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Neutron-yield functions for ***Cm(n f), 22Cf(sf), *Cf(sf), **Es(n,f), and *Fm(sf) are derived with an
iterative method in which successive approximations to the pre-neutron-emission (initial) mass distribution are
compared with the post-neutron-emission (final) mass distribution. Initial mass distributions are deduced from
kinetic energy measurements of the fragments. Final mass distributions are determined from radiochemical
measurements of fission product mass yields. The *>Cf(sf) neutron-yield function so derived agrees well with
functions determined directly by neutron counting. All neutron-yield functions exhibit a saw-toothed
character. The masses for which maximum neutron emission occurs and for which minimum neutron emission
occurs are within 4 2 mass units of being complementary masses for the observed fissioning system, with the
exception of the **Cm(n f) reaction. The effect of the neutron-yield function on various mass and energy
correlations deduced from kinetic energy measurements is discussed.

25%6Fm(sf). Deduced neutron yields, fragment mass and energy distributions.

{NUCLEAR REACTIONS, FISSION .%¢Cm(n,f), %2Cf(sf), *54Ct(sf), **Es(n, f),}

1. INTRODUCTION

The dependence of neutron yield on the mass of
the fission fragment, (M), has been determined
directly from neutron-counting experiments for a
number of fissioning systems. For low-energy

fission, that is, spontaneous fission (sf) or therm- .

al-neutron-induced fission (z,f), a saw-toothed
dependence has been demonstrated for 2%2Cf(sf),'™®
23su(n’f),9,10 235U(n’f)’9-15 and 239Pu(n,ﬂ.9,13 This
saw-toothed dependence has also been deduced in-
directly from simultaneous measurements of the
velocities and kinetic energies of the fission frag-
ments,'%2! from differences in the yields of pre-
and post-neutron-emission fragment mass dis-
tributions,??"?* and from post-neutron-emission
fragment mass distributions alone.??+25

The general similarity among neutron-yield
functions for the four low-energy fissioning sys-
tems led Terrell?? to suggest that a universal neu-
tron-yield function exists for which the number of
neutrons emitted approaches zero at closed-shell
nuclei of fifty neutrons or protons and which also
may be affected by the eighty-two neutron shell.
The idea of a universal V(M) was questioned by
Apalin et al.** since the maximum neutron yield
occurs at fragment masses 110 for 23%U(n,f) and
120-122 for 2°2Cf(sf). This apparent difference,
however, may arise because of the small yields

associated with masses in the region of near-sym- -

metrical fission in 23°U(xr,f) with the result that
few, if any, neutrons are detected for masses in
this region. Therefore, to determine whether a
universal neutron-yield function does exist or
whether the neutron-yield function varies from
one fissioning system to another, U(M) has been
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determined for four other fissioning systems:
25Cmn,f), 25*Ci(sf), 2*Es(n,f), and 2°°Fm(sf).

In these systems, symmetric or near-symmetric
fission is considerably more probable than in the
systems studied heretofore. This affords a better
examination of any systematic trends in the char-
acter of (M) in this mass region. Furthermore,
one may examine the effect of U(#) on mass dis-
tributions deduced for fissioning systems of the
heavy actinides. These distributions have gen-
erally been deduced from Kkinetic energy (KE) mea-
surements of coincident fragments with either no
correction made for neutron emission from the
fragments (provisional mass distributions) or

with the assumption that 7(M) for a given system
is shaped like that for 252Cf(sf). The present paper
examines in detail the effect of (M) on the mass
distribution and various energy distributions as
well.

The neutron-yield functions have been determined
from differences in mass yields deduced from KE
measurements and from radiochemical (RC) mea-
surements of the fission products. The advantage
of this method is that it permits the determination
of U(M) for systems in which the target or fission-
ing nuclide is available in less than microgram
amounts. The validity of the method was checked
by deriving U(M) for 252Cf(sf) and comparing this
function with those determined by direct neutron
counting. The KE and RC measurements used in
this work were made primarily at Argonne Nation-
al Laboratory. Therefore, any systematic errors
made in collecting the data should affect the de-
termination of (M) for each system in a similar
manner. As a result, the different neutron-yield
functions should be relatively if not absolutely
correct.
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II. METHOD

The method used to calculate v(M) is essentially
that of Terrell’s?® in which initial (pre-neutron-
emission) and final (post-neutron-emission) cum-
ulative yields of fission fragments are matched.
The cumulative yield in this sense means the sum
of the yields of all fragments with mass up through
a given value. For mass M, the initial and final
cumulative yields are defined as Eg‘ oy(M) and
Z;OMOY(M), respectively.

The relationship between the initial and final
fragment yields derived by Terrell is

Mo-P(My)-1/2
Y (M)

0o

My-1/2

= 20 v+ @y /aM)REO MY+, (1)
o .
in which both ¥(M) and the slope (dy/dM) are eval-
uated at M,. Conditional variances (0?(V(M); M)
“have been determined by Terrell?? for the four
fissioning systems, #3U(n,f), 2*°U@H,f), #*°Pun,f),
and 2%2Cf(sf). In the present paper the variances
for the fissioning systems studied have been de-
duced by a linear interpolation or extrapolation of
Terrell’s variances plotted as a function of the
average number of neutrons emitted per fission
(7p) for the fissioning system. Values of ¥, and
the variances used in this work are listed in Table
1. Although the correction term 3(dy/dM){c*>(@(M);
M)) has been included in Eq. (1) it usually has a

TABLE I. Parameters used in the calculation of 7(M)
for the fissioning systems.

