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The independent isomer yield ratio for **Rb from thermal neutron fission of 2*U has been mea-
. sured by use of a new technique involving a pulsed reactor and an on-line mass spectrometer facility.
The apparent isomer yield ratio was measured for several ion collection time intervals of different
durations and extrapolated to zero collection time to eliminate interference from *°Kr decay. The
observed independent isomer yield ratio of 8.7+1.0 for ("°Rb™)/*°Rb#) is one of the largest ratios
measured for a low energy fission process. However, a statistical model analysis shows that the
average angular momentum ({J ) =4.5) deduced from this isomer yield ratio is consistent with aver-
age angular momentum for several other products from low energy fission.

INTRODUCTION

It has long been known that fission fragments have
greater nuclear spin than that of the initial fissioning sys-
tem. The angular momentum induced by the fission pro-
cess has been attributed to Coulomb forces acting on non-
axially symmetric scission configurations and to bending
and wriggling modes of collective excitation.!=* An alter-
native model by Fong based on statistical theory suggests
that the angular momentum is generated by excitation of
single particles.” The available experimental data on an-
gular momentum of the primary fragments do not entire-
ly exclude either approach.®

One technique for determining the primary fragment
angular momentum is the measurement of the relative
population of different members of the ground state rota-
tional band of an even-even fission product.’” Another
method is the measurement of the number of gamma rays
emitted by the fission fragments.® The anisotropy of
specific gamma rays relative to the fragment direction has
also been used.”®!° However, the most frequently used
technique is the measurement of independent isomer yield
ratios. A summary of experimental results for fission
fragments was published by Aumann et al. in 1977.!!
More recent results from radiochemical techniques are
given in Refs. 6 and 12—17.

Radiochemical measurements of independent isomer
yield ratios require a chemical separation of the element
of interest in a time which is very short compared to beta
decay of the precursor nuclide. About 19 fission product
nuclides have been measured by this technique. The on-
line recoil mass separator LOHENGRIN has permitted
measurements of isomer yield ratios for additional nu-
clides including isomers with us half-lives.'®!° These on-
line measurements give considerably more information be-
cause the isomer yield ratio can be measured as a function
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of the excitation energy of the initial fragment.

The present work describes a new technique for
measuring isomer yield ratios which uses a pulsed reactor
in conjunction with an on-line mass spectrometer. This
technique is potentially more versatile than the standard
radiochemical technique in that yields of nuclides with
half-lives as short as a few seconds can be measured. It
does not provide the excitation energy dependence as does
the recoil mass separator technique. In the following sec-
tions, we describe the technique, give the results of mea-
surements on “°Rb, and discuss the conversion of the iso-
mer yield ratio to the average angular momentum of the
ﬁssiorll7 product by use of the statistical model of Ford
et al.

EXPERIMENTAL METHODS

These experiments were performed at Pacific
Northwest Laboratory’s Spectrometer for On-Line
Analysis of Radionuclides (SOLAR) facility located at the
Nuclear Radiation Center of Washington State Universi-
ty.2’ The floor plan of the SOLAR facility is shown in
Fig. 1. The reactor normally operates at a steady state
power level of 1 MW. For this work, the reactor was
operated in pulsed mode with pulses up to 1000 MW with
FWHM of 10 ms.

The 23°U target was located in the thermal column with
56 cm of graphite between the core and the target. The
thermal neutron flux at the target under steady state
power was about 6X 10'° n/cm?s with a Cd ratio for Au
flux wires of about 20. The target consisted of about 0.3 g
of 93% enriched 2**U mixed with graphite powder and
pressed into a pellet about 0.63 cm diam by 0.9 cm long.
The target was contained in a Ta oven which was heated
to about 1600 °C by electron bombardment.

Fission product Rb and Cs nuclides diffuse rapidly
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FIG. 1. Floor plan of SOLAR facility.

from the U/graphite target and are efficiently ionized on
the hot Ta surface. Neighboring elements are not ionized
under these conditions. The mass spectrometer selects
only the mass number of interest so chemically and mass
separated nuclides are delivered to the collection point.

