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A systematic study of P-decay energies has been made for mass-separated activities of Kr gaseous

fission products and their daughters at the TRIsTAN on-line separator facility at the Ames Laboratory

research reactor. A well-type plastic scintillator was used in coincidence with a Ge(Li) y detector to
determine P-group end-point energies and deduce Q values, The following P-decay energies have been

determined: "Kr, 2.93+ 0.03 MeV; "Rb, 5.30+ 0.06 MeV; "Kr, 4.93 + 0.06 MeV; ' Kr, 4.35+ 0.05

MeV; Rb, 6.32+ 0.07 MeV; 'Kr, 6.12+ 0.07 MeV; 'Rb, 5.68+ 0.04 MeV; 'Kr, 5.97 + 0.08 MeV;

Rb, 7.58+ 0.15 MeV; Sr, 1.93+ 0.03 MeV; 'Kr, 8.3+ 0.5 MeV; and 'Rb, 7.23+ 0.10 MeV. The

decay energies are compared with previous measurements, systematics predictions, and two currently

accepted mass relations. The energies are used to predict the P-decay energies for 13 additional nuclei

by means of systematics.

I. INTRODUCTION

In recent years the study of nuclear masses has
been of interest for element-genesis theories in
astrophysics and for predictions of decay proper-
ties of nuclei far from the line of P stability. This
work is concerned with the latter interest and at-
tempts to extend our knowledge of the changes in
the nuclear mass surface, as determined from
P-decay Q values, for several nuclei far from the
line of P stability. The area of particular interest
in this work is the neutron-rich region around the
mass A =90.

The P-decay energies of short-lived nuclei have
been predicted through mass relations that have
parameters determined by using mass values for
nuclei near the line of stability. Stimulated by an
investigation of the astrophysical r process (rapid
neutron-capture process), Seeger' modified the
von Weizsacker liquid-drop model' by inclusion of
shell-model effects and pairing terms, and cre-
ated one of the more accurate models currently
being used. Seeger used this mass formula to
calculate the solar-system isotopic abundances of
certain neutron-rich stable isotopes that resulted

from the decay of extremely neutron-rich nuclides
(20 to 40 units from the line of P stability) formed
in conjectured astrophysical environments.

Another highly regarded approach to the predic-
tion of decay energies is that developed by Garvey
et al. ' This mass relation is based on the single-
particle model of the nucleus and utilizes symme-
tries implicit in isospin formalism. Relationships
between nuclidic masses that are independent of
the variation of mass with atomic number and
charge are used to formulate a simple mass re-
lation, which is then fitted to known data.

Though there are several other widely used mass
formulas, those by Seeger and Garvey et al. are
considered here to be the most acceptable since
they have rather small deviations from experi-
mentally determined masses. Furthermore, they
are unique among the available formulas in their
accuracy far from stability for neutron-rich nu-
clei since their predictions for the occurrence of
delayed neutron precursors are in agreement with
experimental observations. ~' These mass formu-
las have not, however, been subjected to a system-
atic test using mass differences experimentally
determined for nuclei far from stability. This



J. R. C L IF FORD e t ah.

test is, in part, a justification for the work re-
ported here.

An interesting systematic approach to the pre-
diction of nuclear masses was taken by %ay and
Wood in 1954.' They developed a P-decay system-
atics which exhibits linear relations for disinte-
gration energies between the nuclei (Z, N) and

(8+1,N-1) when plotted as a function of N with
Z constant, where Z is the proton number and X
is the neutron number. These linear relations
have been used to predict the mass differences
for nuclei far from the line of P stability. Recent-
ly these predictions, as determined from present-
ly available experimental results, were reported
in the 1971 Atomic Mass Evaluation by Wapstra
and Gove. ' The measurement of masses far from
stability in the present work should offer a spe-
cific test of these predictions and make possible
severa1 new predictions fox nuclei even further
away from the line of P stability. The new predic-
tions may also lead the way towards improving
present mass formulas or developing new rela-
tions that are applicable far from the line of sta-
bility.

Two types of experiments are reported in this
work: p-decay Q-value measurements of singles
p-ray spectra and end-point energies for p spec-
tra in coincidence with y rays. The experimental
arrangement, described in detail by Clifford, '
consists of a Ge(Li) y-ray detector and a plastic-
scintillator P-ray detector, whose response and
calibration were determined. The spectra obtained
were analyzed to obtain end-point energies and,
in some eases, relative P branching to excited
lev ls' theda ghter cle s.

II. EXPERIMENTAL ARRANGEMENT

The P-ray-spectrum measurements reported in
this work were performed using the TRISTAN
isotope separator on line to the Ames Laboratory
research reactor. ""Vfith this facility, the ion
beam of gaseous fission products from a mass
separator is imbedded in an aluminized Mylar
tape mounted inside a moving tape collector (MTC)
which is used to provide isobaric separation be-
tween members of a decay chain with a given mass
number. There are two detector ports in the MTC,
shown in Fig. 1, that are 46 cm apart, as mea-
sured along the tape. The upper port, which is at
the beam deposition point, is used for the study
of parent and short-lived daughter activities,
while the lower port is used for the study of the
longer-lived daughter activities.