System vy (o2(T(M); M) .
3y (n, f) 2.49¢ 0.56 + 0,39
85U (n, f) 2.42¢ 1 0.61+0.3¢
B9pu(n,f) 2.88°¢ 0.66 £0,3¢
252C£(sf) 3.77¢ 0.76 +0.4¢
245Ccmn, f) 3.832° 0.771
254 (sf) 3.898 0.77¢
B4ES (1, ) 4,260 0.83f
258 Fm (sf) 3731 0.76f

2Average number of neutrons emitted per fission.

b Average variance of the neutron yield for a given
fragment mass.

¢Recommended value from Hanna et al., Ref. 26,
rounded to the nearest hundredth.

dValue determined by Terrell, Ref. 22.

¢Value from Jaffey and Lerner, Ref. 27.

fValue deduced by extrapolation or interpolation. See
text.

& Average value from Manero and Konshin, Ref. 28.

hyalue deduced from systematics of Jaffey and Lerner,
Ref. 27.

iyalue from Dakovskii et al., Ref. 29.

small effect?? in the determination of U(M). There-
fore, higher-order terms have been neglected.

To obtain 7(M) for all values of initial mass M, it
is necessary to match the cumulative initial frag-
ment yields corrected by the term given in Eq.

(1) to the cumulative final yields. This is done by
interpolating smoothly between discrete values of
the cumulative final mass distribution.??

Since the initial mass distributions are derived
from KE measurements of complementary frag-
ments and these measurements are made after
neutron emission occurs, one needs to know the
neutron-yield function of the fissioning system
to correct the kinetic energies of the final frag-
ments into kinetic energies of the initial fragments.
However, the neutron-yield functions of the fission-
ing systems under investigation are not known.

To resolve this paradox it was initially assumed
that the neutron-yield function was shaped (in
most cases) like the 2°2Cf(sf) neutron-yield func-
tion determined by Bowman et al.? but normalized
to give the value of U, shown in Table I for the
appropriate fissioning system. This neutron-yield
function was designated NU(0) and permitted the
calculation of a “starting” initial mass distribution
YI(0) from the KE measurements described in Ref.
30. Recorded event-by-event pulse heights of the
complementary fragments were converted into

the kinetic energies of final fragments by means
of a mass-dependent energy calibration based on

a 2%2Cf(sf) fragment spectrum.3! The kinetic ener-
gies of the final fragments were transformed into
kinetic energies of the initial fragments by cor-
recting for the average effects of neutron emission
from the fragments using the assumed neutron-
yield function and including the dependence of V(M)
on the total kinetic energy release. Initial frag-
ment masses were then calculated from the initial
kinetic energies by applying the conservation laws
for mass and linear momentum. The resulting
mass distribution was corrected®?'3 for mass
dispersion effects associated with (1) the angular
distribution of emitted neutrons on fragment re-
coil velocities, (2) the energy resolution of the
fragment detectors, and (3) the energy loss in the
target material. '

The “starting” initial mass distributions deduced
in the manner just described are shown as the
dashed curves in Figs. 1(a)-1(e). Since the cor-
rection for dispersive effects tends to accentuate
statistical fluctuations in the uncorrected mass
distribution, the latter was first smoothed for
the 2%*Es(n,f) and 2°*Fm(sf) systems before. the
correction was applied. For these two systems
only 50000 and 10000 coincident fission events
were collected, respectively. For each of the
other fissioning systems more than 10° events
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FIG. 1. Starting initial (dashed curves) and final
(solid curves) mass distributions for the fissioning
systems (a) 252Cf(sf), ) 25Cm(n,f), (c) P4Ci(sf), @)
248 5(n,f), and (e) ¥$Fm(sf). The structure shown in
the dashed curves for yields less than 1. 0% are the
result of statistical fluctuations in kinetic energy
measurements of the fragments. ~ In (d) the solid curve
represents the final mass distribution, *4Es(n,f)-I,
and the dotted curve represents the final mass distribu-
tion, ®¥Es(n,f)-II. The open symbols represent the
mass-yield data of various investigative groups as
described in the text.

were analyzed, and the correction for mass dis-
persion was applied directly to the uncorrected
mass distribution without prior smoothing.

Final mass distributions used in the present
work are shown as solid curves in Figs. 1(a)-1(e).
These distributions were deduced from fission
yields determined radiochemically or by mass or
y-ray spectrometry. All of these methods are
referred to as RC measurements in the present
paper. The RC measurements determine the mass
of the final product unambiguously, but the method
does have limitations. Generally yields with un-
certainties from 5 to 15% are determined for fewer
than 30 masses out of approximately 80. The
Terrell method requires in an asymmetric mass
distribution that the yield of the light- or heavy-
mass group sums to 100% or that the total yield
of both groups sums to 200%. It is therefore ob-

vious that a rather large number of yields must be
determined by interpolation and that these inter-
polations must be made between yields that prob-
ably have sizable errors. In such a procedure it
is possible to miss any fine structure that may
exist in the final mass distribution.

