
PARITY-VIOLATING ASYMME TRY. . .

2M. Gell-Mann, Rev. Mod. Phys. 31, 834 (1959).
SF. C. Michel, Phys. Rev. 133, B329 (1964).
4W. D. Hamilton, Progr. Nucl. Phys. 10, 1 (1969).
SE. M. Henley, Ann. Rev, Nucl. Sci. 19, 367 (196S).
6K. S. Krane, C. E. Olsen, J.R. Sites, and W. A. Stey-

ert, Phys. Rev. Letters 26, 1579 (1971).
'B. Jenschke and P. Bock, Phys. Letters 31B, 65 {1970).
SE. D. Lipson, F. Boehm, and J. C. Vanderleeden,

Phys. Lettexs 35B, 307 (1971).
SG. Scharff-Goldhaber and M. McKeown, Phys. Rev.

158, 1105 (1967).
IOH. Paul, M. McKeown, and G. Scharff-Goldhaber,

Phys. Rev. 158, 1112 (1967).
~~R. Hager and E. Seltzer, Phys. Letters 20, 180 (1966).
~2V. S. Gvozdev, V. N. Grigor'ev, and Yu. V. Sergeen-

kov, Yadern. Fiz. 8, 3 (1968) [transl. : Soviet J. Nucl.
Phys. 8, 1 (1969)].
~3E. Bodenstedt, H. J. Korner, E. Gerdau, J.Radeloff,

C. Gunther, and G. Strubs, Z. Physik 165, 57 (1S61).
~48. D. Koicki, A. H. Kukoc, M. P. Radojevid, and J. M.

Simid, Bilten Instituta ZR Nuklearne Nauke "Boris Kidric"
13, No. 3, 1 (1962).

)SK S Krane and R. M. Steffen, Phys. Rev. C 2, 724
(1970).

R. M. Steffen, Los Alamos Scientific Laboratory Re-
port No. LA-4565-MS, 1971 (unpublished); S. R. de Groot,
H. A. Tolhoek, and W. J. Huiskamp, in Alpha-, Beta-,
aed Gamma-Bay Spectroscopy, edited by K. Siegbahn
(North-Holland, Amsterdam, 1965), 1199.

~7D. C.. Camp and A. L. Van Lehn, Nucl. Instr. Methods
76, 192 (1969). The Qz for odd k are discussed by K. S.
Krane, to be published.

~8H. FrauenfeMer and R. M. Steffen, in Alpha-, Beta-,
and Qxmma-Bay Spectroscopy, edited by K. Siegbahn
(North-Holland, Amsterdam, 1965), Chap. XIX.
~9J. C. Vanderleeden and F. Boehm, Phys. Rev. C 2,

748 (1970).
2 R. D. Lawson and R. E. Segel, Phys. Rev. Letters 16,

1006 (1966).
2~M. A. Preston, Physics Of the Nucleus (Addison-Wes-

ley, Reading, Mass. , 1962), p. 342.
220. Hansen et a/. , Nucl. Phys. 25, 634 (1961).
23A. Bohr and B.R. Mottelson, Ngclem. St~cthe (Ben-

jamin, New York, 1969), Vol. I, p. 381.

PHYSICA L REVIEW C VOLUME 4, NUMBER 5 NOVEMBER 1971

Deterinination of the Charge and Mass Distribution in the Fission of Cf~

E. Cheifetz, *J.B.Wilhelmy, R. C. Jared, and 8. G. Thompson
I,ageyegce Radiation Lubomtw'y, University Of California, Bexkeley, California 94720

(Received 6 July 1971)

A new technique is presented for determining mass and charge distribution in fission. This
method is based on obtaining the independent yields of the even-even fission products from the
measured intensities «2+ 0+ ground-state band transitions deexciting the prompt-Qssion
products. Transition intensities for members of ground-state bands in 36 even-even fission-
product nuclei have been used to determine the centroids (Z&) and widths (Oz) of the charge
distributio for eight chains of fission products with constant mass Rnd also to determine the
centroids (Zz), widths (0&), and yields (Fz} of the mass distribution for 12 chains of fission
products with constant charge. The method has been applied to analyze the charge and mass
distributions of 2~2Cf spontaneous fission. The results when compared with the standard radio-
chemical and X x-ray technique give satisfactory agreement. The discrepancies which exist
are predominantly associated with regions influenced strongly by nuclear shells. Examples
are given relating the observed ground-state band transition intensities with other observed
fission variables such as kinetic energy release and neutron-evaporation systematics.

I. INTRODUCTION

We present in this papex a new method which
has been used to determine the independent yields
of many of the fission products-. The method is
based upon the measurement of the intensities of
the prompt transitions from the lowest 2' level to
the 0' gx'ound states in even-even fission frag-
ments. These transitions have been identified in
36 of the highest independent-yield fission prod-
ucts in the spontaneous fission decay of '53Cf.' '

For many years studies have been made to de-
termine the charge distribution of products formed

in fission. Much of the information has been ac-
quired through radiochemical isolation of specific
short-lived fission isotopes from which indepen-
dent and cumulative fission yields of several iso-
topes have been obtained (for a review of these re-
suits, see Wahi et al.4). The limiting feature in
the radiochemical analysis is that the majority of
the high-yield prompt-fission pxoducts have vexy
short P-decay half-lives. This makes the isola-
tion of these isotopes quite difficult, and in gener-
al very little is known about their properties or
yields. Therefore, much of the data which have
been used to interpret the charge distribution have
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come from isotopes closer to P stability. These
isotopes have longex half-lives but have lower in-
dependent yields as fission pxoducts. Since the in-
terest is in the primary distribution at the time of
fission, this makes the interpretation more diffi-
cult.