There are several modes of operation for the
MTC. Depending on the half-life and the ancestry
of the activity to be enhanced, the tape can be
moved either continuously or intermittently in a

stepping mode. Variation of such parameters as
the tape speed, beam collection time, delay time,
and count time determines the degree of enhance-
ment of the activity of interest. The various
modes of operation and the parameters involved
are described in detail in a report by Norman,
Talbert, and Roberts. "

The P-y-coincidence detection system consists
of a Ge(Li) y-ray detector and a plastic-scintil-
lator P-ray detector. The Ge(Li) detector is a
60-cm' coaxial-type detector having an 11% effi-
ciency, a full width at half maximum resolution
of approximately 2.8.keV and a peak-to-Compton
ratio of 28:1 for the 1.33-MeV "Co transition.
The plastic scintillator, shown in cross section
in Fig. 1, is made of Pilot B plastic and has cy-
lindrical symmetry with a diameter of 6.5 cm.
The scintillator contains a well in the front face
having the shape of a truncated cone with an en-
trance diameter of 1.9 cm and a depth of 2.3 cm.
The plastic scintillator has a "depth" of 3.5 cm
(the distance from the bottom of the well to the
photomultiplier surface), equal to the range of a
'i-MeV P ray in the Pilot B plastic. The well re-
duces the backscattering of P rays by an order of
magnitude compared to a flat scintillator, but at
the expense of some nonlinearity introduced into
the calibration curve for low-energy P rays.

The plastic seintillator is mounted so that the .

source is positioned at the vertex of the cone, a
distance of 5.V em from the front of the well. The
detector is separated from the MTC by a wheel
containing absorbers that are required for P-ray
measurements described below, and a thin Mylar
window to protect the detector from possible con-
tamination. The absorber wheel has five aluminum
and seven beryllium disks which range in thick-
ness from 3.2 to 22.2 mm, as well as an "open"
position.

The use of a scintillation detector for the study
of continuous P-ray spectra requires a knowledge
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FIG. 1. Moving tape collector.
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of the response of the scintillator to monoenerget-
ic P rays. The determination of the response for
the scintillation detector used in this work has
been described in detail by Wohn et a/. " The anal-
ysis of the measured spectra depends not only on
the detail with which the P-ray response function
is known but also on the accuracy of the energy
calibration. The calibration technique is discussed
in detail by Clifford and Wohn et al. In all of the
experimental runs involved in this work, sets of
P-ray calibration spectra were taken both before
and after each data run.

In the experiments described below, care was
taken to control the source strengths to a level
where summing effects in the P detector were not
observable. It was found by analysis of singles P
spectra of '"Xe that count-rate-dependent distor-
tions were not observed for count rates less than
3 X104 counts/sec using 0.25-psec bipolar shap-
ing for the scintillator electronics channel. For
the experiments described in this work, maximum
singles count rates were typically 2 &&104 counts/
sec. For this reason, we do not expect our re-
sults to contain any anomalous spectral effects
due to summing.

III. DATA ACCUMULATION

The isotopes studied during this experiment
were the short-lived gaseous fission products and
their daughters for A =88-93. Knowing the half-
lives of the members of each isobaric decay chain,
values were obtained for the sample collect time,
delay time, and data-accumulation time to give
the desired activity enhancement. Table I lists
the nuclei studied, and for each, the type of ex-
periment (coincidence or singles), the MTC mode,
and the integrated activity ratio as calculated
from the program ISOBAR." The MTC mode list-
ed is either continuous, with the tape speed given
in cm/sec or sequential, with the collect, delay,
and accumulate times given in seconds.

For singles-P-spectrum measurements, a two-
absorber method was used to obtain an approxi-
mate, unattenuated y-ray spectrum which must be
subtracted from the P-plus-y spectrum collected
without an absorber in order to deduce the dis-
torted P-ray spectrum. An absorber just thick
enough to stop the most energetic P-ray group and
the next larger absorber were used during the
scintillator calibration. The exponential absorp-
tion of y rays through an absorber can be approx-
imated by a straight line over a small-absorber
thickness, with the result that the y-ray spectrum
for zero absorber thickness is given by

t8'x
yo t2 t t t

TABLE I. Summary of experimental conditions.