In Figs. 1(a)-1(e) the measured fission yields
are shown as open symbols. The solid curves
represent mass distributions that sum to 200%
total yield. For 2%2Cf(sf) the recommended yields
of Flynn, Gindler, and Glendenin®* are shown.
These yields represent the combined measure-
ments of their own and four other groups.35-38
For 2¥*Cm(n,f) the yield measurements of von
Gunten, Flynn, and Glendenin®® are shown as cir-
cles and those of Harbour and MacMurdo* as
triangles. Since both groups employed the R
method in which ratios of measured activities and
unknown yields for a given fission product in the
245Cm(n,f) reaction were compared with measured
activities and known yields for the same fission
product in the #*°*U(n,f) reaction, the ***Cm(n,f)
yields were recalculated using values of the
235U (n,f) yields reported by Walker.** The close
agreement between the two sets of yields after
the calculation just described is evidenced in Fig.
1(b). The yields shown in Fig. 1(c) for 2%‘Cf(sf)
were obtained at this laboratory*? (circles) and at
Los Alamos*® (triangles). The data depicted in
Fig. 1(d) for 2**Es(n,f) are those of Flynn, Gindler,
Glendenin, and Sjoblom.* In this figure the solid
curve represents the one given in Ref. 44. The
dotted curve represents-an alternative mass dis-
tribution consistent with the data. It also sums
to 200% total yield. These two distributions (solid
curve and dotted curve) are referred to hereafter
as distributions I and II, respectively. The data
for 2°¢Fm(sf) shown in Fig. 1(e) are those of
Flynn et al.*®* The yield of mass 125 was re-eval-
uated for those fissioning systems in which the
yield of this mass was determined originally by
measuring the activity of the 9.6-day 2°Sn isomer.
A ratio of isomer yield to total chain yield of 0.476
+0.067, based on the measured ratio in 252Cf(sf),**
was assumed in the re-evaluation.

The procedure for determining the neutron-yield
function U(M) as well as the “ending” (or last de-
rived as opposed to starting) initial mass distribu-
tion was to deduce a first approximation for (M)
by the Terrell method from the starting initial
mass distribution and the final mass distribution
shown in Figs. 1(a)~1(e) for a given fissioning
system. Let this first approximation to v(M) be
called NU(1). (The nomenclature used in describ-
ing the various neutron-yield functions and mass
distributions is given in Table II.) Using NU(1)

a new initial mass distribution was calculated
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TABLE II. Nomenclature to describe various neutron and mass functions in the iterative

procedure.

Function
designation

Description

NU) Neutron-yield function,
Index i=0 represents the starting function,
generally a function with the same shape as
the 252Cf(sf) neutron-yield function determined

in Ref. 2.

Index i=n represenfé the ending or last-derived

function.

For i>0, NU(:) is derived from YI(i-1) and the
final RC mass distribution.
YI(7) Initial or pre-neutron-emission mass distribution.
Index i represents the distribution derived
with KE measurements of the fission fragments

and NU(z).

YF(@) Final or post-neutron-emission mass distribution.
Index i represents the distribution derived with

YI@) and NU().
These subindices are used with the index 7 for

aorb

the 252Cf(sf) system; Index a indicates that
the starting neutron-yield function, NU(0)
was the function determined in Ref. 2. Index
b indicates that NU(0) was a constant equal

to Dp/2.

from the KE measurements. Let this new initial
mass distribution be called YI(1). To determine
the appropriateness of both NU(1) and YI(1), YI(1)
was transformed into a final mass distribution
YF(1) by means of a computer program that
allowed the average number of neutrons deter-
mined for NU(1) to be emitted from each fragment
mass determined for YI(1). The neutrons were
assumed to be emitted with a normal distribution
about the average v(M,) value. The variance of
the neutron distribution for each fragment mass
was assumed to be the same as the one given in
Table I for each fissioning system. The trans-
formed, final mass distribution YF(1) was then
compared with the final mass distribution deduced
from RC measurements [solid curves in Figs.
1(a)-1(e)]. If the comparison was satisfactory,
then NU(1) and YI(1) were assumed to be repre-
sentative for that particular fissioning system.

If the comparison was not satisfactory, then
another neutron-yield function NU(2) was calcu~
lated by the Terrell method using YI(1) and the
final mass distribution deduced from RC mea-
surements. The second approximation to the
initial mass distribution YI(2) was then calculated
from the KE measurements and NU(2), and then
transformed into final mass distribution YF(2).
The comparison between YF(2) and the RC final
mass distribution again was made. In this iterative
manner the neutron-yield function and initial mass
distribution corresponding, respectively, to NU(®)

and YI(n) were determined.

