PHYSICAL REVIEW C

VOLUME 12, NUMBER 5

NOVEMBER 1975
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Fission yields were measured radiochemically for mass chains 112, 127, 132, and 140 in thermal-neutron-
induced fission of *’Fm. These yields indicate a single-peaked (symmetric) mass distribution. Comparison is
made with the distribution deduced from kinetic-energy measurements, and the effects of neutron emission

from the fission fragments are considered.

NUCLEAR REACTIONS, FISSION 2"Fm(n,f), E =0.025 eV; measured radio-]
chemical mass yields.

INTRODUCTION

Recent calculations !~3 together with experimen-
tal observations*™° have indicated a dramatic
transition from asymmetric to symmetric mass
division as the most probable mode of fission in
fermium isotopes of mass 254 through 258, Thus
the “provisional” mass distributions derived from
kinetic-energy measurements of coincident frag-
ments (shown in Fig. 1) are double peaked for
254Fm* and ?**Fm " spontaneous fission (sf), char-
acteristic of asymmetric mass splits. They are
nearly single peaked for 25"Fm(sf) %' ® and ?5°Fm®
thermal-neutron-induced fission (n,f), indicative
of significant amounts of symmetric mass split-
ting. They are single peaked for 2"Fm(xn, f),* de-
noting that symmetric mass division is the most
probable mode of fission for this system. It
should be emphasized that provisional mass dis-
tributions are not corrected for the effect of neu-
tron emission on the kinetic energies of the fis-
sion fragments. Without this correction the shape
of the primary (pre-neutron-emission) fragment

mass distribution is not determined unambiguously.

The neutron yield as a function of primary frag-
ment mass V(M) has not been measured directly
for fission of any of the fermium isotopes. Such
functions have been determined, however, for
233U(n,f),”’12 235U(n,f),”'” 239Pu(n,f),12 A4 gnd
252Cf(sf).’®~# The shapes of these functions are
characteristically saw foothed. Similar saw-tooth-

shaped functions have been deduced for **Cm(xn, f),%°

254Cf (f ), 28 25*Es(n, f ), and 2Fm(sf)” by a modifica-
tion” of the Terrell method®” which compares cu-
mulative yields from the primary mass distribu-
tion with those yields from the secondary (post-
neutron-emission) mass distribution for a given
fissioning system. The primary mass distribution
determined for 2°¢Fm(sf) is double peaked, charac-
teristic of asymmetric mass division, with either
the deduced saw-toothed v(M) or a fictive, flat
V(M) used to correct the provisional mass dis-

tribution, although the saw-toothed function re-
sults in a deeper valley in the mass distribution.
If, however, a saw-toothed v(M) is used to correct
provisional mass distributions for 2"Fm(sf) or
255Fm(n, ) the resulting primary mass distribu-
tions are double peaked and for 25’Fm(xn, f) may even
be triple peaked.®

Secondary-fragment mass distributions have been
determined radiochemically for 2**Fm(sf),”* *°
256Fm(sf),® and 2*Fm(z.f) Each of these distribu-
tions (shown in Fig. 2) is double peaked, charac-
teristic of primarily asymmetric mass division,
although the peak-to-valley ratio decreases sig-
nificantly” from ~60 to 12 to 2.5, respectively, for
these fissioning systems. Also, both the light and
heavy mass peaks for 2%Fm(z, f) are shifted toward
symmetry. This is in contrast to most other sys-
tems that fission asymmetrically. For such sys-
tems the heavy-mass peak position is relatively
stationary, and the light-mass peak shifts accord-
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FIG. 1. Provisional mass distributions for fission of
various fermium isotopes derived from kinetic~energy
measurements of coincident fission fragments. (The
distributions are “provisional” since no correction was
made for neutron emission by the fragments.)
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FIG. 2. Secondary mass distributions for fission of
various fermium isotopes determined through radio-
chemistry and y-ray spectrometry.

ing to the mass of the system. Since the symmet-
ric or asymmetric character of the mass distribu-
tions for fission of the fermium isotopes is of con-
siderable theoretical importance, we have investi-
gated the mass distribution for 2 Fm(n, ) radio-
chemically.