Coincidence Moving-tape
Decaying of singles collector
nucleus experiment mode

Integrated
activity ratios

po)
Rb Sr

88Kr

Rb
"Kr
"Kr
"Kr
"Kr
~'Rb
"Rt
"Kr
"Kr

Coin
Coin
Coin
Sing
Coin

Sing
Coin
Sing
Coin
Sing

Stationary tape
Stationary tape
0 10
0.77
40, 0, 40'

1.02
60, 200, 190
60, 200, 190
0.43
0,77

~47
~47
99.5

100.0
84.0

99.8
3,0
3.0

98.3
99.0

~53

0.5

16.0

0.2
97.0
97'.0
1.7
1.0

"Rb
"Kr
~~Kr

"Rb
92Sr

"Kr
"Kr
"Rb
"H.b

Coin
Coin
Sing
Sing
Coin

Coin
Sing
Coin
Sing

30, 40, 60
0.41
4.42
10, 10, 10
1500, 1830,

4, 0, 10
5.06
4, 0, 10
5, 2, 5

5.0
82.0
97.8
4.0

1665 ~ ~ ~

40.5
98.6
40.5
26.7

95.0
18.0
2.2

96.0

58.8 ~ ~ ~

4 ~ ~ ~

58.8 ~ ~ ~

72 5 o ~ ~

~ Tape speed in cm/sec.
Collect time, delay time, accumulate time in sec.

where ~, and t, are the absorber thicknesses, and

y, and y, are the y-ray spectra accumulated using
these two absorbers. The two-absorber approxi-
mation gives 98.8%%uo of the true, unattenuated y-ray
spectrum at 1 MeV, and 99.7% of the unattenuated
y-ray spectrum at 5 MeV, using the 0.625- and
O.750-cm Al absorbers, which stop a 5-MeV p
ray. Since the measured P-ray spectra were
usually fitted over the region between the end-
point energy and an energy 2 MeV back from the
end-point energy, the approximation appears to
provide a valid correction for y-ray contributions.

For coincidence p-spectrum measurements, a
one-absorber method was used to obtain the y-ray
contribution which must be subtracted from the
spectrum accumulated without an absorber in
order to deduce the P-ray spectrum Du. ring the
experiment, data were taken with and without an
absorber whose thickness was sufficient to stop
the most energetic P-ray group. The data could
be taken while the source activity varied as long
as the MTC mode was unchanged, since the mode
determined the activity ratios for the elements in
the decay chain.

The number of y-ray events accumulated for a
specified live time could be considered indepen-
dent of the absorber used, within the assumption
that y-ray absorption was negligible. Thus, in
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order to subtract out the y-ray contribution from
a y-plus-P spectrum, a determination was neces-
sary of the ratio of the time to accumulate a
given number of events (e.g. , 2048) with no absor-
ber to that required to accumulate the same num-
ber of events with an absorber. During data accu-
mulation, this time ratio was the proportionality
constant between the number of coincidence events
taken with an absorber and the number of events
taken with no absorber.

This one-absorber technique assumes that there
is little attenuation of the y rays through the ab-
sorber. Though this assumption is not strictly
true, the y-ray attenuation is small, typically 5%

over the region in which the measured spectrum
is fitted. Moreover, the fact that the attenuation
is energy-dependent partially compensates for the
reduction in y-ray counts at higher energies where
the P-ray spectrum analysis is concentrated,
since the number of high-energy z rays compared
to the number of low-energy y rays accumulated
in a given live time is enhanced by the absorber.

Approximately ten-million coincidence events
were obtained and analyzed for each nucleus stud-
ied in this work. The P ray sp-ectrum gated by a
p-ray peak was adjusted to account for the Comp-
ton background contribution, thus giving the mea-
sured P-ray spectrum in coincidence with a given
y ray. The y rays on which gates were placed were
chosen to include both y rays depopulating one
level intensely fed by P decay, and z rays depopu-
lating all significantly fed levels. Singles mea-
surements of P-ray spectra were taken for most
nuclei to obtain a second determination of the P-
decay energy and to identify any strong ground-
state branching.

The analysis of the experimental data used a
"folding" technique which involved first distorting
the theoretical P ray spect-rum by folding in the
response function, then least-squares fitting this
distorted spectrum to the measured spectrum as
described by Wohn eI al."and Clifford. ' Whenever
more than one P group was included in the least-
squares fit, the relative intensities and end-point
energies of the P groups were constrained to con-
form to the z-ray decay scheme, thereby substan-
tially reducing the number of fit parameters in-
volved.

IV. RESULTS

The results of the analysis of the P-ray spectra
for the II nuclei studied are presented below. A
detailed summary exists for these results, ' in-
cluding a list of the gating y rays, and the Q val-
ues deduced from the end-point energies of the
coincident P-ray spectra with their uncertainties.
The uncertainties in the Q values given here are

a combination of the uncertainties in the least-
squares fitting procedure and the uncertainties in
the calibration function for the given energies.

Figures of spectra and fits are shown only to
illustrate a point of contention with results expect-
ed from prior studies and in no way indicate the
general quality of coincidence or singles spectra
obtained for other gates and nuclei in this study.
Unless specified in the text, reasonable fits to the
data were obtained by analysis using constraints
available from y-ray decay schemes.