Independent yields of isotopes of selected ele-
ments (e.g. krypton rubidium xenon . and cesi-
um) have also been determined through the use of
on-line mass separators. ' This very accurate
method is still limited to elements that are easy
to extract and ionize. Both the x'adiochemical and
isotopic mass-sepax'ation techniques deal with the
products in the time range of greater than 10 ' sec
after fission and cannot be used for correlations
of the yields with physical properties of the fission
px'ocess such as fragment kinetic energies and neu-
t1'on emls sion.

With the advent of the high-resolution solid-state
photon detectors, the prompt X x-ray spectra of
the flsslon px'oducts wex'8 studied extensively.
Information concerning the charge and mass dis-
tribution of the products have been deduced from
the measurements. This technique overcomes
one of the main radiochemical difficulties in that

the high-yield primary px'oducts are the ones that
are sampled. However, there are difficulties with
this appx'oach 1n that what ls deslx'ed ax'8 the yields
of the px'oducts, and what is measured ax'e the
yields of the K x rays of the products. One, there-
fore, makes an assumption that the E x-ray yield
is propoxtional to the isotopic yield for any given
element. This g pnon a@sumption is difficult to
justify because the low-energy transitions which
are presumably responsible for most of the x-ray
yield cannot be predicted. In fact the E x-ray
yield among the various elements produced in fis-
sion varies by a factor of over 100, and even the
differences between the K x-ray yields of adjacent
even Z elements are as large as a factor of 2
and could perhaps be lax ger if the E x-ray yields

~ Cf -I05 fission/min

Fp FI
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FIG. l. General schematic representation of the exper-
imental detector configuration. Detectors Fl (with elec-
trodeposited 252Cf} and F2 measured kinetic energies of
tI18 fragnlents. Detectors f~ Rnd f2 meRsuled enelgies
of y rays and/or x rays. Four-parameter coincidence
studies (Fl, F2, y&, y2) were used to estahbsh transi-
tions associated with ground-state bands in even-even nu-

clei. Once these transitions were established they were
studied quantitatively (as reported in this pRper) in a
three-parameter experiment (F1, P2, y&) which afforded
a higher efficiency of detection. The sources and detec-
tors indicated in the bottom of the figure were used for
external stabilization of the photon detectors.

FIG. 2. A schematic representation of the ground-state
band deexcltation of R prompt even-even fission product.
The numbers associated with each transition are average
relative intensities observed in fission for the decay from
the indicated spin members of the ground-state hand,
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were not already averaged over fragments with
even and odd neutron numbers. Such variations
could also be expected between isotopes of the
same element and would bias the determination of
the independent yield. A further complication is
in determining the dispersion of the charge and
mass distributions. To obtain these values an un-
folding procedure has to be employed which re-
moves the effects due to the relatively poor ex-
perimental resolution in the mass determination.

From our recent experimental studies of prompt-
fission y rays and from studies of John, Guy, and
Wesolowski" on delayed y rays, we have been
able to identify and determine the intensities of 36
lines corresponding to the 2' -0' ground-state
transitions of the highest independent-yield even-
even fission products. We shall show in the follow-
ing that from considerations involving the statisti-
cal nature of the deexcitation of the fragments and
the removal of their primary angular momentum,
the intensity of the 2' -0' ground-state transitions
reflect the yield of the isotopes; thus, in this way
information can be obtained on the mass and
chax'ge distribution of the primary products. This
method of determining the independent yields is
comparable to the x-ray method in that yields can
be correlated with other aspects of fission such as
neutron emission and kinetic energy release, and
it has a clear advantage over the x-ray method in
that the information is obtained directly without
having to unfold the large dispersion introduced by
the mass resolution and without the uncertainties
involving the x-ray yields.

The ground-state band transitions in even-even
nuclei produced in the spontaneous fission of '"Cf
have been identified utilizing a three- and four-pa-
rameter coincidence experiment in which the kinet-
ic energies of both fragments and their associated
y rays and E x rays were recorded. From the
measured kinetic energies it was possible to de-
termine the fragment masses, and from the K x
rays, their atomic numbers. The experimental
technique has been previously described, ' ' and
we shall explain here only those aspects of the ex-
periment which are related to extxaction of transi-
tion intensity values.

The experimental setup from which the intensity
information has been obtained is shown in Fig. 1.
The '52Cf source was plated on one of the fragment
detectors (Fl), and thus all transitions from the
fragment entering this detector having a lifetime
longer than the characteristic stopping time of fis-
sion fragments in solids (-10 "sec) appeared with-
out Doppler shifting and broadening. The y-ray

lines associated with fragments that were detected
by the second solid-state detector (F2},' which was
separated from F1 by 8 mm, were sharp and un-
shifted if they were emitted after the fragment ar-
rived at F2 and were broadened and shifted when
they were emitted by the fragment in flight. The
ratios of the non-Doppler-shifted line intensities
associated with the fragments when they were
stopped in F1 and when they were stopped in F2,
corrected for the different geometrical efficien-
ies associated with detecting y rays from Fl and
F2 positions, were used to obtain information
about the half-life values of the transitions in the
region 0.2-2 nsec. Any transition with a lifetime
longer than 2 nsec was observed with essentially
equal intensity, whether the emitting fragment was
stopped in detector F1 or F2.

The y-decay scheme of a typical even-even fis-
sion product is shown in Fig. 2. Members of the
ground-state band decay by a cascade of E2 transi-
tions to lower-spin levels of the band. They are
fed by either the higher state in the ground-state
band or fx'om many other states outside the ground-
state band. The energies of the levels of the
ground-state band are well fitted by the variable-
moment-of-inertia model" systematics which re-
lates the energies of the 6', 8', 10', etc., states
to the energies of the 4' and 2' states. These re-
lationships have been used to ascertain the identity
of the observed transitions and to make predictions
of the energies of transitions that have not been ob-
served because of the low intensity and complexity
of the spectra. Table I is a summary of the exper-
imental data and predictions related to the 2', 4',
6', and 8' states of the gxound-state band. Details
concerning the values in the table are given below.