For the independent isomer yield ratio measurements,
it is necessary to collect the nuclide of interest in a time
that is short compared to the lifetime for decay of the
preceding isobar in the mass chain. The reactor is pulsed
to produce a large number of fission products in the target
at a known time. Fission product ions at the desired mass
are collected for a short time interval during and after the
reactor pulse. After the ion beam is switched off, the de-
cay of the two isomers is measured by beta and/or gamma
counting. The relative amounts of the two isomers deter-
mined by the decay data gives the isomer yield ratio for
the particular collection time chosen. The isomer yield
ratio is measured for several ion beam collection times
and the isomer yield ratio is extrapolated to zero collec-
tion time.

The first nuclide studied by this technique was °°Rb.
The pertinent features of the mass 90 decay chain are
shown in Fig. 2. Early decay scheme studies suggested 1~
and 4~ for the spin/parity of the ground and metastable
isomers?! but recent work gives 0~ and 37.2%23 The gam-
ma intensity of the isomeric transition is (0.20+0.04)% of
the °Rb™ decays.?’?®> The total conversion coefficient
from Ref. 21 is 11.5+0.9, which gives a branching frac-
tion of (2.5+0.5)% for the isomeric transition. This
branching fraction has a small influence on the analysis of
the beta decay curves discussed below. The branching
fractions of °Kr to the two *°Rb isomers is taken from
Ref. 23. The beta-delayed neutron branching fraction for
%Br is from the compilation by Mann et al.?* These
fractions are important in the analysis of the isomer yield
ratio versus ion collection time data.

From Rider’s compilation of fission yield data,?® the ra-
tio of the **Kr independent fission yield to the *°Rb™2 in-
dependent fission yield is 5.2. Because the *°Kr yield is so
much greater than the °Rb yield and because most of the
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FIG. 2. Outline of mass 90 decay chain.

%OKr decays to the ground state isomer, the apparent iso-
mer yield ratio is strongly dependent on the amount of
Kr decay during the *°Rb ion collection time. In our
analysis of the isomer yield ratio versus ion collection
time data we allow the independent yields of the *’Kr,
ORb™, and °Rb# to be unknown quantities and determine
all three by a least squares fit to the data. We thus obtain
both the *°Rb isomer yield ratio and the ratio of °°Kr in-
dependent yield to °Rb™¢ independent yield from the
same experiments.

The beta counter used in this work was a transmission
mounted Si surface barrier detector 1000 um thick with
an area of 450 mm?. One series of experiments was done
with the beta counter off line in a well-shielded cave. The
%Rb was collected on an A1 foil disk mounted on a vacu-
um interlock at the location of the electron multiplier in
Fig. 1. Immediately after the ion collection period, the
foil was removed from the vacuum interlock and mounted
in front of the beta counter. Transfer of the sample took
30—40 s. The beta multiscalar was started simultaneously
with the neutron burst and continued for at least eight
half-lives of the longer-lived isomer. Another series of
measurements was done with the beta counter mounted on
line as shown in Fig. 1. The ion beam was deposited on
an aluminized Mylar tape in front of the detector. The
tape was stationary during collection and counting, but it
was moved before the next reactor burst. A thick Al col-
limator was mounted at the entrance to the beta counter
vacuum box to ensure that no ion beam missed the 1.27
cm wide tape. Even though the on-line beta counting el-
iminated the transfer delay, the ion collection and beta
counting were less efficient so that the statistical accuracy
of the beta decay curve analysis was equivalent for the
on-line and off-line experiments.

The beta decay curves were analyzed with the least-
square fitting code MASH.2% An example of a beta decay
curve taken on line is shown in Fig. 3. The beta activity is
dominated by the “°Rb™ and °Rb# components. However
there is a small component due to the growth of *°Rbf
from the isomeric transition. In addition there was a
short-lived background component (¢;,,=2.8+0.5 s).
This component was observed after the neutron pulse even
when the ion beam was brought out to the electron multi-
plier but not sent down to the beta counter. This back-
ground is probably due to neutral gaseous activity. It was
minimized by placing baffles before the bending magnet
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FIG. 3. Typical beta decay curves of **Rb after a single neu-
tron pulse and ion collection for 5 s: Experimental data taken
on line (A); *°Rb™, t,,=256.8 s (B); *°RbS, t,,,=156 s (C);
®Rb# from isomeric transition from °°Rb™ (D); background,
t1,2=2.8 s (E); background, ¢,,,= oo (F).

and at the electron multiplier box and by doing differen-
tial pumping. The long-lived background was about 0.2
cps in the off-line counting arrangement and about 10
times greater in the on-line configuration. The data
shown in Fig. 3 were from a single neutron burst. Only at
the shortest ion collection times (0.3 and 0.5 s) was it
necessary to combine decay curves from several pulses to
get sufficient statistical accuracy.