For the present paper the comparison between
the transformed, final mass distribution YF(7),
where 7 may have a value from 0 through »n, and
the one deduced from RC measurements was a
subjective one in which good agreement was ob-
tained for both the light- and heavy-mass peaks
and reasonably good agreement was obtained in
the far-asymmetric and near-symmetric regions
of the mass distributions. The most sensitive
criterion as to whether particular NU(Z) and YI(Z)
were accepted or rejected was the agreement be-
tween YF(7) and the RC final mass distribution in
the near-symmetric mass region.

IIl. RESULTS AND DISCUSSION

A. %2Cf(sf) neutron-yield function

Since U(M) has been determined for 22Cf(sf) by
direct neutron counting,'”® it was decided to check
the procedure described in the previous section
by deriving (M) for this fissioning system. Also,
since the starting initial mass distribution YI(0)
was calculated from the KE measurements and
the neutron-yield function NU(0) determined by
Bowman et al.? for ?2Cf(sf), it was to be expected
that the transformed, final mass distribution

- YF(0) would correspond closely with the one de-

termined from RC measurements. Therefore,
to check the uniqueness of the derived neutron-
yield functions, two different starting NU(0) func-
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FIG. 2. Neutron-yield functions determined for
252Cf(sf). (a) Functions derived with the iterative
method. Crosses represent the starting function,
NU(0a), which is the function determined by Bowman
et al. (Ref. 2); solid circles, the first-derived func-
tion, NU(1a); open circles, the last-derived or ending
function, NU(#a). (b) Functions derived with the itera-
tive method. Crosses represent the starting function,
NU(0b); solid circles, NU(lb); open circles, NU(nb).
(c) Comparison of neutron yield functions. Crosses
represent NU(#za); solid circles, NU(#b); dashed curve,
the function determined in Ref. 2.

tions were used to initiate the iterative calcula-
tions: NU(Oa), the neutron-yield function de-

termined experimentally by Bowman et al.?; and
NU(0b), a constant value equal to U,/2 or 1.885.

These two functions are shown as crosses in Figs.

2(a) and 2(b), respectively. The solid circles in
these figures represent the first-derived neutron-
yield fuhctions, NU(1a) and NU(1b). It is note-
worthy that the NU(1b) function exhibits a strong
saw-toothed dependence on mass even though
NU(0b) was constant. The open circles in Figs.
2(a) and 2(b) represent the last-derived or ending
neutron-yield functions, NU(za) and NU(nb). The
transformed, final mass distributions, YF(0a)
and YF(0b), are shown as crosses in Figs. 3(a)
and 3(b), respectively. The solid curves in these
figures represent the mass distribution deter-
mined from RC measurements. One notes in Fig.
3(a) that the transformed, final yield YF(0a) cal-
culated with the neutron-yield function determined
by Bowman et al.? agrees well with the RC mass
distribution. The circles in Figs. 3(a) and 3(b)
represent the transformed, final mass distribu-
tions, YF(ra) and YF(zb). The transformed data
fit the RC mass distributions very well. It would
appear that the transformed data could be made
to fit the RC mass distribution exactly by suitable
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FIG. 3. Final mass distributions for 252Cf(sf). The
solid curves in both (a) and .(b) represent the RC mass
distribution shown in Fig. 1(a). The crosses represent
starting transformed, final mass distributions, YF (0a)
and YF(0b). The open circles represent ending trans-
formed final mass distributions, YF(#a) and YF(#zb).
The solid circles in (a) represent the final mass dis-
tribution obtained from the transformation of YI(na)
calculated with Eqs. (2)-(5) as explained in the text.

manipulation of the neutron-yield function. How-
ever, because of the sizable errors associated
with the RC measurements, statistically fewer
KE events in the low yield regions, and uncertain-
ties associated with the variances used to correct
for mass dispersion and neutron emission, fur-
ther calculations to achieve an exact fit are hardly
justified. '

In Fig. 2(c) the two derived neutron-yield func-
tions, NU(za) and NU(zb), and the one determined
experimentally by Bowman et al.? are shown for
comparison. Crosses represent NU(na), solid
circles represent NU(zb), and the dashed curve
represents the Bowman ef al.? data. The two de-
rived functions are essentially identical except for
differencés in the near-symmetric (valley) mass
regions. These differences account for the dif-
ferences observed in the valley region of the trans-
formed, final mass distribution shown as circles
in Figs. 3(a) and 3(b). Differences between the
derived neutron-yield functions and the one of
Bowman et al.? are discussed later.
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To this point initial mass distributions YI(7) were
calculated with a correction for the dependence of
7(M) on the total kinetic energy release Ty based
on the relationship,

(M, T g) = (M) +{5(M)/[5(M)
- T(Ap - M}[ap /B2,
' ()

where A is the mass of the fissioning nuclide,
E¥ is the average sum of the binding energy and
center-of-mass kinetic energy of the emitted neu-
tron, taken to be 7 MeV, and Ap.p 18 defined as
the average total kinetic energy for a given mass
split, Ty;(M), minus the observed total kinetic
energy for the same mass split, Ty;(M). Equa-
tion (2) is the T (M)-dependence correction for
neutron emission used previously at this labora-
tory.30:32:33 However, in the course of this work
it became apparent that Eq. (2) did not adequately
describe the T (M) dependence of neutron emis-
sion for all values of Ay, ., particularly large
values of Aryp. This is shown in Fig. 4 in which
the number of neutrons emitted in 2%Cf(sf) is
plotted as a function of fragment mass for various
values of Argp. The curves were deduced from
the contour diagram of v plotted as a function of
M and Ty in Fig. 3(a) of Ref. 2. The solid sym-
bols in Fig. 4 are values of v calculated for var-
ious values of M and Aryg; by means of Eq. (2).