Z. Energies. The observed transition energies
of the 2'-0', 4'-2, 6'-4+, and 8'-6' transi-
tions are listed in the table and are accurate to
better than +0.5 keV for the cases which include a
decimal point and are accurate to within +1 keV
for the remainder of the data. Energy values giv-
en in parentheses are either predicted values de-
rived from the variable-moment-of-inertia system
atics or energies of weakly observed transitions
which are in agreement with the variable-moment-
of-inertia systematics but which have not been
identified with certainty as belonging to the nu-
cleus in question. The uncertainty of the predict-
ed energy values can be as large as 50 keV. Pre-
dictions have been made only in the cases where
the energies of the 4' state (E4') and the 2' state
(E2') satisfy the relation E4'/E2'~ 2.23.

Z. Intensity. The intensity values represent the
total transition intensities, i.e., the intensity of
the observed y-ray corrected for electron conver-
sion and for emission of delayed components. The
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intensities of the y-ray lines were obtained by fit-
ting the peaks in the y-ray spectra associated with
2-amu xanges of fragment masses and then sum-
ming the intensities of lines with the same energy
appearing in neighboring spectra. The fitting was
performed by using predetermined line shapes
and straight-, line background according to the meth-
od of Routti and Prussin. " Some systematic er-
rors were possibly introduced by the arbitrary
choice of the straight-line background and by the
general complexity of the spectra Additional un-
certainties in the absolute intensities were caused
by the uncertainties in the exact distribution of the
'"Cf source on the fission detector which was in
close proximity to the y-ray detector. Altogether
we estimate an uncertainty of 15/0 for y lines with

a yield of greater than 1/o/fission and 25% for
lines with lesser intensity. These uncertainties
exceed the statistical errors associated with the
fitting procedure. Intensity values are also given
for some of the observed transitions, the assign-
ments for which, as 6'-4' and 8'- 6', are uncer-
tain (indicated by parentheses in the energy col
umn). An underestimate of the transition intensi-
ties could occur in the cases where the half-life
values of the transitions are comparable to the
-10 ' sec stopping time of the fragments in the
plated detector. In such cases a significant pox-
tion of the decay was Doppler shifted and broad-
ened and thus was not included in the total inten-
sity values of Table I. Cases where the above-
mentioned sltuRtlon could occux' Rl'e RssoclRted
with the independent feeding of the 2' states in
"'Te (974 keV) "4Te(1278 keV) and "'Te (1134
or 688 keV), and "'Xe (1313keV). No attempt
was made to correct the data of Table I for effects
associated with these very short half-life values. '

No definite assignments have been made for the
2+- 0' in "'Te. The most intense y rays that
were present in the spectra and could be associat-
ed with this isotope were at energy 1134 keV with

an intensity of 0.68%/fission or 688 keV with 0.81/0/
fission. The energies of either of these lines
could be in agreement with the systematic behav-
ior of the energies of the 2' states in this region,
and thus both mentioned intensity values were as-
sociated with "'Te.

3. Field of K x rays. The yields of the Kx rays
associated with the tabulated transitions of the
ground-state bands of the even-even fission prod-
ucts were calculated directly from the measured
or predicted y-ray energies and intensities using

the known K conversion coefficients. In the cases
where the 6'-4' and/or 8'-6' transitions have

not been identified experimentally, the intensities
of these transitions have been assumed to be 45

and 20%, respectively, of the 2'-0' transition in-

tensities. The uncertainties in the K x-ray yields
due to uncertainties in the predicted energies or
intensities are in general insignificant as these
transitions are usually of high energies and thus
have low contributions to the x-ray yield. The K
x-ray yields are given in units of 10 '/fission and

include all of the contributions of the delayed tran-
sitions with half-lives up to 3 p, sec. These values
can be corrected for any observation time by con-
sidering the contributions of the specific delayed
components in the decay.

4. Delayed component transi Nons: Information
is summarized on transitions of the ground-state
band that have or are fed by delayed components
of up to 3-psec lifetimes. The total intensity of
the delayed component (including a correction for
electron conversion) is given for the highest-spin
member of the gxound-state band fed by the de-
layed decay. The data concerning delayed transi-
tions longer than 10 nsec are based on the results
of John, Guy, and Wesolowski. " Their results,
however, are rather uncertain when the lifetimes
of the transitions are less than 10 nsec Rnd there-
fore are not used in Table I. It should be noted
that the lifetimes of the 2+- 0' transitions for iso-
topes lighter than "OGe listed in Table I are less
than 2 nsec; these results are summarized in
Refs. 1-3.

III. VALIDITY OF THE PROPOSED METHOD

The basic underlying assumption of this work is
that the total intensities of the lowest 2'-0 ground
state observed in the pre-P-decay deexcitation of
the even-even fission products reflect to a high
degree of accuracy (5/~) the total independent
yields of these isotopes. The evidence for the
validity of the assumption is sumInarized below.
(1) Some of the 2'-0' transitions of the frag-
ments from spontaneous fission of Cf have been
observed with absolute intensities of more than