To measure the isomer yield ratio by beta counting, it is
important that the beta counting efficiency be the same
for both isomers. The transmission beta counter used in
this work does not give a pulse height spectrum propor-
tional to the beta energy since high energy betas pass com-
pletely through the detector. The beta pulse height spec-
trum from °°Rb is shown in Fig. 4. The beta spectra from
sources of **%2%Rb were compared and were found to be
almost identical except for the height of the valley. All
these nuclides have beta decay Q values of greater than 6
MeV, so one expects most of the betas to deposit the same
amount of energy, which would be about 350 keV for the
1000 pm thick Si detector. The broad peak in Fig. 4 cen-
tered about channel 55 was about 280 keV based on a cali-
bration with a 2°’Bi conversion electron source. The max-
imum beta energy which is completely stopped in the
detector is about 700 keV. The pulse height spectrum in-
dicates that most of the beta pulses are due to minimum
ionizing betas, i.e., greater than 1 MeV. The discrimina-
tor was set in the valley region which was about 100 keV.

It is possible that some of the pulses in the valley region
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FIG. 4. °Rb pulse height spectrum in Si beta counter for
beta multispectrum scaling experiment. Isomer yield ratio was
determined for each of the four regions 4 —D. The discrimina-
tor setting for the normal beta multiscaling experiments is indi-
cated.

are due to gamma rays or x rays, particularly for °°Rb
which had the lowest peak to valley ratio of the three Rb
isotopes. We therefore performed a beta multispectrum
scaling experiment in which the beta spectrum from *°Rb
was measured as a function of time after the neutron
burst. The beta spectrum was divided into four regions as
shown in Fig. 4 and the isomer yield ratio was determined
for each pulse height region. If the beta counting efficien-
cy is the same for both isomers, the isomer yield ratio
should be the same for all pulse height regions. The re-
gions labeled B, C, and D in Fig. 4 all gave the same iso-
mer yield ratio within the statistical uncertainties. Region
A had a significantly higher isomer yield ratio indicating
an enhanced efficiency for detecting *°Rb™. However this
pulse height region contains events other than true beta
pulses as shown by a spectrum taken with a thick absorber

in front of the detector. We assumed that pulses above

the discriminator were true beta pulses and were equally
efficient for °°Rb™ and *°Rb8.

RESULTS

The least square fitting code MASH gave the number of
atoms of each component present at the initial time
(which was assumed to be the maximum of the neutron
flux). The °Rb¥ due to the isomeric transition from
%ORb™ (D, Fig. 3) was added to the *°Rb™ (B, Fig. 3) to get
the total “°Rb™. This total was divided by the number of
atoms of °Rbf (C, Fig. 3) to give the apparent isomer
yield ratio (high-spin yield/low-spin yield) for the particu-
lar ion collection time. The results are listed in Table I
and plotted in Fig. 5. In the analysis given below, no dis-
tinction was made between data obtained by off-line or
on-line beta counting.

To obtain the isomer yield ratio at zero ion collection
time, we derived an analytical expression for the diffusion
and decay of all the members of the mass 90 decay chain.
We first define the rate of change of each component
within the oven/target.

49 _
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where Q is the number of atoms of grandparent (°*Br); P
is the number of atoms of parent (°°Kr); M is the number
of atoms of metastable isomer (°®Rb™); G is the number of
atoms of ground state isomer (°°Rb®); A% is the radioactive
decay rate constant for i =Q, P, M, or G; Ap is the dif-
fusion rate constant for I =Q, P, M, or G; and f M is the
fraction of precursor decays which go to metastable iso-
mer.