A. Kr Decay

The Q value for the "Kr p decay is 2.93 +0.03
MeV, determined from P-ray spectra in coinci-
dence with seven transitions depopulating three
levels in "Rb. This value is in agreement with the
value of 2.9+O.I MeV reported by Lycklama,
Archer, and Kennett. " The decay scheme used in
selecting the gating y-ray transitions and in de-
termining percent P branching to the various daugh-
ter energy levels was provided by Bunting. " The
Q value reported here is a weighted average of the
seven individually determined values.

B. Rb Decay

For the "Rb decay, with the energy levels and
z-ray intensities again supplied by Bunting, 4 the
P-ray spectra in coincidence with three p-ray
transitions have end-point energies giving a weight-
ed-average Q value of 5.30+0.06 MeV. This Q
value is slightly higher than the 5.I3 +0.08 MeV re-
ported by Thulin~ and the Hb calibration energy
of 5.17+0.08 MeV, which is a weighted-average
value determined from three previous measure-
ments. "" However, the measurement is in good
agreement with the adjusted value of 5.30 +0.02
MeV determined by Wapstra and Gove' and with
the recent magnetic-spectrometer measurement
of 5.338 +0.004 MeV by Halbig and Wohn. "

C. Kr Decay

In the decay of "Kr, the energy levels and the
relative P branches to these levels were provided
by Henry, Talbert, and McConnell. " The weight-
ed average of Q values determined from seven
gated P spectra is 4.93 +0.06 MeV.

One gate that has a rather interesting result is
the 0.220-MeV gate. This work shows that there
is no branching to the 0.220-MeV level and that
the highest-energy P group for that gate populates
the 0.477-MeV level. Kitching and Johns' report
that a P group of end-point energy 4.90+0.03 MeV
populates the 0.220-MeV level, which mould mean
that the P-decay Q value would be 5.12 MeV. This
result is 0.2 MeV higher than the Q value deter-
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mined from the P-y coincidence experiment. A
more recent work from the same laboratory by
Poehlman, Singh, and Johns" agrees with the
more complete work of Henry, Talbert, and
McConnell" in assigning zero P branching to the
0.220-MeV level on the basis of detailed y-ray
intensity balances.

D. Kr Decay
90

The weighted average of the P-decay energies
from eight y-ray gates for the decay of "Kr is
4.35+0.05 MeV. The singles P-ray spectrum Q
value of 4.40+0.06 MeV agrees with the average
from the coincidence spectra, and with the former
measurement of 4.41 +0.03 MeV by Mason and
Johns. " The P-ray spectrum gated by the 1.423-
MeV y ray was fitted by a one-group theoretical
spectrum which should reproduce the measured
spectrum quite wj. ll, since there is no other
branching to the 1.780-MeV level shown in the
decay scheme of Mason and Johns. The spectrum
appearance shown in Fig. 2, however, displays
considerable low-energy intensity in the mea-
sured spectrum that is not accounted for by the
one-group theoretical curve. This behavior, which
is common to the four P-ray spectra gated by
transitions from the 1.780-MeV level, indicates
that there is significant P branching to a higher-
energy level which depopulates through the 1.780-
MeV level. It is difficult to reconcile this work
with that of Mason and Johns, in which the 1.780-
MeV level is reportedly fed only by a P transition,
and which seems to be supported by preliminary
results by Duke et al. on the decay of Kr. How-
ever, for the purposes of Q-value determination,
the P spectra in coincidence with transitions de-
populating the 1.780-MeV level gave end-point
energies consistent with the Q value obtained

from other gated spectra for fits such as that in
Fig. 2.
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E. Rb Decay

The "Rb p-decay energy was determined from
three gated P-ray spectra to be 6.32+0.0V MeV,
while the singles measurement gives 6.34 +0.08
MeV. In 1964, Johnson, O' Kelley, and Eichler"
measured the Q value to be 6.60+0.09 MeV, which
is 0.3 MeV higher than the present measurement.
The agreement between the coincidence value de-
termined using end-point energies having known
calibration uncertainties and the singles value
with an end-point energy beyond the calibration
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FIG. 2. P-ray spectrum in coincidence with the 1.423-
MeV transition in the decay of 9 Kr, showing the fit ob-
tained with direct P branching only to the level in 9 Rb at
1.780 MeV.
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FIG. 3. (a) Fermi plot of the P-ray spectrum in coin-
cidence with the 1.375-MeV transition in the decay of
9 Bb and the fit obtained using the P branching from
Mason and Johns (Ref. 21). (b) Fermi plot of the P-ray
spectrum in coincidence with the 1.375-MeV transition
in the decay of 9 Rb and the fit obtained with the outer-
P-group intensity reduced to approximately half that for
the fit of Fig. 3(a), by means of reducing the P branch-
ing from the 0.106-MeV isomeric level in 9 Rb to about
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limit indicates that the calibration is valid up to
at least 6.3 MeV.

