¢/, compiled
by Meek and Rider in their earlier compilation.’
In the region where no experimental values were
available the linearly interpolated values were
used.

The consistency and accuracy of input data on
fission product mass yields and charge distribu-
tion parameters in thermal fission which are used
as input do influence the accuracy of predicted
parameters for higher energy fissions. The latest
and most consistent data have been used in these
computations. Based on the necessary condition
of equality of complementary charge yields,!* a
procedure has been developed to evaluate a set
of mass yields and charge distribution parameters.
These studies show that the latest set of Meek
and Rider data also does not satisfy this condition.

¥(Z;, N,) values obtained from fragment and
product isotopic distributions have been used to
calculate the excitation energy of fragments using
the cascade evaporation scheme given in Ref. 14.
Zeldes’s mass formula has been used in these
calculations. The temperature parameter used in
these calculations is taken from Gilbert and
Cameron.*

C. Data for calculation of product isotopic distributions for
higher energy fission

The binding energy of the neutron to the 23U
nucleus is taken as 6.5 MeV. For obtaining neu-
tron binding energies in these calculations,
Zeldes’s mass formula is used.

D. Data for the calculation of total isotopic yield distribution
for higher energy fission

The computation of total isotopic yields from
the product isotopic distributions using the iter-
ative method involves the use of experimental
fission product mass yield data for the particular
fission reaction. These data are taken from Meek
and Rider.? The errors quoted for mass yields
by Meek and Rider are used to calculate errors
in total isotopic yields.

VI. RESULTS AND DISCUSSION

A. Fission product isotopic distributions

Fission product isotopic distributions for Z =28
to 64 have been computed for the fast and HE fis-
sion of 23%U using the procedure indicated in Sec.
IV and the data of Sec. V. The distributions were
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all single peaked functions but were not amenable
to good fitting with a Gaussian distribution.

The calculation of fission product isotopic dis-
tributions for higher energy fission starting from
the fission fragment isotopic distribution for a
typical case Z =41 is shown in Figs. 2(a)-2(d).
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FIG. 2. Calculation of fission product isotopic distri-
bution for HE fission for a typical case of Z =41. (a)
shows the fragment (—) and product (0—O) isotopic dis-
tribution from which 7 (Z ,N) for thermal fission is cal-
culated [curve(i) in (c)] . Curves (v), (iv), (vi), and (vii)
in (d) show excitation energies of fragments for thermal,
spontaneous, fast, and HE fission, respectively, calcu-
lated therefrom. From these, 7(Z,N) for fast and HE
fission are obtained [curves (ii) and (iii), respectively,
in ()]. (b) shows the calculated product isotopic distri-
bution for fast (---) and HE @—e) fission using the
fragment isotopic distribution [in (a)l and ¥(Z,N) for the
respective cases [curves (ii) and (ii), respectively, in

).

Figure 2(a) shows the fragment isotopic distribu-
tion from the ODM and the fission product isotopic
distribution for thermal fission calculated from
published experimental data (Sec. V). The %(Z,,N,)
distribution obtained therefrom for thermal fis-
sion using the accounting method is shown in Fig.
2(c). The excitation energy calculated from this
V(Z;,N,) using the cascade evaporation scheme is
shown in Fig. 2(d). The base values for excita-
tion energy corresponding to spontaneous fission
calculated from this using the scheme for division
of extra excitation energy is also shown in Fig.
2(d). The excitation energies for fast and HE
fission calculated therefrom are indicated in Fig.
2(d). Employing the evaporation scheme in re-
verse (Sec. IV B), the 7(Z;, N,) obtained for fast
and HE fission are also presented in Fig. 2(c).
The fission product isotopic distributions for fast
and HE fission obtained from fission fragment
isotopic distributions and 7(Z,, N,) for the re-
spective cases by applying the accounting pro-
cedure in reverse are shown in Fig. 2(b).

A new parameter for representing the mean
neutron number for isotopic distributions as a
function of Z has been adopted. The difference
of the mean neutron number of fragment isotopic
distributions (N,) from neutron number corre-
sponding to unchanged neutron density for frag-
ments (Nyyp =%5Z for neutronic fission of 23°U)
is plotted as a function of Z. Nyyp for product
isotopic distributions is obtained by correcting
N{np for ¥(Z). The parameter (N{y, - N}), where
Nj is the mean neutron number of product isotopic

ol 1 1 1 1 1 I
30 40 30 60

FIG. 3. (N{np —N,) versus Z for thermal (—), fast
(@), and HE (O) fission of #%U.
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distribution, is plotted as a function of Z. The
plots for thermal, fast, and HE fission of ?*°U are
given in Fig. 3. The results show that this func-
tion decreases with increasing excitation energy
of the compount nucleus. Similar functions can
be used to study isotopic distribution of fragments
also.