EXPERIMENTAL

A sample of approximately 10° atoms of ?5"Fm
was obtained through the Heavy Element Program
from Oak Ridge National Laboratory. The fermi-
um was separated from contaminating elements
(especially from actinide and fission product ele-
ments) by passing it through a cation exchange
column using a-hydroxyisobutyric acid as the elu-
ting agent and an extraction chromatographic col-
umn using di(2-ethylhexyl) orthophosphoric acid
(HDEHP) as the stationary phase.?®

A %"Fm source was prepared by depositing the
purified fermium in solution onto a high-purity
quartz disk (1 mm thick by 1.6 em diam) that had
been etched with hydrofluoric acid, washed with
triply distilled water, and washed again in the
elutriant of the HDEHP column after the fermium
had been eluted. The fermium solution was then
evaporated to dryness with an induction heater.

The 2"Fm source was sandwiched between two
identical quartz disks on either side serving as
fission product recoil catcher, blank, and guard
foils. This target assembly was wrapped in alu-
minum foil, placed in an aluminum canister, and
irradiated in the central thimble of the Argonne
heavy -water reactor (CP-5) for periods of three
to seven days. The neutron flux ¢ in this position
was ~6x 10 neutrons cm™2sec™!. After irradia-
tion the catcher and blank foils were separately

etched in an HF-HNO, acid solution for a period
(~10 min) sufficient to completely remove the fis-
sion products as shown by tests with 2%Cf(sf). The
foil adjacent to the back side of the fermium source
served as the blank for any induced activities

other than those attributable to 257Fm (x, ).

The saturated fission product activity expected
from 10° atoms of 2"Fm assuming a fission cross
section of 2950 b® and a 1% fission yield is about
100 dis/min. After allowing for collection effi-
ciency, saturation factors, chemical yield in the
radiochemical separation, and 8 counting effi-
ciency, one would expect to detect about 10 counts/
min. This expected low counting rate demanded
that the catcher foils be extremely pure with re-
spect to elements in the fission product region
(Z ~35 through 65) as well as actinide contami-
nants (particularly 2*®*U). Several materials were
tested for this purpose: high-purity quartz and
aluminum, zone-refined silicon, polyimide, poly-
ethylene, and coatings of lead oxide. Although
superior in terms of induced activity, the poly-
ethylene foils deteriorated severely after a few
hours irradiation, even in a lower flux (2x10'3
neutrons cm~2 sec™). None of the other materials,
including that selected for use (high-purity
quartz), was sufficiently free from neutron-in-
duced contaminant activities to permit radiochem-
ical determination of many of the fission product
yields. It was therefore possible to determine only
the yields of those fission product nuclides which
could not be formed by first-order neutron capture
by stable nuclides but could be measured via
daughter activities. Accordingly, samples of pal-
ladium, antimony, tellurium, and barium were in-
itially separated and allowed to stand for daughter
growth. Subsequent separation of the daughter el-
ements (silver, tellurium, iodine, and lanthanum)
provided fission yields for the '2Pd-!''?Ag, '?Sb-
127e,  132Te 1321 gpnd 4°Ba-'%°La pairs. Samples
of the daughter nuclides (~10 mg/em?) were mount-
ed for B counting in calibrated low-background
(0.4 counts/min) counting equipment. The radio-
active purity of each sample was verified by fol-
lowing its decay. The observed counting rate
for each daughter nuclide (extrapolated back to
time of separation from the parent) was corrected
for its chemical yield and counting efficiency to
give the activity of the daughter in equilibrium
with the parent at the time of separation. This
activity was then corrected for the fission product
recoil collection efficiency (50%), chemical yield,
decay, genetic relationship, and relative degree of
saturation of the parent to give the saturation ac-
tivity A” of the parent nuclide.