The P-ray spectrum gated by the 1.375-MeV y
ray was considered to be composed of P branching
from the ground state of "Hb to the 3.450-MeV
level in ' Sr and from the isomeric 0.106-MeV
level to four other contributing levels. Using the
work of Johnson, O' Kelley and Eichler, "Mason
and Johns" report that16+3% of the 'ORb P tran-
sitions depopulate the 0.106-MeV isomeric state.
Using the relative P intensities of Mason and Johns
for the groups contributing to this gated spectrum,
the Q value turns out to be too low by about 800 keV,
compared to the results of the other gated spectra
and the singles spectrum, and the fit to the 1375-
keV gated spectrum is shown in Fig. 3(a). This
fit has a residue at high energies because the in-
tensity constraints from Mason and Johns make
the outermost group too intense, moving the end-
point energy of this group to a lower energy. If
the decay scheme of Mason and Johns is rigorous-
ly followed, except for varying the ratio of "Hb
ground-state to isomeric-state P decays, then the

Q value resulting from this gated spectrum is con-
sistent with that of the other spectra only by re-
ducing the intensity of the outer P group by about

l.2—

half, resulting in the fit shown in Fig. 3(b). This
manipulation of component group intensities re-
quires that only about 2%%uo of the p transitions in the
decay of "Rb originate from the isomeric level,
which is very difficult to reconcile to the gross y-
ray results of both Mason and Johns and Duke
et al.22

The Z-Z coincidence studies of Duke etal. pre-
liminarily indicate that the 1375-keV transition in-
tensity is split incorrectly in its double placement
in the decay scheme of Mason and Johns. The
outer P-group intensity for the spectrum in coin-
cidence with this transition is very sensitive to
adjustments in the intensity split, and in fact is
lowered enough to provide a fit similar to that in
Fig. 3(b) by adjusting the intensity split, as indi-
cated from Duke et al. , to decrease the 1375-keV
(2206- keV to 832-keV) transition intensity by only
79o. This small adjustment also results in a Q
value consistent with the other determinations.

Mason and Johns also report that there is a
1.119-MeV transition in "Sr, which is likewise
seen in "Rb. The Q value determined from. the
P-ray spectrum in coincidence with this 1.119-
MeV y ray verifies the work of Duke et al. ,

"which
explains the reported double presence of this
transition" as due to "Kr activity contaminating
the "Hb decay data, and which favors the assign-
ment of this y ray to the ' Kr decay alone.
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F. Kr Decay

Using the preliminary decay scheme of Duke
et af. ,

"the p branches to levels in 9'Rb were cal-
culated. The P-decay Q value averaged from the
analysis of four gated spectra is 6.12 +0.07 MeV.
The P singles end-point energy measurement of
6.25 +0.08 MeV is within the uncertainty of the
P-y average decay energy. In 1970, Eidens,
Roeckl, and Armbruster" reported the Q value
to be 5.7 +0.4 MeV, which is not consistent with
these other values nor with the predictions of the
%ay-Vfood diagrams. '
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FIG, 4. {a) Fermi plot of the P-ray spectrum in coin-
cidence with the 0.603-MeV transition in the decay of
S~Rb and the fit obtained with 5.8% P branching to the
1.041-MeV level of 9~Sr. {b) Fermi plot of the P-ray
spectrum in coincidence with the 0.603-MeV transition
in the decay of ~Rb and the fit obtained with 0.6% P
branching to the 1.041-MeV level of ~ Sr.

G. Rb Decay

The Q value for the decay of "Rb was determined,
using six coincidence P-ray spectra, to be 5.68+
0.04 MeV. This is in excellent agreement with the
work in 1968 by Zherebin e~ al. ,

"who reported a
value of 5.68+0.15 MeV. Mason and Johns" de-
veloped a level scheme with the 1.041-MeV level
populated by 5.8%%uo of the P transitions from "Rb.
The P-ray spectrum coincident with the 0.603-MeV
y ray depopulating this level is shown in Fig. 4(a).
The present work indicates that the value of 5.8'
branching to the 1.041-MeV level is much too
large, since a better fit to the spectrum, as shown
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H. Kr Decay

The previously unmeasured P-decay Q value
for the "Kr decay was determined using both
coincidence P-ray spectra and a singles P-ray
spectrum. The eight gated spectra give an aver-
age Q value of 5.97 +0.08 MeV and the singles-
spectrum end-point energy was 5.95+0.08 MeV.
Though there are no other values with which to
compare these results, the agreement between
the coincidence and singles values is evidence for
the accuracy of the measurements, and of the
previously determined y-ray decay scheme. The
energy levels and the percent P branching for the
decay of "Kr were taken from the study of Olson,
Talbert, and McConnell. " One discrepancy was
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in Fig. 4(b), is obtained with a branching of about
0.6%%uo (which is also necessary to obtain a consis-
tent value for Qa with this gate). Furthermore,
a better fit to the 0.439-MeV gated P-.ray spec-
trum with lower branching to the 1.041-MeV leve].
is an additional indication that the percent P
branching to this level, as assigned by Mason and
Johns, is too high. A more accurate value for the
branching intensity to the 1.041-MeV level awaits
the completion of analysis of data taken by Duke
et al. ,