These differential equations were then solved for M and
G. Since only M and G are ionized, the ion deposition
rates for M and G are given by
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TABLE L. Apparent isomer yield ratio (high spin/low spin) for °Rb for various ion collection times.

Ion Isomer Beta counting Number of
collection yield on line or neutron bursts
time (s)* ratio off line combined

0.07 9.40+1.07 off 2

0.07 6.56+1.03 on 4

0.27 9.59+0.76 off ' 1

0.27 6.93+0.98 on 1

0.27 8.40+0.81 on 3

0.77 6.461+0.32 off 1

0.77 6.59+0.71 on 1

1.77 5.21+0.18 off 1

1.77 4.80+0.38 on 1

2.77 4.32+0.11 off 1

2.77 3.87+0.16 on 1

4.77 3.2240.09 on 1

2Actual ion collection time included an additional 0.23 s delay from the time of the trigger signal to the

time of the neutron burst.

+ .
‘”gt =A¥p (5)
+
dgt 256G . ©)

We assume that the ionization efficiencies for the two iso-
mers are equal and cancel since we are only interested in
relative ion rates. The number of ions collected is the in-
tegral of the ion deposition rate over the ion collection
time (?) so the apparent isomer yield ratio is given by

Isomer Yield Ratio
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FIG. 5. The apparent isomer yield ratio for °Rb plotted
versus the ion collection time. The solid circles are from on line,
the open circles from off line beta counting. The solid curve is
the least square fitted curve of the analytical expression for dif-
fusion and decay.
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The analytical expression defined by Eq. (7) contains the
parameters Qg, Py, My, and G, which are the number of
atoms initially present after the neutron burst. A least
square fitting code was written to fit the latter three pa-
rameters to the experimental data given in Table I. The
parameter Q, is proportional to the °°Br cumulative fis-
sion yield which is 12% of the *°Kr independent yield.?’
To simplify the least square fitting, the ratio of the *°Br
cumulative yield to the *°Kr independent yield was held
constant throughout the fitting calculation. The ratio ac-
tually used was 0.09 to account for the 24.9% delayed
neutron branch in the decay of *°Br. The solid line
through the data in Fig. 5 is the best fit of Eq. (7) to the
data. The independent isomer yield ratio is My/Gy. In
addition, the ratio of Kr independent yield to Rb indepen-
dent yield is given by Py /(My+ Gy).

Before doing the least square fit, the diffusion rate con-
stants Ap for Q, P, M, and G must be determined. Previ-
ous work has shown that diffusion rate constants for iso-
topes of a given element are practically the same.?” There
should be even less variation of the diffusion constants be-
tween isomers, so we assume that A =A% =AR°.

The Rb diffusion rate constant was measured by puls-
ing the reactor and following the disappearance of the Rb
ion count rate as a function of time. The ions were
detected by the 17 stage electron multiplier located as
shown in Fig. 1. To avoid complications from decay of
Kr in the oven/target, one would prefer to measure a Rb
nuclide for which the Rb fission yield greatly exceeds the
Kr fission yield. However, the radioactive half-life of the
Rb must be much longer than the Rb diffusion time to
avoid complications from Rb decay. We measured Rb
diffusion curves at both mass 90 and 91 and obtained
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FIG. 6. Ion count rate and fitted components at mass 91 as
functions of time after a neutron burst: Experimental data (A4);
*'Rb diffusion from oven, t,/,=0.55 s (B); °'Rb diffusion fol-
lowing °!Kr decay in oven (C); growth and decay of *'Rb beta
activity on electron multiplier (D).

equivalent results. The °'Rb data are shown in Fig. 6
along with the components fit by the-MASH program. We
assumed that Rb diffusion was described by a single ex-
ponential component. Another component must be in-
cluded to account for Rb from decay of Kr in the
oven/target. The MASH program treats this component as
a mother-daughter growth and decay situation where the
decay of the mother is not observed and the daughter has
the half-life of Rb diffusion. The electron multiplier has
some efficiency for detecting beta particles from any ra-
dioactive nuclide deposited on the first dynode. However,
the efficiency is strongly dependent on the particular nu-
clide and on the exact location of the deposit on the dy-
node. Therefore, a third component was included in the
diffusion curve analysis which accounted for growth of
the Rb daughter from a parent disappearing with the Rb
diffusion half-life. The Rb diffusion rate constant is
dependent on the temperature of the oven, so all experi-
ments were done at the same temperature, 1600 °C. With
our target material and this temperature, the Rb diffusion
half-life was 0.55+0.01 s.