B. Total isotopic yield vs Z distribution

The total isotopic yields obtained using the
iterative procedure of Sec. IV and using the data
of Sec. V for fast and HE fissions of 2*U are
shown in Figs. 4(a) and 5(a), respectively. The
transmission of errors from the product mass
yield data to the computed values of total isotopic
yields is obtained by using the errors in product
mass yields as the input for the iterative pro-
cedure. The errors so obtained are shown in
Figs. 4(a) and 5(a).

The total isotopic yield should be the same for
complementary charges whether it is for frag-
ments or for products. This is because neutron
evaporation does not change the charge of the
species and they continue to be in the same iso-
topic line even after neutron evaporation. The
equality of complementary charge yields is a nec-
essary condition. The calculated total isotopic
yields for fast and HE fission are not found to ex-
actly satisfy this condition. This could be caused
by (a) experimental errors in the input product
mass yields and/or (b) errors in product isotopic
distributions reflected from input data on charge
distribution and mass yields for thermal fission

LRI EARLL
Lo i

7 IIYTH[
11 11(]11]

YIELD (%)
[
ALY

11 Illlll]

11 llllll]

-2 | 1 1 1 1 1 1 1

28 48 68 28 48 68
ra

FIG. 4. The total isotopic yields for 2Um¢,F). ()
shows the output using the iterative procedure, and (b)
shows the accepted solution.

used in the calculations (Sec. II). In most of the
cases it is observed that the reflected point of
the higher Z yields lies within the standard devia-
tion of the complementary lighter Z yields. We
look upon these yield values as obtained from
two different sets of values for a given charge
pair and hence the mean of these two has been
used as the accepted value for the charge pair.
The accepted total isotopic yields are shown in
Fig. 4(b) and 5(b) for fast and HE fission of 2%U,
respectively.

The peak to valley ratios of the total isotopic
yield distribution for the fast and HE fission of
235U obtained in the present work are 214 and 5,
respectively, and they compare well with 220 and
6 as given by the experimental fission product
mass yield data.?

C. Fission product independent yields

The accepted total isotopic yield distribution
when multiplied with product isotopic distribu-
tions gives independent yields for products.

As has been reviewed earlier, Meek and Rider?
have compiled direct experimental independent
yields for five fission products and direct exper-
imental cumulative yields for 118 fission pro-
ducts in fast fission. The number of measure-
ments available for independent and cumulative
yields for HE fission are 34 and 123, respectively.

The experimental and the predicted values of
independent and cumulative yields in the present
work do not agree very well in all cases. Gener-
ally speaking the agreement seems to be better
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FIG. 5. The total isotopic yields for #*U(n i ,F). (@)
shows the output using the iterative procedure, and (b)
shows the accepted solution.
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TABLE 1. Distribution of the predicted independent and cumulative yield values with re-

spect to deviation with the experimental values.

Difference of
the predicted and
experimental values

Independent yields

Cumulative yields

lying between Fast HE Fast HE
0 ando ces 6 6 5
o and 20 1 6 2 2
20 and 30 one 4 3 6
30 and 40 1 2 v 5
40 and 50 XX cee 1 3
>50 1 8 4 4

in the higher yield region. It has not been possible
to resolve all these differences. In certain cases
even the experimental values quoted in the 1972
compilation of Meek and Rider differ by a factor
of 2 from the 1974 values. Considering the large
variation in recommended values given by Meek
and Rider and the range of experimental uncer-
tainties quoted for experimental values, it can
be stated that the present approach predicts the
independent and cumulative yields within reason-
able limits of errors. However, in case of iso-
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FIG. 6. (Z,—Zycp) versus A for fragments from
35U (n,F) obtained in the present work (—) is compared
with that calculated using published Z; values (O)
(Ref. 2) for fast fission changed to fragment mass using
7(A) obtained in the present work. (@) and (---) give the
Wahl plot obtained using Z, values, corresponding to
the ECD and UCD hypotheses, respectively.

meric transitions the present approach cannot
differentiate between ground and metastable states
and predicts a single value for each product
species. As such, comparison with the experi-
mental values is made in those cases where only
the ground state products exist. Table I shows the
distribution of yield predictions having various
degrees of differences (in terms of given standard
deviations) with experimental values.