"which preliminarily raises serious ques-
tions about the validity of the decay scheme of
Mason and Johns z6

found between this work and that of Olson, Talbert,
and McConnell regarding the reported percent P
branching to the ground state of "Rb. Using the
ground-state branching of 50/o assigned by Olson,
Talbert, and McConnell, the calculated P-ray
spectrum, shown in Fig. 5(a) is a much poorer fit
to the measured singles spectrum than that ob-
tained using a ground-state P branching on the
order of 2%, which results in the P-ray spectrum
fit shown in Fig. 5(b). In addition, the lower P
branching to the ground state gives rise to a more
reasonable log ft value for the expected first-
forbidden ground-state P-ray transition. " Included
in the analyses of the singles spectra was signifi-
cant contamination from the decay of ~Rb, which
has an end-point energy of 7.5 MeV.

I. Rb Decay

For the decay of "Rb, a P singles measurement
only was made, giving a P-decay end-point energy
of 7.58 +0.15 MeV. The high uncertainty in the
measured value is due to the fact that the calibra-
tion function is not well known above the fit region,
4.0 to 6.4 MeV. The comparison between coinci-
dence and singles measurements for "Rb and "Kr
is evidence, however, that the calibration function
is linear from 3.0 to 6.3 MeV. The spectrum in-
tensity above 7 MeV could be slightly too low due
to incomplete absorption of electron energies, but
the addition of these counts to the lower-energy
portion of the spectrum should be negligible in
comparison to the counts expected below 7 MeV.
Figure 6 shows the Fermi plot of the fit with two
P groups, one a 94%%uo ground-state branch and the
other a 1.3'%%uo branch to the 0.815-MeV state, as
determined by Olson, Talbert, and McConnell. "
The P-decay Q value reported here does not agree
with the 8.18+0.13 MeV reported by Macias-
Marques et al. ,

"who claim that a p group having
an end-point energy of 7.4 MeV populates the

4.0—

mQ~~La + al ~

3.2 3.6 4.0 4.4 48 5.2 5.6 6.0 64 6.8 7.2 7.6 8.0
P-RAY ENERGY (Me V)

FIG. 5. (a) Fermi plot of the P singles spectrum for
the decay of 9 Kr and the fit obtained with 50% p branch-
ing to the ground state of 92Hb. (b) Fermi plot of the P
singles spectrum for the decay of 92Kr and the fit ob-
tained with 2% p branching to the ground state of 2H,b.
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FIG. 6. Fermi plot of the P singles spectrum for the
decay of 92Rb.



2542 J. R. C LI F FORD e I; a l.

Gating
transition

(MeV)

P-decay
end-point energy

(MeV)

Isobaric
identification

of gating transition

TABLE II. Values of P-decay energies for 93Kr and
"Rb.

[ I I I I I I I

O THIS WORK
~ PREVIOUS

MEASUREMENT
d PREDICTED

Qp

0.182
0.253
0,267
0.323
0.431

7.02+ 0.10
7,23+ 0.10
7.02 + 0.10
7.12 + 0.10
5.32 + 0.11

Kr
Kr
Kr
Kr
Rb

0—

0 -2

-4—

0.815-MeV level. If Macias-Marques et al. were
correct, then a prominent higher-energy group
should have been seen in the singles spectrum,
since the work of Olson, Talbert, and McConnell
showed that the upper limit to the P branching to
the 0.815-MeV level is 25%, compared to the
ground-state P branching. This group was not seen
in the present work.

J. Sr Decay
92

The Q value for the decay of "Sr was determined
to be 1.93 +0.03 MeV, from analysis of the P-ray
spectrum obtained in coincidence with the 1.384-
MeV transition in "Y. This value agrees with the
value 1.92+0.07 MeV adopted by Wapstra and
Gove. ' There were no other significant P-ray
spectra in coincidence with other, weaker y rays
in the decay of "Sr, as expected from the work of
Plson, Talbert, and McConnell. " No P singles
measurement was made for this decay.

I I I I I I I I

84 86 88 90 92 94 96 98

FIG. 7. Way-Wood diagram for even-A-even-Z nuclei
in the mass region around A = 90.

K. Kr and Rb Decays

The decay schemes for "Rb and "Sr have not
been determined, hence no Q value can be deter-
mined using P-y —coincidence-spectra end-point
energies. The gated P-ray spectra, however, do
provide a lower limit to the P-decay end-point
energy. The four end-point energies determined
from gating transitions in the "Kr decay listed in
Table H are around 7.1 MeV. The similarity of
all the end-point energies for the gated specta
suggest that the transitions chosen depopulate or
follow depopulation of a single level that is heav-
ily fed by P decay. A singles spectrum was a1so

TABLE III. P-decay energy results.