The open symbols in Fig. 4, showing better agree-.

ment with the deduced curves, are values calcu-
lated with a series of equations representing the
Tyg(M) dependence of neutron emission for dif-

ferent values of Aryp. For Arg; <0, Eq. (2) was

T T T T T T T T
SYMBOL Arge v (-1
6 om -20MeV
r oe o " 7
LA +10 "
vwv +30 "

NUMBER OF NEUTRONS EMITTED, ¥(M,TKE)
nN w D (4]

L 1 | | 1 | 1
90 100 110 120 130 140 150 160
INITIAL MASS, M

FIG. 4. Neutron emission as a function of fragment
mass and TKE for 252Cf(sf). The solid curves were
deduced from data given in Ref. 2. The solid symbols
were calculated according to Eq. (2). The open symbols
were calculated according to Egs. (2)—(5).

assumed to hold but with E ¥ increased from 7

to 8.5 MeV to give better agreement with the data.
For 0<Arg ;<20 MeV, the correction was taken
to be

v(M, Tyg) =0(M) +(M/Ag) (A
For 20< Apyg <60 MeV,
v(M, Txg) =T(M)[(60 - Aryy)/40]
+(M/Ap)(Arygg/E})
+(M/Ap)[VM) +D(Ap - M)]
x{1-[(60- ap, )/40]}. @)
For Ar, . >60 MeV,
VM, Tyg)=(M/Ag)[(a
x [a

/EY). ®

TKE

/60]. (6)

TKE

Equations (3)~(5) have the effect of allowing neu-
tron emission to become more proportional to the
mass of the fragment as Ar,; increases. For
Arge < 60 MeV some saw-toothed structure re-
mains in the neutron-yield function. Above 60
MeV neutron emission becomes proportional to the
mass of the fragment. Subsequent derivations of
initial mass distributions and, hence, neutron-
yield functions include the T (M) dependence
described with Egs. (2)-(5) rather than Eq. (2)
alone. )

The effect of this change is shown in Fig. 3(a).
The solid circles in this figure represent YF(za)
obtained with Egs. (2)-(5) used in the derivation
of YI(na) and with the same NU(ra) shown in Fig.
2(a) as the open circles. Only those yields in Fig.
3(a) represented by the solid circles (primarily
the valley yields) change substantially from the
yields represented by the open circles and are
therefore the only ones plotted. Because of these
changes in yield values, 7(M) was redetermined
for 2%2Cf(sf). The results are shown in Fig. 5:
YF(r) and NU () are depicted by the open circles
in Figs. 5(a) and 5(b), respectively. The crosses
indicate YF(0) derived with the (M) of Bowman
et al.2 The YF(n) function again shows good agree-
ment with the RC mass distribution (solid curve).
The solid circles in Fig. 5(b) represent the pre-
viously described NU(ra) function for those frag-
ment masses where it deviates noticeably from
the NU(n) function.

Neutron-yield functions determined for 2%2Cf(sf)
by neutron counting are shown in Fig. 5(b) (cros-
ses?) and Fig. 6 (upright triangles,* inverted tri-
angles,® and squares®). The agreement among the
various experimental determinations is quite good
between masses 90-115 and 135-155. The de-
rived neutron-yield function shown as open circles
in both Fig. 5(b) and 6 exhibits general agreement
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FIG. 5. (a) Final mass distributions for 252Cf(sf).
The solid curve represents the RC mass distribution
shown in Fig. 1(a). The crosses and circles represent
the transformed, starting and ending final mass dis-
tributions, YF (0) and YF(#n), respectively, derived
with Eqs. (2)—(5). (b) Comparison of neutron-yield
functions. Crosses represent the function determined
by Bowman et al. (Ref. 2). Solid circles, NU(na),
were derived with Eq. (2). [See Fig. 2(a).] Open
circles, NU(n), were derived with Eqs. (2)—(5).
(See text.)

with the experimental determinations. Below mass
90, the derived function is smaller in value than
the other functions. At mass 95, the derived func-
tion becomes larger than the others and remains
larger through mass 120. In the heavy mass re-
gion the derived function is smaller than the
others from mass 127 through mass 156. Differ-
ences among the derived function and the experi-

[¢]
80 *© 90 100 1o 120 130 140 150 160 170
INITIAL MASS

FIG. 6. Comparison of neutron-yield functions for
282Cf(sf). Circles represent the derived function; up~
right triangles, the function determined in Ref. 4; in-
verted triangles, the function from Ref. 6; squares, the
function from Ref. 8.

mentally determined functions are ~0.3 neutron in
the high-yield mass region. A realistic assess-
ment of the errors in the derived neutron yield
for a given mass in this region is of this magni-
tude. For other masses the error may be con-
siderably larger.