D. Charge distribution parameters

The nuclear charge distribution in fission is
usually discussed in terms of charge dispersion

80 100 120 ® 140 160

FIG. 7. (Z, -Zycp) versus A for fragments from
25U (1 4, F ) obtained in the present work (—) is com-
pared with that calculated using Z; values (O) (Ref. 2)
for HE fission changed to fragment mass using ¥V (4) ob-
tained in the present work. (@) and (---) give the Wahl
plot obtained using Z, values corresponding to the ECD
and UCD hypotheses, respectively.
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in primary fission products with the same mass
number. The isobaric charge distributions are
conventionally fitted to a Gaussian of the form

(Cam)™2expl- (2 -2,)/C,], (4)
where
Ca=2(0,2+3). (5)

The distributions obtained in the present work
confirm the conclusions of Wahl ef al.?° that they
are not exactly Gaussian. They have asymmetry
and structures in them. The mean of the charge
distribution is, however, independent of the as-
sumption of Gaussian distribution. The mean Z,
of product and fragment isobaric charge distri-
butions has been worked out for masses 85 to 156
for fast and HE fissions of 2%®U. The parameter
(Z, - Z ycp), Where Zycp = (F)A, for fragments is
plotted as a function of fragment mass (Wahl plot)
for the two fission reactions in Figs. 6 and 7. The
Z, tabulated by Meek and Rider? are for products
and they are plotted as (Z,-Zp) in Figs. 6 and 7
after correcting the product masses by %(4,) ob-
tained in the present work for the sake of com-
parison. (Z, - Zycp) values obtained using the
equal charge displacement (ECD) hypothesis are
also shown. In order to conserve the charge of the
fissioning nucleus, (Z,- Zycp) for two comple-

FIG. 8. Number of neutrons 7 (Z,N) emitted by individ-
ual fragments in fast fission of 23U as functions of the
neutron jnumber N of the fragment for Z =34 to 58. The
V axis is shifted by the number indicated for each curve
(on the right) to avoid crowding. The number on the left
of each curve indicates the Z of the fragments.

mentary fragments should be equal in value but
opposite in sign. The values obtained using the
Meek and Rider? data on charge distribution do not
satisfy this condition in either case, but the agree-
ment is worse in HE fission. An evaluation study
of the Meek-Rider data on charge distribution
parameters and product mass yields for fast and
HE fission of ?*°U shows that they do not form a
consistent set from the point of view of equality

of complementary charge yields.

Many experiments®' ~* have concluded that Z,
for higher energy fission lies between ECD and
unchanged charge density (UCD). This seems to
be true in the present work also at least for the
high yield region. Further, the present study also
shows that |Z, — Zycp | decreases with increasing
energy of fission.

E. Number of neutrons evaporated from individual fragments
w(Z;,Nj)

¥(Z,, N;) for charges Z =28 to 64 worked out us-
ing the procedure of Sec. IV are presented as
functions of N for each Z in Figs. 8 and 9 for fast
and HE fission, respectively. The effects of neu-
tron magic numbers on %(Z,;,N;), though discern-
ible, are not that pronounced as in the case of
thermal fission (cf. Ref. 14). The measurement

~ 10

Y (Z,N

FIG. 9. Number of neutrons V(Z,N) emitted by individ-
ual fragments in HE fission of 23U as functions of the
neutron number N of the fragment for Z=34 to 58. The
v axis is shifted by the number indicated for each curve
(on the right) to avoid crowding. The number on the left
of each curve indicates the Z of the fragments.
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FIG. 10. 7 (A) versus A for single fragments for the fast and HE fission of 235U,

of ¥(Z;,N,) parameters involves the detection of
neutrons from an individual fragment character-
ized by a single mass and charge. Even for the

relatively simpler case of thermal fission it has
not been possible to measure them.

The 7(Z,, N,) values along with the absolute yield
of fragments obtained earlier are used to get iso-
baric 7(4,), isotopic ¥(Z;), and isotonic T(N,)
averages. They are shown in Figs. 10-12 for the
two fission reactions. We have not come across
any measurement of 7(4,) for higher energy fis-
sion and hence it has not been possible to compare
the present result with experimental values. How-
ever, the sawtooth nature of the distribution seen
in the thermal fission case!* is retained here. The
effect of proton magic numbers Z =28 and 50 and

the effect of neutron magic numbers N=50 and 82
are seen in the 7(Z,) and 7(N,) distributions, re-
spectively, both for fast and HE fission of 2**U,
though the effect seems to be slightly less in the
latter case.