3/0/fission, e.g., '~Mo, 3.37%,' 'O'Mo, 3.37%;
'"Ru, 3.49%%u~,

. "'Ba, 3.69fp. On the basis of radio-
chemical studies of the width of the distributions
of the independent yields of various mass chains
the most abundant single isotopes are expected to
be produced with a yield smaller than 3.5%/fission.
The fact that some 2'-0' transitions associated
with the most abundantly produced single isotopes
are observed with such high yields indicates that
these transitions indeed represent most of the in-
dependent yields of the isotopes in question.
(2) Experiments measuring the ratio of the popu-
lation of isomeric levels in fission-product nu-
clei"'" and those studying gross y-ray anisotro-
pies" have determined that the magnitude of the
primary angular momentum of the fission pxod-
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ucts is approximately 6-9 units of h. Currently
we have performed a statistical analysis of the in-
tensities of transitions in ground-state bands of
the even-even products that has shown that 95-98%
of the isotopic yield will be represented as the
2'- 0' ground-state band transition. Details of
these calculations will be presented elsewhere"
but basically it is assumed that the primary fis-
sion products have an angular momentum distribu-
tion given by" P(Z) ~ (28+ 1)exp[ —J(Z+ I)/B'],
where 8 is a parameter which represents approx-
imately the rms value of J+—,'. The primary frag-
ment deexcites by emission of neutrons and y rays.
For each transition the change in angular momen-
tum is determinedusingthe procedure of Huizenga
and Vandenbosch, "in which the statistical transi-
tion probabilities are taken to be proportional to
the availability of specific angular momentum
states in the nucleus. The nuclear spin distribu-

. tion is given by a simple spin-dependent Fermi-
gas level-density formula

p(E, J)~ p(E)(24+1)exp[-(J +-,')'/2&&'],

in which o is the "spin-cutoff" parameter and has
been determined from analyses of other experi-
mental data"" to have a value of -3, 4. Figure 3
presents an example of the results of these calcu-
lations and shows that very little of the deexcita-
tion process bypasses the 2'- 0' ground-state
band transition.
(3) The relative intensities of the members of the
ground-state band of the even-even fragments are
very similar to the relative intensities of the mem-
beis of the ground-state band of even-even prod-
ucts of (e, 2n) reactions, ""as indeed the angular
momentum of the primary products iq. both cases
is very similar. Unfortunately we are not aware

+

a 6—
cD
co
O
CL

O
~O

FIG. 3. A plot of the calculated percentage of decays
of the prompt even-even fission products which do not
cascade through the 2+ 0+ ground-state transition as a

, function of a parameter 8 I' rms @+2) j which is related
to the average primary angular momentum of the fission
fragment.

of any study that compares accurately the 0' ground-
state transition intensity; however, in the work of
Lederer, Jaklevic, and Hollander" on y rays fol-
lowing (n, 2n) reactions in even ruthenium and
molybdenum nuclei the highest-intensity transi-
tion that was associated with a decay that fed the
0+ ground state and bypassed the lowest 2+ state
comprised 2.'Pq of the lowest 2'-0' ground-state
transition. Although this is not conclusive evi-
dence that no other y rays feed the 0' ground state,
this evidence could be used as an indication for
the validity of our assumption that the 2' state rep-
resents over 90/0 of the 0' yield. In general, un-
like the situation in P decay, very little feeding of
the second 2' state (that could decay directly to
the ground state) has been observed in (n, 2n) re-
actions leading to even-even products.

IV. RESULTS

A. Independent-Yield Distributions

The measured y-ray intensities were analyzed
by two separate methods to determine the fission-
product distributions. The first analysis was to
determine Z~ (the most probable charge for each
mass chain) and os (the standard deviation of this
distribution). The independent yields of the prod-

. ucts, Y(Z, A), are assumed to have, for each
mass chain, a Gaussian distribution centered-
about Z~:

as+1/2 Y(A)
Y(Z, A ) = exp-[(Z —Z~)'/2os']dZ .

~g gag 2WGg

There are three parameters associated with this
distribution: Y(A), os, and Z~. The parameter
Y(A), the total mass-chain yield, has been mea-
sured independently" by radiochemical techniques
and therefore is not a free parameter. The re-
maining two parameters can, in principle, be de-
termined by a least-squares-fitting procedure.
Since the distributions are relatively narrow and
the independent yields from the y-ray analysis are
only known for even-even isotopes, there were no
mass chains for which more than two independent
yields were found. Therefore Eq. (1) was analyt-
ically solved to gjve the values of Z~ and o~ for
eight mass chains (A =102, 106, 112, 136, 140, 144,
146, 154). A significant error may be present in
the number associated with the mass-chain 136 be-
cause of the expected short lifetime of 2' states.
The results are presented in Table II along with
the Z~ values obtained from E x-ray studies of
Watson et al.' and those of Reisdorf et al. m The
errors quoted on Z~ represent the propagation of
the statistical errors associated with the indepen-
dent yields. The fact that the 2' states may rep-
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resent only 90%%uo of the independent yields and that
a systematic error of +10%%ua may have been present
in the determination of absolute transition intensi-
ties has not been included. The average value of.
0~ calculated from the individual o~ values of Ta-
ble I by weighting each value with the square of
the reciprocal of the quoted uncertainty is a~
=0.595+0.011. It is clear from comparing the
spread of the values of o~ in Table II with o~ that
some variation in the o~ values among the various
mass chains occurs; however, this could be due
to a deviation of the actual distributions from the
a priori assumed Gaussian shapes. A value of
3c~ =0.56+ 0.06 has been deduced from the current
radiochemical dRtR fox' f1sslon of Uq which 18 1n

good agreement with the presented average value
for 2'2Cf.