The Kr diffusion rate constant (AD) is not easily mea-
sured. Therefore, we did the least square fit of Eq. (7) to
the data of Table I for several values of A5 and plotted
chi-square per degree of freedom (X2) vs Ap to find the
minimum. This plot is shown in Fig. 7 along with the
corresponding results for the isomer yield ratio and the
Kr/Rb fission yield ratio. The minimum X2 is for a Kr
diffusion time of 2.75 s. The corresponding value for the
isomer yield ratio is 8.74+0.3 and the Kr independent
yield to Rb independent yield ratio is 4.1+0.2. Although
X2 does not increase rapidly as one goes to longer Kr dif-
fusion times, the Kr/Rb yield ratio would be even lower
for longer A5 and would disagree more with the value of
5.2 recommended by Rider.?

The isomer yield ratio is rather insensitive to reasonable
variations of the other parameters in the diffusion and de-
cay model, whereas the yield ratio of Kr/Rb is more sen-
sitive. For example, the Br diffusion time was normally
fixed at 10 s (infinity). Changing the time to 1.9 s in-
creased the isomer yield ratio by less than 0.5% and in-
creased the Kr/Rb yield ratio by 3%. Changing the
branching fraction of *°Kr decay to *°Rb™ from 0.15 to
0.20 increased the isomer yield ratio by less than 0.4%
and increased the Kr/Rb yield ratio by 8.5%. By simul-
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FIG. 7. °Rb isomer yield ratio (0), Kr independent yield/Rb
independent yield (O), and chi-square per degree of freedom (@)
from least square fit of isomer yield ratio versus ion collection
time data plotted versus Kr diffusion time. Statistical uncer-
tainties are shown on isomer yield ratio and Kr/Rb yield ratio
at Kr diffusion time giving the minimum X2.

taneously decreasing the Br diffusion time, increasing the
branching fraction of *°Kr decay to *°Rb™, and increasing
the Rb diffusion time, we can raise the Kr/Rb yield ratio
to 4.8 without changing the isomer yield ratio or X2 sig-
nificantly. Thus the Kr/Rb yield ratio is not as well de-
fined by the present experiments as is the isomer yield ra-
tio.

The uncertainty given above for the isomer yield ratio
is the statistical uncertainty from the least square fitting
program. Uncertainties associated with the Rb and Kr
diffusion rate constants are not included. It is also possi-
ble that our diffusion and decay model is oversimplified.
To estimate limits for higher confidence, one can do an
eyeball extrapolation of the data in Fig. 5 and obtain an
isomer yield ratio ranging from 7 to 10. It is possible that
%ORb™ has a larger fraction of its beta spectrum below the
discriminator than *°RbS. A correction for this effect
would increase the isomer yield ratio. Although it is diffi-
cult to estimate the systematic uncertainties rigorously, we
believe that a conservative estimate gives the experimental
isomer yield ratio as 8.7+1.0. This ratio is one of the
largest ever measured for a low energy fission process.

DISCUSSION

Isomer yield ratios are of interest to applied problems
as well as for their use in determining angular momentum
of fission fragments. Fission yield data are needed for
reactor design for problems such as decay heat, fission
product inventory, reactivity, burnup, and delayed neu-
tron abundances. Fission yield compilations have includ-
ed isomer yield data when available, but generally they
have had to use some model calculation to estimate iso-
mer yields due to the lack of data. In particular, the
ENDF/B-V compilation?® uses a model developed by
Madland and England.?® This model assumes that fission
fragments are formed with an angular momentum density
distribution P(J) characterized by a single parameter,
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Jems ={(J(J +1))172,
P(J)=Py(2J + exp[ —(J ++)2 /T2 ] . (8)

The parameter J ., is assumed to be constant for all frag-
ment masses in the neutron induced fission of actinides.
However J,, is allowed to vary with incident neutron en-
ergy. This model predicts that isomer yield ratios will de-
pend on the isomer spins, but all isomers with the same
spin combination will have the same isomer yield ratio.
For the particular spin combination for *°Rb (J,, =3,
Jg=0), this model predicts the highest possible isomer
yield ratio of 9.0 which is in excellent agreement with our
experimental result.