Decaying
nucleus

Predicted energy
Garvey et f3t . Seeger Wapstra and Gove

(Ref. 3) (Ref. 1) (Ref. 7)
(MeV) (MeV) (Me V)

No. gates
used

Experimental results,
Coincidence

determination
(Me V)

this work
Singles

determination
(Me V)

Kr
88Rb

"Kr
"Kr
"Rb

"Kr
"Rb
"Kr
"Rb
92Sr

"Kr
"Bb

2,81
5.07
5.11
4,18
6,41

6,46
5,49
5,31
7.78
1.82

8,15
6.62

2.1
5,2
5.1
3,7

6.4

6.8
5.0
5.1
8.0
1.0
8,6
6.4

2.90 + 0.10
5.30 + 0.02
5.15+ 0.03
4,41 + 0.03
6.63 + 0.09

5 8

5.68 + 0.15

7 9a
1.92 ~ 0.07

69'

2.93+0.03
5.30 + 0.06
4,93+0.06
4.35+ 0.05
6.32 + 0,07

6.12 + 0.07
5,68+ 0.04
5.97 + 0.08

1.93+0,03

4.84 + 0.16
4.40 + 0.06
6.34 + 0,08

6.25+ 0.08

5.95+ 0.08
7.58 + 0.15

8.30+ 0.50
7.23 + 0.10

Predicted by systematics.
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taken but the lever arm for the highest-energy
group is not long enough to give an accurate mea-
surement of the Q value. The outer-group end-
point energy from singles-spectrum analysis is
8.3+0.5 MeV. There is also some evidence in the
singles spectrum of a strong P group with an end-
point energy of 6.2 +0.1 MeV. The singles spect-
rum, however, does not appear to contain a P
group with the end-point energy of V.i MeV that
seems to be prevalent for the gated spectra.

The single gated P-ray spectrum for the decay
of Rb, which is also listed in Table II, has an
end-point energy of 5.32 +0.11 MeV. The P singles
spectrum gives a good measurement of the P-de-
cay Q value, V.23+0.10 MeV, assuming the outer
P group is a ground-state transition. When the
decay schemes have been determined, the P-y-
coincidence-spectra end-point energies presented
here should provide better Q-value determinations,
as well as prove useful in the construction of the
decay schemes.

V. DISCUSSION

A summary of the results of this work is given
in Table III, which lists the average Q values
from the gated coincidence P-ray spectra with the
associated uncertainties, the number of gates used
in determining the average values, and the Q
values resulting from the analysis of the singles
P-ray spectra. Also included in the table are the
Q values predicted by the Seeger' and Garvey et
al. ' formalisms as well as the experimental re-
sults and systematic predictions reported in the
compilation by Wapstra and Gove. ' The predict-
ed energies according to Garvey e~al. are essen-

tially as close to those measured in this work as
are those of Seeger. The weighted rms deviation
for the Garvey mass relation is 0.22 MeV, while
that for the Seeger mass formula is 0.20 MeV.
Garvey e~ al. quote an rms deviation of 0.20 MeV
for their fit to all the known masses, which is
slightly less than the rms deviation of their pre-
dictions for the P-decay energies measured in
this work. Seeger quotes an rms deviation of 0.73
MeV to the known masses, which is considerably
more than the rms deviation of his predictions for
the Q values measured in this work.

A correction to the Garvey et ar. mass formula
was developed by Sorensen" to account for the
long-range, liquid-drop features of the nuclear
masses. The corrected mass calculations were
compared to the experimental results presented
in this work and found to give no lower rms de-
viation than for the uncorrected values. Also, no
apparent trend or pattern was established toward
decreasing average deviations using the Sorensen
calculations. It appears that the mass relation of
Garvey et al. could be used to advantage to predict
p-decay energies for short-lived radioactive nu-
clei likely to be studied in the reasonable future,
on the basis of its small deviation from all known
masses. The mass formula of Seeger, however,
is perhaps uncontested, although untested direct-
ly, for use in the extreme neutron-rich region
traversed in nucleogenesis calculations.

The systematic approach to determining P-decay
energies established by Way and Wood' is a "boot-
strapping" technique which can be used for pre-
dicting unknown P-decay energies from the P-decay
energies of the adjacent nuclei. The Way-Wood

IO—
I I I I ~ ~ I I

a THIS WORK
PREVIOUS
MEASUREMENT

~ PREDICTED Qp

I I I I I

a THIS WORK
e PREVIOUS

MEASUREMENT r~~
~ PREDICTED Q

I I I I I I I I

84 86 88 90 92 94 96 98 I I I I I I I I

83 85 87 89 9l 93 95 97

FIG. 8. Way-Wood diagram for even-A-odd-Z nuclei
in the mass region around A = 90.

FIG. 9. Way-Wood diagram for odd-A-even-Z nuclei
in the mass region around A =90.
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I I I I I I I I

O THIS WORK
~ PREVIOUS

MEASUREM
PREDICTED Qp,~

8—

TABLE IV. Predicted P-decay energies.