The second method used to analyze the data was
to determine information on the fission-product
distribution with respect to mass. In this repre-
sentation the data are analyzed for constant Z val-
ues. The formalism used to define the distribu-
tions is analogous to that used for the charge dis-
tribution:

~ 4+1/R y (Z)
y(Z, A) =

~ ~
exp-[(A -A~ }'//2a„']dA

(2)

Again the distribution was assumed to be Gaussian.
The three parameters are F(Z} (the total prompt
yield of each element), cr„(the standard deviation
of the distribution of individual isotopes for each
Z value), and A {the mean of the mass distribu-
tion). They were determined by least-squares fit-
ting the measured independent yields to Eq. (2). In
a strict mathematical sense Eqs. (1}and (2) can-
not, in general, both represent the distribution of
the products. However, to the accuracy of this
model, it is as a PH, O~ valid to assume that the
distribution is Gaussian in the constant Z plane as
in the constant A plane. Also the two representR-
tions agree closely in the region where the mass-

yield distribution is flat. There were 10 isotopic
chains fox which three or more yields were known.
For two chains, Z =38 and 48, we assumed the val-
ue of o„ to be the same as in the neighboring even
elements (assumed o„values are given in parenthe-
ses). No information was obtained for the Z = 50
distribution since, as yet, the 2+-0+ transition in
the even-even nuclei has not been determined.
Table III is R summary of the values of A» 0„,
and I'(Z) as derived from the experimental points
and includes for comparison the Ap values of
Watson et al.' and Reisdorf et al,"as well as
the yields that have been calculated by Reisdorf
et aE. Also given are the total number of neutrons
derived from comparing the A values of comple-
mentary elements and the values of the average
number of emitted neutxons as measured by Bow-
man et al." The errors presented in Table III
were calculated from the propagation of the esti-
mated uncertainties in the independent yields of
the even-even isotopes. It should be noted that
significant errors could have been introduced into
the determined values of A, I; and o„by the iso-
topes which have 2' states with half-life values of
less than 10 "sec. This applies in particular to
'Zr '"Te "~Te "'Te and "Xe. In the case of

"'Te, the independent yield of that isotope could
be much higher, thus increasing the total elemen-
tal yield of tellurium and bringing its A value
closer to mass 134.

Several self-consistency checks were made Qf
the results:

Neutron emissiog. The average number of
neutrons emitted (v„~) was obtained subtracting
the sum of the A values of complementary Z ele-
ments fx'om 252, and compared with the number of
neutrons emitted from '"Cf, as obtained by Bow-
man eI, al.2' This comparison has the drawback
that the latter measurements did not distinguish
atomic numbers of the emitting isotopes in any
given mass region; therefore, some significant
differed, ces between our values of v„~ and those of
Bowman et al.27 couM exist due to odd-even ef-

TABLE H. Z& vaIues of specific mass chains.

Zp

YleM
Pg /flsslOYi)

Zp
%'atson et ul. b

Zp
geisdorf 8f QL

102
106
112
136
140
144
146
154

40.72 +0.06
42.24 +0.3I
44.91+0.11
53.00 +0.06
54.84+0.04
56.27 +0.09
57.01+0.03
60.66 +0.06

0.631+0.064
0.646 +0.015
0.829+0.253
0.531+0.044
0.477+0.028
0.666 +0.052
0.609 +0.039
0.473+0.036

4.25
6.20
3.65
4.40
6.32
5.77
5.15
1.11

40.6 +0.3
42.5 +0.1
45.4+0.2

54.4+0.2
56.3+0.1
57.2 +0&

40.7
42.3
45.1
53.4
54.7
56.3
57.1
60.6

~ Reference 26. b Reference 8, ' H,eferenee 10.
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fects for example. As is evident from Table III
the agreement between v„~values derived from
our A~ values and neutron measurements is reason-
ably good for the pairs of the more abundant ele-
ments (40, 58), (42, 56), and (44, 54). The dis-
agreement in the case (46, 52) could be due to the
probable systematic errors in measuring the
yields of the Z = 52 isotopes.

Z. Yield of complementary elements. The fact
that charged-particle emission (aside from the two
fragments) is very rare in fission and can there-
fore be neglected for our discussion implies that
the yield of complementary elements should have
been equal. Only for two pairs out of five pre-
sented in Table III did the deviations between
yields of complementary pairs fall within 1 stan-
dard deviation of the estimated uncertainty. On
the basis of statistical considerations the expected
deviation between complementary pairs should be
12.1/o, whereas the observed average deviation be-
tween such pairs was 19.9'. Again the short half-
life values of some of the 2' states might have
been responsible for underestimates of the yields
of elements 40, 52, and 54. Another possible rea-
son for the inconsistency of the yields of comple-
mentary fragments could be the failure of the a
priori assumption of a Gaussian function for
describing the independent yields of isotopes of a
mass chain or of an element. This subject and its
implications will be discussed later.

3. Yields of light and heavy fragments. T'he sum
of yields of the even-Z light fragments of Table III
mas 45.1' and the value of the even-Z heavy frag-
ments was 45.2/o. Both numbers should be rough-
ly 50Vo. Considering the facts that the independent
yields of the fragments mere measured without
any predetermined normalization and that the eval-
uation of the yields depends upon including absolute
efficiency determination of the y-detection system

and that perhaps up to 10' of the decays bypassed
the 2' states, the results can be considered as a
confirmation of the presented method.

4. Relationship of o„and os. The mass distribu-
tion in fission has a much larger width than the
charge distribution of any mass chain or the mass
distribution of isotopes of any given element;
therefore, o„and a~ should be approximately re-
lated by the post-neutron-charge-to-mass ratio
o s/o s = 98/248 = 0.395. The value obtained for this
ratio was os/a~ =0.408+ 0.012 which is in good
agreement with the predicted value.

Comparison of the A~ values derived from the y-
ray intensities and the values derived by Watson
et al.' by the x-ray technique showed a clear devia-
tion at Z = 54. The fact that the xenon fission pro-
ducts include the closed-shell region around "'Xe
and the expected deformed region around "'Xe,
may have been responsible for emission of dispro-
portional numbers of K x rays from the heavier
xenon isotopes in the time range of Watson's ex-
periment (100 nsec). If such a systematic varia-
tion in K x-ray yield occurs, the analysis of Wat-
son which assumes a constant yield of K x rays
per element would result in a derived value of A
mhich is higher than the true experimental distri-
bution. Figure 4 shows the absolute value of the
deviation of the Z~ values from equal charge divi-
sion in fission. The experimental points represent
pre-neutron-emission mass determinations and
mere obtained using the average neutron distribu-
tions of Bowman eI, al." The solid line in Fig. 4
is from the results of Watson et a/. ' In compar-
ing our A value with those of Reisdorf et aL"
good agreement mas obtained in all the cases ex-
cept for Z = 38 and Z = 52. The disagreement in
the case of Z = 52 could be associated with the er-
ror introduced into our evaluation of the A value
by the very short ha1f-life of the 2' state of '~Te.

