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High-precision branching-ratio measurement for the superallowed 8+ emitter "*Rb
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A high-precision branching-ratio measurement for the superallowed 8+ decay of 7*Rb was performed at the
TRIUMF Isotope Separator and Accelerator (ISAC) radioactive ion-beam facility. The scintillating electron-
positron tagging array (SCEPTAR), composed of 10 thin plastic scintillators, was used to detect the emitted 8
particles; the 87 spectrometer, an array of 20 Compton-suppressed HPGe detectors, was used for detecting y rays
that were emitted following Gamow-Teller and nonanalog Fermi 8+ decays of 7*Rb; and the Pentagonal Array
of Conversion Electron Spectrometers (PACES), an array of 5 Si(Li) detectors, was employed for measuring
B-delayed conversion electrons. Twenty-three excited states were identified in "*Kr following 8.241(4) x 103
detected 7*Rb B decays. A total of 58 y-ray and electron transitions were placed in the decay scheme, allowing
the superallowed branching ratio to be determined as By = 99.545(31)%. Combined with previous half-life and
Q-value measurements, the superallowed branching ratio measured in this work leads to a superallowed £t value
of 3082.8(65) s. Comparisons between this superallowed ft value and the world-average-corrected F value, as
well as the nonanalog Fermi branching ratios determined in this work, provide guidance for theoretical models

of the isospin-symmetry-breaking corrections in this mass region.
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I. INTRODUCTION

Superallowed 0 — 0" Fermi 8 decays between isospin
T = 1 nuclear analog states, being relatively insensitive to nu-
clear structure effects and depending only on the vector part of
the weak interaction, offer a unique probe into the electroweak
interaction of the Standard Model [1]. For example, the
conserved-vector-current (CVC) hypothesis, which predicts
the existence of a universal, constant, corrected Ft value for
all superallowed B decays, has been confirmed to 1.3 parts
in 10* [2,3]. The currently adopted world-average-corrected
Ft =3071.81(83) s [2] is the average of the 13 most precisely
measured superallowed 8 decays and provides the most precise
determination of the weak vector coupling constant Gy.
This, in turn, provides the most precise determination of the
up-down element of the Cabibbo-Kobayashi-Maskawa (CKM)
quark-mixing matrix element Vg = |Gy /G| = 0.97425(22)
[2], where GF is the Fermi coupling constant determined
from purely leptonic muon decay. Furthermore, the sum of
the squares of the top-row matrix elements currently provides
the most stringent test of CKM unitarity, which is satisfied to
a precision of 0.06% [3].

It should be noted that although 13 of the superallowed
ft values have been measured to a precision of better than
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+0.3%, the dominant uncertainties in many of the corrected
superallowed Ft values, and hence, the Standard Model tests,
are attributable to theoretical correction terms that are applied
to the experimental ft values, viz. [1],

Fr= fr(1+8%)(1 + éxs — 8¢) (1

2G3(1+AY)
where f is the statistical B-decay rate function which is
dependent on the experimental Qgc value, K is a constant,
t = [T1;2 x (1 + Pgc)l/ By is the partial half-life for the decay
to the 0™ isobaric analog state with half-life 7}, branching
ratio By, and electron capture probability Pgc; 8%, s, and
A}, are radiative corrections, and 8¢ is the isospin-symmetry-
breaking correction.

The CVC hypothesis predicts that the bare vector coupling
strength of the weak interaction between up and down quarks,
Gy, is aconstant. However, higher-order radiative terms (QCD
and QED loop diagrams) effectively renormalize the coupling
strength. The “inner” radiative correction [AX =2.361(38)%]
[4,5] is a nucleus-independent correction that does not perturb
the CVC test but is crucial to include in Eq. (1) to deter-
mine Gy and, by extension, V4. Recently, the uncertainty
in AX has been reduced by a factor of 2 [4] and may
continue to be improved via lattice QCD calculations [6].
The transition-dependent correction owing to the exchange
of virtual photons between the emitted § particle and the
nucleus is given by the “outer radiative” correction 8%, which
is independent of the details of nuclear structure [5,7]. The
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nuclear-structure-dependent radiative correction §ys contains
contributions from both the quenched single-nucleon and the
internucleon axial-vector interactions involving Gamow-Teller
B decay together with a photon exchange with the outgoing 8
particle, which flips the nucleon spin [5].

The isospin-symmetry-breaking correction §¢ is required
to account for the breaking of isospin symmetry by Coulomb
and charge-dependent nuclear forces. Recently, a large number
of approaches [2,5,8—15] to the isospin-symmetry-breaking
corrections in superallowed B decays has been discussed in the
literature and the model-dependent systematic uncertainty as-
sociated with the 8. corrections continues to make a significant
contribution to the uncertainty in the world-average-corrected
Ft value [16].

The A > 62 superallowed B decays are predicted to
have the largest isospin-symmetry-breaking terms (>1%)
among the 7 = 1 nuclei for which high-precision data are
currently available, providing an excellent opportunity to
test theoretical approaches in this mass region. Precision
ft-value determinations for the A > 62 superallowed decays
are, however, complicated by their short half-lives and large
Qgc values, resulting in a large number of competing allowed
Gamow-Teller B-decay branches and extreme challenges in
precisely determining the superallowed branching ratio.