The integration of 7(4,) over the totality of fis-
sion fragments give the total neutrons 7V, evapor-
ated in fission. The computed value of 7, for fast
fission comes to 3.21 which is higher than the re-
ported value 2.65,' but the value for HE comes to
4.86, which is comparable to the reported value
of 4.65,'® within experimental uncertainty. In the
case of fast fission the approximation of fission
spectrum neutron fission to 2.0 MeV neutronic
fission may yield a higher value of 7, for fast fis-
sion.

5 T T T T T T T

4 — .
~ 3 -
N HE
S
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o | | ] ] 1 1
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FIG. 11. 7 (Z) versus Z for single fragments for the fast and HE fission of 235U,



190 D. N. SHARMA, M. R. IYER, AND A. K. GANGULY 14

S T T T T

FIG. 12. 7 (N) versus N for single fragments for the fast and HE fission of 235U,

F. Variation of 7(Z;) with excitation energy

As can be seen from the description of the pro-
cedure (Sec. IV), the computation of #(Z, N,) for
fission with any energy of incident neutron can be
obtained from the base values of fragment excita-
tion energy corresponding to spontaneous fission
without any additional input data. This, along with
the fragment isotopic distributions, enables one
to calculate 7(Z;) for any given higher energy fis-
sion. The ¥(Z,) values so worked out at an inter-
val of 2 MeV from 0 to 14.7 MeV are shown in
Fig. 13 as a function of the compound nucleus ex-
citation energy for each Z. The results for pairs
of charge are given in Fig. 14.

In the present work the 7, for each discrete en-
ergy fission could not be obtained as this needs
total isotopic yields involving the use of input prod-
uct mass yield data which are not readily avail-
able. Because of this it has been possible to cal-
culate only for fast and HE fission of 2**U. Using
the 7, for fast and HE fission obtained in the pres-
ent work we get a dv;/dE of 0.13. Terrell®® ob-
tained a value of 0.16 for the same energy range.

APPENDIX A: DISTRIBUTION OF EXTRA EXCITATION
BETWEEN TWO IMPENDING FRAGMENTS

As envisaged in the ODM, the fissioning nucleus
after charge polarization proceeds through quasi-
stationary states and the balance neutrons N,
are considered as free Fermi gas particles. Let
n; and n, be the number of neutrons out of Ny,
assigned to the lower and higher charge impending
fragments, respectively. If V; and V, are the
volumes of the light and heavy fragments such that
V. +Vy=V, the volume of the compound nucleus,
then the volumes available for n, and n, are V

and Vg, respectively. The Fermi gas pressure
for these two fragments P; and P, are equal to
the total Fermi gas pressure P and the tempera-
tures of the two impending fragments are also the
same at the point of scission. The energy E; of
a Fermi gas comprising of n, particles in volume
V. at temperature kT, is given by**

()
L2m \87V,

4m2m? (8rV \ ¥/ 3
X[l + %(kTL)Z —hT( 3nLL> - '] ’

=3
EL"S

(6)

Y+5
8| 794,5 ]
62z Y+as
59
6~ Y+a ]
55

Yi(z)

ol33 Il 1 1 1

EXCITATION ENERGY (MeV)

FIG. 13. The variation of 7(Z) for some charges as a
function of the excitation of the fissioning nucleus for the
neutronic fission of 25U. The 7(Z) axis is shifted by the
number indicated on the right and the charge number is
indicated on the left of each curve.
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FIG. 14. The variation of ¥ (Z) for complementary charge pairs as a function of the excitation of the fissioning nucleus
for the neutronic fission of 2°U. The ¥ (Z) axis is shifted by the number indicated on the right and the charge of the pair

is indicated on the left of each curve.

i.e.,

£y =m0 (22 ,0,). 0
v,

As Fermi gas pressure

2 E
P=§ V, (8)
P, - ¢(3—i, kTL), ©)

and similarly

n
Py= ¢<V—:,kT,,>. (10)
At the quasistationary state kT, =kT, and P,
=Py=P, hence
7 ny Nea 11
VTV (11)

Since N, /V is constant for a given charge polari-
zation we have

Epcng (12)
and similarly
Eycny. (13)

Thus the extra excitation energy is shared between
the two impending fragments as proportional to

the balance number of neutrons going to the light
and heavy fragments, respectively.