TABLE III. A& values derived from even-Z elements.

g Points (%/fission)
Watson et 4. Reisdorf et al.b '

P, @
Ap A& Yield From A&

10%81

XP c

38
40
42
44
46
48
52

56
58
60
62

94.60 +0.24
100.77+0.12
105.00 +0,16
109.77+0.09
114.10+0.21
118.89 +0.43
184.50 +0.11
138.45 +0.18
143.29 +0.08
147.95 +0.14
152.55 +0.19
158.59+2.92

(1.876)
1.376 +0.100
1.387 +0.106
1.487 +0.066
1.814+0.250

(1P14)
1.180 +0.074
1.581 +0.152
1.610 +0-.068
1.763 +0.109
1.466+0.175
2.783+1.269

1.97 +0.27
7.38 +0.52

15.36 +1.13
11.86+0.85
6.83 +0.73
1.66+0.21
4.96+0.32
9.63 +0.70

16.23 +1.08
9.20 +0.68
2.40 +0.26
1.08 +0.99

100.6+0.4
104.8 +0.3
111.0 +0.4
114.0+0.5

139.4 +0.8
143.2 +0.1
148.0+0.1
152.5 +0.3
155.0+0.5

95.5
100.6
105.2
109.6
113.8

133.9
138.5
148.3
147.9
152.5
156.9

2.9 +0.1
7.9+0.3

15.4+0.3
18.6 +0.2
7.8 +0.3

7.8 +0.3
13.6 +0.2
15.4 +0.3
7.9 +0.3
2.9 +0.1

1.18 +0.06

3.40 +0.24
3.78 +0.16
3.71+0.17
3.28 +0.17
4.85+0.31

4.2
3.9
3.5
3.5
4.1

~ Reference 8. Reference 10. c Reference 27 ~
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FIG, 4. A plot of 6Z vs the charge of the fission pro-
duct. The relationship for AZ is given on the ordinate
where Z represents the element number of the fission
product formed ~ py ls the charge to-mass ratio of Cf
(98/252), and A& is the pre-neutron-emission centroid
for the mass distribution of the element. The differ-
ences between the ~ values of complimentary light and
heavy fragment are indicative of the uncertainties in the
presented results (see text). The solid line represents
the results of Watson et al. (Ref, 8).

In the case of strontium (Z = 88) we have observed
2 ~ 0 tx'Rnsit1ons iQ &0 isotopes: 3r~ 837.4 keV»
with a yield of 0.51%/fission; and "Sr, 815.5 keV,
with a yield of 0.84%/fission. Both the 2' -0'
transitions had been identified through the P decay
of mass-separated rubidium isotopes by Chaumont
and Poucher. ' The two transitions are very close
in energy; therefore, the determination of their
relative yield is essentially independent of any ef-
ficiency calibration procedure, and since they
have approximately the same yield, the detexmina-
tion of A is rather insensitive to the assumed val-
ue of o„. Since A is somewhere between 94 and

96, a rough estimate of it can be obtained from a
simple average of the two independent yields which
gives A =94.80 in agreement with the value de-
rived by fitting a Gaussian distribution to the ex-
perimental Valuee.

The basic hypothesis in determining the proper-
ties of the pxompt-fission products distribution has
been that the independent yields couM be represent-
ed by a simple Gaussiari function. Statistical
checks can be performed to experimental data to
see if this is a valid assumption. The most com-
plete determinations of independent yields of spe-
clflc elemental chR1Q8 Rx'6 fox' the rub1d1um Rnd
cesium isotopes. Wahl et a/. ' have summarized
the independent yields of the 11 rubidium isotopes
and the 10 cesluIn isotopes thRt hRV6 been detex'-
mined from the thermal-neutron-induced fission
of "'U. We have taken these data points and their
reported uncertainties and performed a weighted
least-squares fit to the functional distribution giv-
en in Eq. (2). Three cases have been considered
using different sets of the data. In the first case
all data points were used in the fit. In the second
case the only points used were those which came
from a single experiment in which an on-line mass
separator was used. to determine the independent
yields. These data points consisted of the most
abundant isotopes of the two elements considered
and were estimated to include over 95k of the ele-
mental yield. In the third case a fit was made
using only three values of the most abundant odd-
A isotopes, This approach simulates a situation
such as has been reported here in which only three
data points are known for each element. In this
case, to be consistent with oux' previous analysis,
we have assumed that the uncertainties in the
yields were +15% for isotopes having yields great-
er than 1%/fission and +25% for those with yields
less than 1%/fission. The obtained results for A,
o„, and 7' including their statistical uncertainties
(based on the validity of the Gaussian distribution)
are presented in Table IV for the thxee cases con-
sidered. Least-squares fitting of a Gaussian dis-
tribut1on to all of the rubidium yields gives a X'

value of 181. This very large value of y' gives a
level of significance to the fit of less than 10 '
which shows that. the data are poorly represented
by the Gaussian assumption. Nevertheless, com-
parison of the A, o„, and I' values of the fit of
three most abundant odd-A isotopes with the fit of

TABLE IV, Gaussian fitting of known independent yields of rubidium and cesium products in thermal-neutron fission
of ~3'U.