The cumulative fission yield Y is related to A”
by the expression
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Y =A"/fission rate . (1)

The fission rate was estimated from the number of
atoms N of ®"Fm, the neutron flux ¢, and the fis-
sion cross section o, (2950+ 160 b)*:

fission rate=No,¢ . 2)

RESULTS AND DISCUSSION

The fission yields determined in this work are
presented in Table I with the estimated errors, the
number of determinations, and the ratio of the ac-
tivity found in the sample to the activity found in
the blank, This ratio is indicative of fission con-
tamination by 2°°U(n, f) corresponding to approxi-
mately 10° atoms of 2°°U in the dissolved portion
of the catcher foil. The average number of neu-
trons emitted per fission v, for *®"Fm/(sf) is
3.97+0.013%° Assuming that v, for 2Fm(n, f) is
also ~4, symmetric fission is represented by a
secondary mass of 127. This is one of the few
masses whose yield could be determined and it,
together with the yields and reflected yields of the
other nuclides, provides a reasonably good repre-
sentation of the mass distribution from mass 112
through 142 (solid curve in Fig. 3). A smooth ex-
trapolation of the solid curve to masses <112 and
>142 was made with the condition that the total
fission yield sum to 200%. The results indicate
that symmetric mass division is the most probable
fission mode for 2?Fm(n, ). This is consistent with
the provisional mass distribution determined from
kinetic-energy measurements of coincident fission
fragments® (dashed curve in Fig. 3).

The neutron-emission function for 2" Fm(n, f) can-
not be determined from the data presented in Fig.
3 by the Terrell method®” of comparing cumulative
primary and secondary mass yields, nor is it pos-
sible to use the modified method’ referred to pre-
viously since the latter method requires the appli-
cation of an assumed V(M) correction to the kinet-
ic energy data on an event-by-event basis. This
cannot be done with the cumulative, provisional
data presented in Ref. 6. Even if it could, the re-
sulting mass data must be corrected for mass-
dispersive effects associated with target thickness,
neutron emission, and the detection system. Such

TABLE 1. Fission yields for ®"Fm, f).

Fission Number of Ratio of Fission
product  determinations sample to blank yield (%)
140, (1401,5) 2 1.4 3.95+0.60
182pg (132) 2 1.8 5.57+0.84
12755 (127 Te) 2 11 6.31+0.95
H2pg (1125 ) 2 8 3.020.60
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FIG. 3. Secondary mass distribution for *TFm(=,f).
Fission yields measured radiochemically are shown as
circles with error flags. Crosses represent reflected
yields assuming 7 =4, The solid curve represents the
best fit to the data with normalization to 200% total
yield. The dotted curve represents the broadest dis-
tribution consistent with the errors in the data. Shown
for comparison is the provisional mass distribution
(dashed curve) determined for *"Fm(,f) (Ref. 6).

a correction would present a serious problem.
Measurements for 2°°Fm(n, f ),® from which the pro-
visional mass distribution in Fig. 1 was obtained,
appear to have been subject to considerable dis-
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FIG. 4. Primary mass distributions (dotted and
dashed curves) derived from the secondary mass dis-
tribution (solid curve) by assuming two different neu-
tron yield functions. The dotted curve was obtained by
assuming 7 (M) to be constant and equal to 2; the dashed
curve was obtained by assuming's (M)to be the same as
that deduced for 2®Fm(sf) (Ref. 7).
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persive effects.®! Since the kinetic-energy data
for 2°'Fm (n, f)® were obtained under similar condi-
tions, it is likely that these data were subject to
similar effects. As seen in Fig. 3, the provisional
mass distribution (dashed curve) is wider than the
secondary mass distribution (solid curve) even if
the secondary mass distribution is fitted through
the error limits of the radiochemical data (dotted
curve).

One may speculate as to the shape of the primary
mass distribution if one assumes that the second-
ary mass distribution is described by the solid
curve in Fig. 3 and that V(M) is some arbitrary
function of primary fragment mass subject to the
restriction that the average total number of neu-
trons emitted per fission is equal to 4. If D(M) is
a constant and equal to 2, the primary mass dis-

tribution (dotted curve of Fig. 4) is seen to have
the same shape as the secondary mass distribution
(solid curve) and is merely displaced by +2 amu.
If, however, V(M) is assumed to be the same as
that for 2°Fm(sf),” there is a strong peak in the
symmetric mass region of the primary distribu-
tion (dashed curve). Clearly, more experimental
data are required on the 2"Fm(zn, f) system to es-
tablish V(M) and the exact shape of the mass dis-
tribution.
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