B. Neutron-yield functions for other fissioning systems

The neutron-yield functions, NU(n), derived for
the 24°Cm(n,f), 2*‘Cf(sf), 2*Es(n,f)-I and —1II,
and 2°Fm(sf) systems are shown as circles in the
lower (b) parts of Figs. 7-11, respectively. The
crosses in these figures represent the NU(0) func-
tions; the squares are the sums of the derived
neutron yields for complementary fission frag-
ments. The final mass distributions shown in the
upper (a) parts of the figures represent the RC
mass distribution (solid curve) and the trans-
formed distributions, YF(0) (crosses) and YF(n)
(circles). The crosses fit the RC mass distribu-
tion rather well for 2°*Cf(sf), fairly well for
245Cm(n,f), and rather poorly for ?**Es(z,f) and
#%Fm(sf). The circles, as expected from the
criteria for determining the “goodness” of a par-
ticular neutron-yield function, fit the RC mass
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FIG. 7. (a) Final mass distributions for 245Cm(n,f).
The solid curve represents the RC mass distribution.
Crosses and circles represent the transformed, starting
and ending final mass distributions, YF(0) and YF (#),
respectively. (b) Neutron-yield functions, NU(0)
(crosses) and NU(#) (circles). The squares represent
the number of neutrons emitted for complementary
fragment masses.
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distributions quite well.

In Figs. 9 and 10 one observes the effect of dif-
ferent final mass distributions on the derivation
of U(M) for 2*Es(n,f). In Fig. 10(b) both neutron-
yield functions corresponding to RC mass distribu-
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FIG. 9. (a) Final mass distributions and () neutron-
yield functions for 2*Es(n,f)-I. See Fig. 7 for the
description of symbols.
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FIG. 10. (a) Final mass distributions and (b) neutron-
yield functions for 2*Es(n,f)-II. See Fig. 7 for the
description of symbols. The triangles in (b) represent
the neutron-yield function derived for %¢Es(n,f)-I .
[Fig. 9()] and are shown for comparison.

tions I and II are plotted as triangles and circles,
respectively. Differences between the two func-
tions are sizable, as much as 0.5 neutron at mass-
es 94, 124, and 136. Since U(M) depends on both
initial and final mass distributions, it is estimated
that ¥(M) for 2*Es(n,f) and ***Fm(sf) have an un-
certainty of 0.7 neutron in the worst case, i.e., in
far asymmetric and near-symmetric mass re-
gions. The uncertainties for the other fissioning
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FIG. 11. (a) Final mass distributions and (b) neutron-
yield functions for 256Fm(sf). See Fig. 7 for the de-
scription of symbols.
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FIG. 12. Derived neutron-yield functions shown for
comparison. The function for 254Fm(sf) is from Ref.
46.

systems are estimated to be less than this, vary-
ing downward to 0.3 neutron for 2*2Cf(sf) in the
high-yield mass regions.

The derived neutron-yield functions for 2*:Cf(sf),
25Cm(n,f), 2°*Ci(sf), 25*Es(n,f)-1, °Fm(sf),
and 2**Fm(sf)*® are shown for comparison in Fig.
12. The saw-toothed character is obvious in all
six functions., Maximum neutron emission occurs
for masses 119-124; whereas minimum neutron
emission occurs for masses 129-132. Masses for
which maximum and minimum neutron emission
occur are given for each fissioning system in
Table III. The minima in 7(M) for ?**Cm(n,f) and
254Es(n,f) are not as deep as the minima for the
(sf) systems, It is tempting to attribute this to
the increased nuclear excitation in the (r,f) sys-
tems compared with the (sf) systems. However,
this may be too simplified an approach. Rather,
a direct comparison should be made of the neutron-
yield functions obtained for ?**Cm(n,f) and 2**Cm(sf)
whenever sufficient data become available for the
latter system. It should also be noted that v, for
25%Es(n,f) is based on the systematics?? of neutron
emission rather than on an experimental number.
The value of 4.26 agrees well, however, with the
values (Table III) determined indirectly from dif-
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ferences in the first moments of the light and
heavy mass groups of initial and final mass dis-
tributions.

Other than the general saw-tooth shapes of the
V(M) curves, it would be difficult to claim a “uni-
versality” among them. There is a general in-
crease in neutron emission with fragment mass in
the heavy mass region. The approximate slope of
a linear envelope about the curves in this region
is about 0.09 neutron per mass unit. The height
of such an envelope is about one neutron. In the
light mass region there is less uniformity among
the curves.

The saw-tooth feature of the V(M) curves and the
similarity or lack of similarity among them can
be interpreted qualitatively by a consideration of
shells in deformed fragment nuclei.*” To a first
approximation the number of neutrons emitted by
a fission fragment is proportional to the excita-
tion energy of the fragment and this in turn de-
pends largely on the deformation of the fragment
at scission. Thus a fragment that is largely de-
formed will emit a larger number of neutrons than
one that is only slightly deformed. The scission-
point model of fission*” indicates that the total de-
formation of various fragment pairs for a given
fissioning system is nearly constant. From the
contour plot of the potential energy surface as a
function of the two fragment deformations in Fig.
4 of Ref. 47, it is apparent that the fission frag-
ments can deform more readily in the direction
of constant total deformation than in an opposite
direction in which both fragments become either
more spherical or more deformed. Because of
the near constancy of the total deformation one
expects that fragments which emit the fewest and
the most neutrons to be complementary. From
Table III one observes that with the exception of

- 245 Cm(n,f), the masses for which maximum and

minimum neutron emission occur are complement-

TABLE II. Characteristics of neutron emission for various fissioning systems.