Element Fit PolIlts

All known cases
Mass separated cases
Isotopes 93, 95, 97

All known cases
Mass separated cases
Isotopes 139, 141, 143

92.525 +0.0037
92.279 +0.017
92.28 +0.11

140.99 +0.031
141.07 +0.041
140.95 +0.11

1.290 +0.0037
1.457 +0.015
1.45 +0.12

1.364+0.007
1.417 ~0.027
1.61 + 0.15

11.48+0.22
11.96 ~ 0.22
12.75+0.89

11.26+0.38
10.97 +0.43
13.03 +0.86
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all the mass-separation values shows that reason-
able consistency with a range of 0.1 in A, 0.2 in

o„, and 20'%%uo in the total elemental yields is ob-
tained and thus for practical applications the actu-
al distribution can be estimated as a Gaussian if
the data points are taken in proximity to the center
of the distribution.

In the case of rubidium the inclusion of the two
shielded nuclei "Rb and "Rb which have negligible
yields compared to the other rubidium isotopes
causes a significant shift in the A value when the
yields are fitted by a Gaussian. In a strict mathe-
matical sense the Gaussian function fails to repre-
sent the distribution of the independent yields;
therefore, the errors quoted for A, o„, and Y in
Tables II-IV are not realistic. This could perhaps
be the cause of the difficulties of the consistency
tests mentioned earlier, as uncertainties of 0.1 in
A and 0;2 in o~ and 20% in the yields, are per
haps inherent in the presented approach.

B. Yield of EX Rays

The K x-ray yields associated with the deexcita-
tion of the ground-state bands have been calculated
from the experimental and predicted values of the
intensities of the transitions and are summarized
in Table I. 4' The yield of Kx rays from an
even-even isotope will be dominated by internal
conversion of members of the ground-state band
when the energy of any of the transitions deexcit-
ing this band is less than -300-400 keV. In the
other cases the non-ground-state band transitions
which have energies of -800 keV will probably sub-
stantially contribute to the total K x-ray yield.

A summary of the Kx-ray yields of even-Z ele-
ments produced in the spontaneous fission of '"Cf
is given in Table V. The K x-ray yields associat-
ed with only the ground-state bands of the isotopes
listed in Table I and with transitions having life-

times shorter than 3 p. sec are summarized in the
first column. The second column is the result of
the experiments of Watson et al.' which required
the K x rays to be emitted within 100 nsec of fis-
sion. The third column contains the results of
Reisdorf et al."who measured the K x rays emit-
ted within about 1 nsec of fission.

In the case of tellurium the contribution of the
even isotopes exceeds the observed value report-
ed by Watson for the entire tellurium yield. This
is presumably because the K x rays are produced
predominantly from the conversion of the 6-4
transition of Te. This state has a half-life of
160 nsec and thus not all the emitted K x rays
were observed by Watson. Apparently most of the
K x rays associated with tellurium fragments come
from "'Te and thus this is an example in which a
single transition can dominate the x-ray yield for
an entire element. In the cases of deformed frag-
ments such as zirconium, molybdenum, barium,
cerium, and neodymium, the decay within the
ground-state band of the even-even isotopes,
which goes via low-energy transitions with rela-
tively high conversion coefficients, accounts for
-25'%%uo of the K x-ray yields as observed by Watson.
In the cases of even-even nuclei having low conver-
sion coefficients associated with the ground-state
band transitions as is the case in ruthenium, pal-
ladium, andxenon, the odd isotopes apparently
contribute in much greater proportion to the K x-
ray yields, and therefore, apparently bias the dis-
tribution when it is assumed that all isotopes have
constant K x-ray yields.

C. Correlations Between Independent Yields
and Other Fission Properties

The fact that the production of specific isotopes
can be detected in most cases within 1 p. sec of the
fission event by the observation of the prompt y

TABLE V. K x-ray yields in units of 10 4/fission,

isotope
From ground-state

bands of even-even
Total elemental K x-ray yield

Watson et al. " Heisdorf eg al. '
38»
4pZr
42Mo

44Ru

4t;pd
48Cd

52 Te
54Xe
56Ba
58ce
gpwd

62Sm

0.18
40
82
37

7
0.6

92
17.4
80

139
56

33.9
128
278
377
150

33.4
153
445
460
283
74.7

10.9
60.8

152
117

52
11
18.7
77

227
225
255

~ Detection time: 0—3 @sec.
Detection time: 0—100 nsec (Hef. 8).

Detection time: 0—1 nsec (Ref. 10).
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decay opens the possibilities of studying correla-
tions between independent yields of some fragments
Rnd total kinetic energy of the fragments, neutron
emission, and production of vax ious complemen-
tary fragments. As an example of the power of the
presented experimental method, two types of cor-
relations are presented. In the first the yields of
specific isotopes of ruthenium were correlated
with the total kinetic energy of the fragments.
This wRs doQe by sortlQg ihe p-ray spectlR into
both mass intervals and kinetic energy intervals
and summing the yields of the 2' -0' transitions
of 'Bu, "'Bu, and ' 'Bu for each of three kinetic
energy intervals. The results are presented in
Table VI. The total energy release in fission for
the fox'IQRtlon of any x'uthenlum isotope ls approxi-
mately constant and can be considered as the sum
of a kinetic energy term and RQ internal excitation
energy term. Therefore the more neutron-defi-
cient isotope ('"Ru) had originally higher internal
excitation energy and thus is correlated with a low-
er total kinetic energy. Conversely ihe neutron-
rich isotope ('"Ru) had less internal excitation en-
ergy and is therefore correlated with the higher
kinetic energy release.

The second example concerns correlations be-
tween the yield of complementary fragments and
their total kinetic energy. This information was
derived floni p~ coincidence dRtR which wRS ob-
tained by placing a second y-ray detector behind
the fission-fragment detector F2 (see Fig. 1). The
correlations were studied for pairs of complemen-
tary even-even fragments in which one of the frag-
ments had R transition with a sufficiently long life-
time (over 0.5 nsec) so that a substantial part of
the y decay would occur after the fragment tra-
versed the distance between the detectors and was
stopped in the F2 detector. Thus a part of boih the
2' 0' transitions of complementary fragIQenis ap-
peared non-Doppler-shifted and sharp. Figure 5

presents the yield of two complementary pairs of
prompt products ('"Mo-'4'Ba and 'O6Mo-'~Ba) as
a function of the total kinetic energy release. By
identifying a pair of fragments, the total neutron
emission associated with the event is determined.