The model predicts an isomer yield ratio of 4.3 for the
spin combination (J,, =4, J;=1) which was ascribed to
%ORb earlier.?! Thus one is tempted to justify the present
spin assignment on the basis of the agreement between the
experimental isomer yield ratio and the model calculation.
However, the model disagrees with experimental values by
a factor of 2 in many cases and by a factor of 30 in a re-
cent measurement on *8Pr.3° Even the assumption that
isomers with the same spin combinations have the same
isomer yield ratio has been disproven by the measure-
ments on **Xe and >*Xe by Ford et al.!” where the iso-
mer yield ratios differed by about a factor of 2 for the
spins (J,, =5, Jg= %). One must be cautious in applying
the results of this model.

A statistical model has been proposed by Ford et al.!’
to calculate the average angular momentum from
knowledge of the isomer yield ratio. This model takes
into account nuclear level densities as a function of ener-
gy, angular momentum, and parity. It thus allows for
variations of isomer yield ratios even for isomers with the
same spin combinations. The main feature which distin-
guishes this model from other statistical calculations is
the use of combinatorially calculated level densities. It
uses single-particle states in a spherical Woods-Saxon po-
tential as discussed previously.’! The details of the model
and its application to the isomer yield ratios of '3!Te,
1337¢, 133Xe, and 13°Xe are given in Ref. 17.
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We have applied the Ford statistical model to “°Rb.
The combinatorially determined level density is based on
excitation of the 9 protons in the 2p+ " and 1f3 " levels
and of the 13 neutrons in the lg%+ and Zd%+ levels. All
levels between the proton closed shells at Z =28 and
Z =50 and the neutron closed shells at N =40 and
N =82 are included. The calculated level density is
weighted by the probability that a state is occupied. The
occupation probability is assumed to be proportional to
exp(—BE —AJ) where B and A are adjustable parameters.
If one chooses particular values of 8 and A, one defines
the initial probability distribution for excited states of
%Rb. These states then deexcite by gamma emission until
one or the other isomeric state is reached. Previous work
has shown that the isomer yield ratio and average angular
momentum are insensitive to the initial energy distribu-
tion.'? The value of B was chosen for consistency with
measurements of average gamma-ray energy and average
number of gamma rays emitted for typical fission prod-
ucts. Calculations were done with 8 fixed at 1 and A set
to various values from O to +0.28. For each value of A,
the program calculates several properties for the nuclide
and its decay. These quantities for °Rb are listed in
Table II for the A value corresponding to the experimental
isomer yield ratio. Also given in Table II are the same
quantities for 3%133Te and !3*!35Xe for thermal neutron
fission of 23°U taken from Ref. 17.

The calculated calibration curves of average J value
versus isomer yield ratio are given in Fig. 8 for “°Rb and
for the Te and Xe isomers. Even though the !3!33Te and
133,135X ¢ isomer pairs all have the same spin/parity com-
binations of 5~ and 3, there are distinct differences in
their calibration curves due to their different level densi-
ties. The °Rb has a completely different calibration
curve resulting from its different spin combination of 3~
and 0~ (this effect would also be expected from Madland
and England’s model). However, the average angular
momentum deduced from the calibration curves are simi-
lar for *°Rb and the Te, Xe isomers as shown in Table IIL.
Figure 8 also shows the calibration curve for °Rb with

TABLE II. Results of statistical model calculation for products from thermal neutron fission of