Fissioning Symmetric Max. 7 Min. ¥ Sum *

system mass, Agz/2 (Mass) (Mass) (Mass)  7,®  Tu° Do
M5cmn, f) 123 119 132 251 2.3 1.6 3.9
252Cf(sf) 126 121 129 250 2.2 1.5 3.7
254Cf(sf) 127 123,124 129 252,253 2.1 1.8 3.9
24ES (n, f)-1 127.5 123 130 253 2.3 2.0 4.3
4R (n, f)-11 127.5 124 131 255 2.6 1.8 4.4
254Fm (sf) ¢ 127 123 129,130 252,253 2.2 1.7 3.9
256 'm (sf) 128 124 131 255 2.5 1.3 3.8

2Sum of masses for which maximum and minimum neutron emission occurs.
b Average number of neutrons emitted from the light (L) or heavy (H) fragments deduced
from differences in the first moments of the mass groups in initial and final mass distribu-

tions.
CVp=Vp + Vg,
dData from Ref. 46.
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ary within +2 mass units. For ***Cm(n,f) the
calculated minimum neutron emission is at mass
132 and is 0.83 neutron per fission. The calcu-
lated value at mass 129 is 0.84 neutron per fission.
In view of the uncertainties discussed previously,
it would be difficult to state categorically that
minimum neutron emission occurs at mass 132
rather than 129, Minimum neutron emission at
mass 129, of course, is more nearly the com-
plement of mass 119 for the 2**Cm(s, ) system
and more in keeping with the other fissioning sys-
tems as far as complementarity is concerned.
However, deviations from complementarity may
be caused by a number of factors. Two of the
most obvious are that (1) the total deformation for
a given fissioning system is not exactly constant
for all pairs of fission fragments, and (2) the data
used in the derivation of a given U(M) are not suf-
ficiently accurate to discern the true maximum or
minimum, We'are not prepared at present to de-
fend one factor to the exclusion of the other.

The region of minimum neutron emission is
associated with masses in which both strong pro-
ton (Z =50) and neutron (N =82) shells occur for
spherical nuclei.*” Minimum neutron emission
does not necessarily occur at mass 132 because
liquid drop forces tend to form fragments with the
same mass-to-proton ratio to within 0.5 Z unit
as the fissioning nuclide. For Z =50, liquid drop
forces would tend to give fragments with N=78-81
for the systems given in Table II; similarly for
N =82, fragments with Z =51-52 would be pre-
ferred.

In the mass region of the fission fragments the
influence of the neutron shells predominate over
that of the proton shells and, to a first approxi-
mation, the neutron shells associated with the
heavy fragments are stronger than those associated
with the light fragment, particularly those shells
with 82 and 88 neutrons located at g deformations
of approximately 0.1 and 0.65, respectively.?
Therefore, since neutron emission for the sys-
tems discussed in the present paper depends
primarily on fragment deformation, one might
expect neutron emission by the heavy fragment
to be similar for the various systems. Differences
would occur because of variations in (1) the mass-
to-proton ratio, (2) the intrinsic excitation ener-
gy of the system at the moment the mass distribu-
tion is determined, and most importantly (3) the
preferred deformation of the various complement-
ary fragments. For example, if a complementary
(light) fragment has a strong shell at a small de-
formation, the heavy fragment, because of the
nearly constant total deformation of the two frag-
ments, tends to be more deformed and to emit
more neutrons. Conversely, the heavy fragment

may emit fewer neutrons if the light fragment has
a strong shell at a large deformation. Figure 12
indicates a similarity in the shapes of the neutron-
yield curves for the heavy fragment in the various .
fissioning systems. The lack of uniformity in
neutron emission by the light fragment (Fig. 12) is
then largely the result of the light fragment vary-
ing more in mass and neutron number from system
to system than the heavy fragment. Because of
this greater variation different neutron shells
come into play in the light fragment for each fis-
sioning system and cause different neutron emis-
sion patterns.

The average number of neutrons emitted by
light ¥, or heavy ¥, fragments for a particular
fissioning system can be calculated by subtracting
the average light or heavy mass in the final mass
distribution from the corresponding average mass
in the initial mass distribution. Values of ¥, and
U, determined in this manner are given in Table
III. These values indicate that, except for 25¢Cf(sf)
and ***Es(n,f)-1, significantly more neutrons are
emitted from light fragments than from heavy
fragments. The experimental results of Bowman
et al.? indicate a 7, /7, ratio of only 1.17+0.03
for 2°2Cf(sf) compared to the 1.47 value deduced
from the values given in Table II. These differences
are readily accounted for by the differences shown
in Figs. 5(b) and 6 between the derived neutron-yield
function and the experimentally measured neutron-
yield functions in the light and heavy mass re-
gions.