APPENDIX B: COMPUTATION OF #(Z;, N;) FROM
EXCITATION ENERGY

In principle the initial excitation energy of a
fragment X, can be related to the number of neu-
trons evaporated ¥(Z,;, N,) through a multifold in-
tegral in the cascade evaporation scheme.!* In
this scheme each evaporation step leaves the nu-
cleus with a spectrum of residual excitation ener-
gies and of these only those events which leave
the nucleus with excitation energy higher than the
binding energy of the last neutron in the residual
nucleus can evaporate another neutron. As shown
in Ref. 14, within a reasonable limit of accuracy
it can be assumed that up to the penultimate step
almost all the events leave the nucleus sufficiently
excited to evaporate another neutron, i.e., for
each evaporation stepup to the penultimate one,
the area under the dn(e)/de vs e (e being the kinetic
energy of the evaporated neutron) curve up to the
cutoff energy can be normalized to unity. Hence
the average energy of the evaporated neutron at
each of these evaporation steps can be taken as
2kT. Using this, the condition relating excitation
energy X, and binding energy B, of the last neutron
in the nth evaporation step can be worked out to
calculate the number of neutrons %Z;, N,) evapor-
ated by a fragment with a given excitation energy.

The statistical model developed by Weisskopf?®
gives the energy distribution of neutrons emitted
by an excited nucleus as
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FIG. 15. Schematic diagram of the energy spectrum of the emitted neutron.

iz(?e"l «e, exp[-e,/kT,], (14)
1

where e, is the kinetic energy of the neutron emit-
ted from a fragment with an excitation energy X,
kT, is the nuclear temperature of the fragment at
an excitation X, evaluated at its maximum residual
excitation (X, - B,), and E, is the binding energy
of the evaporating neutron. The kinetic energy
cutoff for the emitted neutron in the first evapora-
tion is (X, - B,). Equation (14) can be rewritten

as

a
—Z—éﬁLLHle, exp[-e,/kT,], (15)
1

where
0<e, <X, -B,
H,=1/(kT,)*[1 - (1+p)e™1],
p,=(X, - B)/kT,,
kT ,=1/[(a,/U)?-1.5/U,],
U,=X,- P(Z) - P(N).

H, is the normalization factor to give the total
number of neutrons evaporated up to the cutoff
energy as unity, a, is the nuclear temperature
parameter in the level density formula,®® and P(Z)
and P(N) are the pairing energies.

The schematic diagram of the spectrum of en-
ergy of the emitted neutron in the first evaporation
and that of the excitation in the residual nucleus
is shown in Fig. 15. If the fragment excitation
energy is enough only to evaporate a maximum of

one neutron only, then the area under the kinetic
energy curve up to infinity can be normalized to
unity. The fractional area up to (X, - B,) will give
the fraction I, of neutrons evaporated in the first
evaporation, i.e.,

X;-B;
I,= f (kT ) e, exp[- e,/kT Jde,,  (16)

i.e.,
I,=1=(1+p)e1. amn

Thus for I,>0 (¥>0), X, should be more than B,.
The first evaporation event leaves the nucleus with
a residual excitation energy spectrum given by

X,=X,- B, -e, (cf.Fig. 15).

If B, is the binding energy of the last neutron in
this residual nucleus then for the second evapora-
tion event

X,>B,
and
e, <(X,- B, - B,).

This shows that only those first events which are
up to kinetic energy cutoff (X, — B, - B,) will evap-
orate a second neutron. Thus if X, <(B,+ B,), then
v<1. If1<7 <2, the area under the kinetic ener-
gy spectrum for the first evaporation up to (X,

- B,) can be normalized to unity. Then the area
under the curve from 0 to (X, — B, - B,) will be
equal to the fraction I, of neutrons evaporated in
the second evaporation step and is given by
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1,

_1-exp[- (X,- B, - B))/kT,|[1+(X, - B, - B,)/kT,]

1-exp[- (X, - B)/kT,][1+ (X, - B,)/kT,]

, (18)

and total ¥ up to the second evaporation is given by 7=1+1,. Combining the conditions for 7>0 and 7 <1,

the condition for 0 <7 <1 will be

B, <X, < (B,+B,).

Similarly, it can be shown that for 1 <7 <2 the condition will be

B,<X, < (B,+B,),

and in general for (n - 1)<V <n,
B,<X, s (B,+B,,,)-

The total ¥ for the nth evaporation is given by
v=(n-1)+1,,

where

1,

:1 - exp[—(Xn-l— B,., - Bn)/an-l][l + (Xn-l - B'.-l - Bn)/an—]]

1- exP[- [ S Bn-l)/an-l][l +(X,_,- B, -1)/an-1] :

(19)

With these conditions applied to the calculated excitation energy for each fragment, the integral part of
V(Z;, N,) can be determined and then the fractional part can be calculated as outlined above.
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