235U.
90Rb 131Te 133Te 133Xe 135)(e
I /g 3/0 /7 /7 2 /7 /7
Experimental 8.7 1.91 1.31 2.85 1.77
isomer ratio
A 0.116 0.091 0.104 0.060 0.106
Average energy 3.95 2.51 1.76 3.24 2.33
(MeV)
) 4.53 5.63 4.66 6.83 5.45
Jrms 5.74 6.95 5.80 8.30 6.75
Fraction of 0.152 0.126 0.131 0.127 0.131
gammas with
L>1
Energy/gamma 1.44 0.72 0.68 0.75 0.69
No. of gammas 2.70 3.25 2.25 4.07 2.84

per fission
product
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FIG. 8. Calibration curves of average J value versus isomer
yield ratio from statistical model calculation. The curve for
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curves for *13Te and *»135Xe all with spin/parities of 5~
and -3—* are shown. Data points show location of experimental-

ly measured isomer yield ratios.

the assumption of 4~ and 1~ for the spins and parities of
the two isomers. This curve is included to illustrate the
sensitivity of the calculation to changes in spin/parity for
a given nuclide. It should be emphasized that the statisti-
cal model used here treats the fission products only after
all neutron evaporation has taken place, i.e., any angular
momentum removed by neutron evaporation from the pri-
mary fission fragments is not taken into account.

The work of Wilhelmy et al.” on population of ground
state rotational bands of 2°2Cf fragments indicated that
fragments in the light mass peak had lower angular mo-
menta than fragments in the heavy mass peak. The iso-
mer yield ratio data of Bocquet et al.'® also show the
trend of lower angular momenta for fragments in the light
mass peak. However there are discrepancies between the
J values measured by these two techniques, as well as
discrepancies with the trends of J value versus mass num-
ber calculated by the theoretical model of Zielinska-Pfabe
and Dietrich.* Our deduced J value for °Rb is about one
unit lower than the average for the Te and Xe isomers,
but the range of J values for the Te and Xe isomers is
broad enough to bracket the “°Rb value. It appears that
variations of angular momentum due to characteristics of
individual fission products are comparable to the varia-
tions between light and heavy mass regions. :
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The only previous measurement of the isomer yield ra-
tio of °Rb was done by Aumann and Weismann>? for the
spontaneous fission of 252Cf. For low excitation energy
fission, one does not expect much variation of the isomer
yield ratio with changes in the fissioning nucleus.!:1617
Thus it is expected that the °Rb isomer yield ratios of
thermal neutron fission of **U and spontaneous fission of

' 22Cf should be comparable. Aumann and Weismann ob-

tained a lower limit for the isomer yield ratio of >3.5.
They deduced a J.,s of > 6.2 which is close to our value
of 5.7 but their analysis assumed 4~ and 1~ for the
spin/parity of the °Rb isomers. Our calculation for
spin/parity 3~ and 0~ with their limit for the isomer
yield ratio gives a J,,s of >4.0. Because the 22Cf result
is a lower limit, the comparison with our 233U result is not
very meaningful.

CONCLUSIONS

We have demonstrated a new technique for measuring
isomer yield ratios and have presented the results for °Rb
from thermal neutron fission of 23°U. As shown in Fig. 5,
the apparent isomer yield ratio is strongly dependent on
the ion collection time. Collection times of less than 0.1
of the precursor half-life are essential for eliminating in-
terferences from beta decay of the precursor. The conver-
sion of isomer yield ratios to average angular momentum
was performed via a statistical model using level densities
calculated by combinatorial methods for single particle
states near the Fermi surface.!” Although our experimen-
tal isomer yield ratio is very large (8.711.0), the resulting
angular momentum of the excited fission product *°Rb is
similar to the angular momentum deduced for several oth-
er fission products.

Only about 10% of the 191 isomers listed in the
Japanese Nuclear Data Library of Fission Products have
measurements of isomer yield ratios.3®> The present tech-
nique has the potential for measuring 26 additional isomer
yield ratios. The technique uses a pulsed reactor and an
on-line mass spectrometer with a chemically selective ion
source. A positive surface ionization source could be used
for 138Cs and !'*~!¥In. A negative ion source could be
used for %Br and 32— 13%136] A plasma ion source with
added CF, gas could produce molecular fluoride ions of
96—98,10yFF and “SLaF;. Measurement of isomer yield
ratios for many of ‘these fission products would have a
significant impact on our understanding of the role of an-
gular momentum in nuclear fission.
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