The values of V.=V +V, given in Table III agree
well with the values of ¥, listed in Table I which
were used in the calculation of 7(M).

C. Effect of M) on the derivation of various mass and
energy distributions

In a previous paper? initial mass distributions,
T as a function of fragment mass [Ty z(M)], and
the dispersion in Ty (M) as a function of fragment
mass (OTKE ) were presented for a number of
fissioning systems. The initial masses were de-
duced from KE measurements with the assumptions
(1) that the neutron-yield function for fissioning
systems with Z > 96 had the same shape as the
252Cf(sf) neutron-yield function determined by
Bowman et al.? and (2) that the T, dependence
for neutron emission was described by Eq. (2).
Examples of these distributions are shown as
crosses in Figs. 13-17. The same types of dis-
tributions but deduced with the neutron-yield func-
tions derived in the present paper and with the
assumption that the Ty, dependence for neutron
emission is described by Eqgs. (2)-(5) are shown
as circles in Figs. 13~17. In Fig. 16 the solid
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FIG. 13. (a) Root-mean-square of the total kinetic
energy distribution as a function of fragment mass, (b)
average total kinetic energy as a function of fragment
mass, and (c) the initial mass distribution for 245Cm
(n,f). Obpen circles represent data calculated with the
derived neutron-yield function and Eqs. (2)—(5).
Crosses represent data calculated with an assumed
252Cf(sf)-shaped neutron-yield function and Eq. (2).
Open triangles represent data calculated with an
assumed *2Cf (sf)-shaped neutron-yield function and
Egs. (2)—(5). The triangles are shown in this figure
and in Fig. 17 and are plotted only where they differ
noticeably from the crosses. ’

circles represent values calculated with the
254F5(n,f)-1I neutron-yield function where they
differ noticeably from the values calculated with
the ?**Es(n,f)-1I function. There is a consistent
pattern between the Ty (M) distributions calculated
with the previous (crosses) and present (circles)
method as well as between the op,__ ( distributions
calculated with the two methods. In the region of
the most probable mass there is, in general, little
difference between the results obtained with the
two methods. However, as one approaches sym-
metry, the circles indicate smaller values than
the crosses for Ty (M) and larger values for

OF g Gy Since the symmetric yields represent
on’l(y a small percentage of the total fission yield,
the old assumptions can be used to calculate
Txe(M) and op . rather well for fissioning sys-
tems from 246*Cm to 2°*Fm.

The initial mass distributions show greater dif-
ferences when calculated with the previous and
present method than do Ty (M) or op () In
2%5Cm(n,f) [Fig. 13(c)] the circles indicate con-
siderably less yield at masses 136—139 than do
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FIG. 14. (a) Root-mean-square of the total kinetic
energy distribution as a function of fragment mass, (b)
the average total kinetic energy as a function of frag-
ment mass, and (c) the initial mass distribution for
252Cf(sf). See Fig. 13 for the description of symbols.
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A description of the values represented by circles and
crosses is given with Fig. 13.
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FIG. 18. The variation of Ty for fragment mass
132 plus its complement (open symbols) and symmetric
fragment masses (solid symbols) as a function of
fissioning mass. Circles are for spontaneous fissioning
systems. Triangles are for thermal-neutron-induced
fissioning system. The solid and dashed curves indicate
the general trend for the open and solid symbols,
respectively.

the crosses. For 252Cf(sf) and 2%*Cf(sf) [Figs. 14(c)
and 15(c), respectively] there is not much differ-
ence between the crosses and circles. For
24Es(n,f) [Fig. 16(c)] there are significant differ-
ences between the previous and present distribu-
tions for both the I and II distributions., For
256Fm(sf) [Fig. 17(c)] there are noticeable differ-
ences. Thus the old assumptions may or may not
be too reliable in calculating the initial mass dis-
tribution, depending on the fissioning system and
the accuracy which one desires.

It should be remembered that the values rep-
resented by crosses and circles in Figs, 13-17
are the result of two changes: (1) different neutron-
yield functions and (2) different equations repre-
senting the T, dependence of neutron emission.
The effect of changing just the Ty, dependence
of neutron emission is shown in Figs. 13 and 17
for 25Cm(n,f) and ?*Fm(sf). In these figures,
the triangles represent values of op, (), Tye(M),
and initial mass-yield that were calculated with
the assumption that the neutron-yield function
have the same shape as the one determined for
252Cf(sf) by Bowman et al.? (previous assumption)
but that the Ty dependence for neutron emission
is described by Egs. (2)-(5) (present assumption).
One notes that near symmetry these values are
smaller for Ty (M) and greater for oz __(y, than
are the corresponding values represented by the
crosses. The initial mass yields, however, are
very similar.

Figure 18 is a plot of the T (M) values for
M =132 plus its complementary fission fragment
mass (open symbols) and for symmetric fission
fragment masses (closed symbols) for the five
fissioning systems. The general trend of Ty (M)
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for the two types of mass split as indicated by the
solid and dashed curves is in keeping with that
predicted by the scission-point model of fission
(see Fig. 18 of Ref. 47).
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