V. CONCLUSIONS

We have presented a Qew method for determin-
ing mass and charge distribution in fission. This
technique is based on the correlation of the intensi-

IOO—

I' I I

'OGMO on~'448o

80— Mo and Bal44

Although the statistical uncertainties in the dis-
tributions are large because of background sub-
traction, it is evident that events with emission of
two neutrons ('44Ba-'"Mo) are correlated with high-
er kinetic energy than events with four emitted neu-
trons ('"Ba-"'Mo); furthermore, the difference
in the mean kinetic enexgy of the two distributions
is about f MeV/neutron which 18 m good agree-
ment with the value of 6.6 MeV/neutron that Bow-
man et a/."found for the variation of the total num-
ber of emitted neutrons as a function of total kinet-
ic energy of the fragments, and it is also in agree-
ment with the energy required for the emission of
two neutrons from the initial fragments, i.e., -11
MeV in binding energy and 3 MeV in avex age neu-
tron kinetic energy.

The width of the pxesented distributions is rough-
ly 15 MeV [full width at half maximum (FWHM)]
with a large uncertainty. Since the kinetic energy
distribution, should be narrow when the two emitted
fragments are known and consequently the total
nuIQber of emitted neutrons ls determined~ the
width therefore predominantly reflects the large
dispersion in the kinetic energy measurement of
this experiment. The effects that are inherent in
the fission process and would contribute to the
width„such as variation in neutron emission be-
tweeQ the lnlilal fragments~ varlRilon ln neutron
kinetic energies, and vax'iation in total y-ray ener-
gy, are presumably much smaller than the ob-
served width.

Isotope
Total kinetic energy intervals in MeV

150—179 180-190 191-210

i08Hu

$108
li2gu

0.221
0.091
0.015

0.427
0.809
0.230

0.352
0.600
0.755

TABLE VI. Helative yield of even ruthenium isotopes
correlated with different intervals of the fragment total
kinetic energy in the spontaneous fission of ~ Cf. The
total fragment yield in the three kinetic energy intervals
was normalized to unity

20 —'

0 I I

163 169 l75 1 el 187 193 199 205
Totol kinefic energy (MeV)

FIG. 5. The dependence of the yield of pairs of com-
plementary fission products as a function of the total ki-
netic energy release. The pairs are ~44Ba-~04Mo (repre-
sented by dots) and ~44Ba-~00Mo (represented by open cir-
cles}. The pairs frere measured by observing coinci-
dences of the specific y rays,
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ties of transitions deexciting the ground-state
bands in even-even prompt-fission nuclei with the
independent yields of the isotopes. The principal
advantage is that the high-yield prompt-fission
products are sampled. This overcomes the pri-
mary limitation of the standard radiochemical
techniques which are usually not rapid enough to
chemically isolate the short-lived P-decaying nu-
clei. The chemical studies are often limited there-
fore to cumulative-yield determinations, thus,
much is lost about the details of the distribution.
The other method commonly used to determine fis-
sion yield distributions is based on K x-ray mea-
surements, and this analysis necessitates assump-
tions about absolute x-ray yields and mass-resolu-
tion considerations which we are able to avoid by
observing the prompt ground-state band y rays.
The primary disadvantages of the technique is that
it is currently limited to even-even isotopes, thus
only approximately one fourth of the isotopes are
available for analysis. This, of course, precludes
any information on odd-even effects in fission
yields.

Quantitative comparison of results of the various
methods gives satisfactory agreement in most re-
gions. The deviations exist in regions around nu-
clear shells (most notably the tellurium isotopes)
where assumptions dealing with both the K x-ray
yields and with the intensities of ground-state band
transitions are open to criticism.

By studying prompt y rays correlated with indi-
vidual fragments it is possible to extract addition-
al information relevant to the fission process. The
cited two examples of this are the correlations of
isotopic yields with kinetic energy release and the
simultaneous observation of complementary pairs
of products to extract information on energy dis-
tribution in the fissioning system.

To obtain the mass and charge distribution in fis-
sion we have used the experimentally determined

2' -0' ground-state band transetions of even-even
isotopes produced in the spontaneous fission of
'"Cf. This technique, however, would be applic-
able to any fissioning species for which the prompt
y rays could be measured. For most readily fis-
sionable nuclei, the same isotopes are produced
(in varying yields) as prompt-fission products.
Since now that the ground-state band-transitions
have been determined in the majority of the even-
even isotopes, it should be possible to obtain the
details of the mass distribution by measuring the
intensities of these transitions. In this case the
uncertainties in the determination of the mass dis-
tribution will be dependent on the accuracy with
which the intensities of the y transitions can be
measured. With continued improvement in detec-
tor resolution and with adequate efficiency calibra-
tion it should be possible to make such measure-
ments to an accuracy of -5%. In this experiment
the intensities of the transitions were obtained
from the y-ray spectra which were associated with
measured mass intervals. At the present y-ray
energy resolution (1 keV FWHM at 100 keV) this
procedure is essential for obtaining intensities of
weak lines (less than about llo/fission); however,
when one of the fragments is stopped immediately
in a solid and thus emits non-Doppler-shifted lines,
many of the intense lines (&19o/fission) can be ob-
served in the gross unsorted prompt y-ray spec-
trum.

In addition, however, there are still the funda-
mental limitations associated with the relative in-
tensity of the 2'-0' transitions and with the as-
sumptions regarding the Gaussian distribution of
the fission products.
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