Systematic Garvey et al. Seeger
Decaying predictions (Ref. 3) (Ref. 1)
nucleus (MeV) (MeV) (Mev)

-2—

I I I I I I I

85 85 87 89 9I 93 95 97

85Se

"Se
8Zse

"Se
89se

"Se
91Se
"Br
8 Br
"Br
"Br
93ar
5Rb

6.8
5.3
7.9
6.7
9.2

8.4
10.8
8,7

7.7
9.9

9.3
11.0
8.9

5.9
5.0
7.3
6.3
8.6

7.5
10.3
9.0
8.0

10.3

9.2
10.4
7.9

6.3
4.5
7,5
6.2
9.2

7.2
10.9

8 4
7.0

10.1

8.3
10.0

7,9

FIG. 10. Way-%'ood diagram for odd-A-odd-Z nuclei
in the mass region around A =90.

diagrams for even-A. -even-g, even-A-odd-g, odd-
A. -even-Z, and odd-A-odd-g which illustrate the
two approximately linear relationships for the de-
cay energies of the masses studied in this work
are shown in Figs. 7-10. The filled circles mark
the previously measured P-decay Q values, the
open squares mark the Q values measured in this
study, and the open triangles mark the p-decay
energies predicted on the basis of the parallelo-
gram structure. The lines of constant Z and N
are labeled and dashed lines connect the predicted
Q values with the measured ones. At the major
shell closure for N= 50 a significant discontinuity
in the slope of the constant-S lines is apparent,
but the slope change appears independent of Z for
neighboring lines. The weighted rms deviation of
the Way-Wood systematics predictions for the nu-
clei studied in this work is 0.46 MeV.

Extending these systematics by using the new

values reported here, 13 new P-decay end-point
energies were predicted and are listed in Table
IV, along with the calculations of Garvey et al.
and Seeger. The Way-Wood technique of predict-
ing the Q values is probably no more accurate
than 0.5 MeV when extrapolating from experi-
mentally determined values. The errors compound
when the predictions are partially based on other
systematically determined values. A comparison
between the systematic predictions and the Garvey
equal. or Seeger calculations shows di.screpaneies
which are larger than those cited for the mass
relations. Which, if any, of these is accurate will
have to be determined by future experiments.
Where systematic predictions of the type devel-
oped by Way and Wood are based on accurate val-
ues, these seem to give reasonable accuracy and
may indicate where experimental measurements
need to be improved.
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The a decay of "'Np has been studied by quantitative a singles and a-y coincidence techniques, and

the P decay of "'Th by quantitative y-ray singles and y-y two-parameter coincidence measurements
with semiconductor detectors. Rotational bandheads in 'Pa at 102.30, 174.10, and 183.47 keV are
given the Nilsson assignments [Am(NnzA)]Ig+(651) 2 (523), and ~+(642). Decay schemes
for ' 'Np and "'Th are presented as well as a transition intensity balance for "'Th which includes P
branchings. Energy level spacings and a, P, and y transition probabilities are interpreted in terms of a
strong Coriolis interaction among the even-parity rotational bands and admixtures in the wave functions
are given for the observed levels.

I. INTRODUCTION

The low-lying energy levels of 'Pa and ' Pa
are of particular interest because of the strong
Coriolis forces between a number of states, and
the opportunity to see the effect of these forces
not only on the energy level spacings but also on
the n, I8, and y transition probabilities.

This study on "'Pa energy levels was prompted
by an earlier investigation of "'Np a decay'
which demonstrated distortions in the energy
level spacings and in the n and y transition prob-
abilities. Concurrent with the present study,
Hoekstra and Wapstra, ' in their paper on the en-
ergy levels of "'Pa, also suggested "'Pa might
be similar. The study of "'Np a decay is com-
plicated by the minute o. branching of this pre-
dominately electron-capture activity.

In the present work, which has been reported
in preliminary fashion earlier, ' ' quantitative
a-y coincidence measurements were made on
"Np and quantitative y-ray singles and y-y coin-

cidence measurements on "'Th. Four new ener-
gy levels are observed and two more are assigned

different energies. Reassignments of Nilsson quan-
tum numbers are made for the states at 84.17 and
183.47 keV and a new assignment is made for the
rotational band head at 174.10 keV. An intensity
balance is performed for both P and y transitions

Th decay.
The even-parity energy levels in "'Pa are in-

terpreted with a complete Coriolis calculation and
admixtures in the wave functions are obtained for
each observed state. Although the experimental
ratios of the o., P, and y transition probabilities
to the even-parity states are rather unusual, they
agree reasonably well with calculated results if
Coriolis-mixed wave functions are used.

II. SOURCE PREPARATIONS

"'Np was produced by bombarding 1 g of highly
enriched (94.4/p} "'U with 18-MeV deuterons for
978-pAh in the 88-in. cyclotron at the Lawrence
Berkeley Laboratory. The uranium target was
dissolved in 10 M HCl and adsorbed onto a Dowex
AG1-X8 anion exchange column. Washes with
more 10 M HCl removed the fission products, and
elution of the column with 2.7 M HCl removed the