The general approach to measuring high-precision superal-
lowed B-decay branching ratios for the 77 = 0 superallowed
emitters, for which the isobaric analog is the ground state
of the daughter nucleus, is to subtract from unity the sum
of the B-delayed ground-state y-ray transition intensities in
the daughter nucleus. However, the large Qgc value of 7“Rb
(10.4 MeV) leads to a very large energy window of excited 0"
and 1% states that can potentially be fed by allowed Gamow-
Teller and nonanalog Fermi B decays [17]. The “Pandemo-
nium” [18] effect follows, in which the total non-superallowed
B-decay intensity is fragmented over a large number of excited
states. Depending on the sensitivity of the experiment, many
of the subsequent weak y-ray transitions from these excited
states can go unobserved. The combined intensity of these
many unobserved y rays can, however, represent a significant
fraction of the total non-superallowed B-decay intensity and
severely limit the achievable precision in the determination of
the superallowed branching ratio. Our collaboration has devel-
oped techniques to address the Pandemonium effect in A >
62 superallowed decays [19-21] by combining detailed B-
y-conversion electron spectroscopy following high-statistics
B-decay studies of the superallowed emitters with shell-model
calculations of the subsequent y decay in the daughter nucleus.
In this technique low-lying 27 states in the daughter nucleus
are used as collector states for the many weak, and often
unobserved, y-decay branches from highly excited 1% states
populated in Gamow-Teller 8 decays. Because the direct g
decay to a 27 level is a second forbidden process, the popu-
lation of these collector states, together with the shell-model
predictions, enable a rigorous estimate of the corresponding
unobserved y -ray decay directly to the ground state and, hence,
a precise determination of the superallowed branching ratio.
The method is described in more detail in Sec. III B.

In the present work we report a considerable expansion
of the "Kr level scheme based on the Gamow-Teller and
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nonanalog Fermi 8 decays of 7*Rb, which provides a precise
determination of the superallowed branching ratio, By =
99.545(31)%, for "*Rb B decay. This result agrees with, but
is more than a factor of 3 more precise than, a previous
measurement at TRIUMF’s Isotope Separator and Accelerator
(ISAC) [19].

In addition, we directly test the isospin-mixing component
of the isospin-symmetry-breaking corrections for the low-
lying 0" excited states of 7*Kr. In shell-model calculations,
the isospin-symmetry-breaking correction is typically broken
into two parts [1,5]:

8¢ = 8¢1 + dca. (2)

The 8¢ term represents differences in configuration mixing
between the isobaric analog parent and daughter states within
a truncated shell-model calculation with charge-dependent
interactions. The 8¢, term corrects for the imperfect radial
wave-function overlap of the initial proton and resulting
neutron involved in the decay owing to the differing Coulomb
interaction experienced by the two particles and differences
in their separation energies. Perfect isospin symmetry would
imply 8c; = 8¢2 = 0 and all Fermi 8 decays of 7*Rb would
exclusively populate the analog 0% ground state of "#Kr. In
addition to the reduction in the superallowed transition matrix
element owing to both §¢; and 8¢, the isospin symmetry
breaking is manifest through weak Fermi decay branches to
the nonanalog 0" states in the daughter nucleus associated
with components of the §¢; correction. If 287, is the square of
the Fermi matrix element to the nth nonanalog O state, then
we have the approximate result [5],

Sc1 >y 8¢y 3)
n

which is exact when all of the 0" states in the shell-model
calculation have the same isospin. The individual §.; compo-
nents to nonanalog 07 states that are energetically accessible
via 8 decay can, in principle, be measured experimentally [22]

via
n f0>
8t ~ | = | B,, 4
c1 (fn “4)

where f, and B, are the statistical rate function and the
B-decay branching ratio to the nth 0T state, respectively.
Experimental measurements of these nonanalog branching
ratios thus provide stringent tests of the individual components
of 8¢ predicted by current theoretical approaches, particularly
their ability to accurately describe the wave functions of the
07 states in the parent and daughter nuclei. These comparisons
between the experimental and the theoretical 8, values
will lead to a more comprehensive understanding of the
required shell-model spaces and ultimately a reduction in the
uncertainty of the ¢ corrections for the A > 62 nuclei.

II. EXPERIMENT AND ANALYSIS

A. Experimental facilities and apparatus

The experiment was performed at the ISAC facility [23-25]
in Vancouver, Canada. TRIUMF’s main cyclotron was used to
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produce 98 A of 500-MeV protons, which were sent to the
ISAC facility and impinged on a stack of electrically heated
"IN foils. Products of the spallation reactions on the Nb target
were surface ionized and extracted as singly charged positive
ions. 7*Rb ions (T1j2 = 64.776 ms) [26], of 30 keV energy,
were selected using the ISAC online mass separator and sent
to the 87 spectrometer [27] at a rate of 6.5 x 10° ions/s.
The primary beam contaminant was "*Ga (7 »2 = 8.12 min)
[28,29], which was delivered at 1.2 x 103 ions /s, afactor of 10
lower than in the previous experiment at ISAC [19]. The beam
was implanted into an aluminized Mylar tape at the mutual
centers of the following: one half of the scintillating electron-
positron tagging array (SCEPTAR) [30], containing 10 thin
(1.6 mm) plastic scintillators that detected emitted § particles;
the 87 spectrometer [27], an array of 20 Compton-suppressed
high-purity germanium (HPGe) detectors for detecting y rays
emitted following the B decay of "*Rb; and the pentagonal
array of conversion electron spectrometers (PACES), an array
of 5 (5 mm thick) Si(Li) detectors used for measuring S-
delayed conversion electrons.

SCEPTAR was used to provide efficient S-particle detec-
tion to determine the total number of detected 7*Rb decays,
and the 8-y and B-e~ coincidences also allowed suppression
of room background y rays. Furthermore, the geometry of
the SCEPTAR array is such that each scintillating paddle is
directly in front of an 87 HPGe detector. This one-to-one
correspondance allows for bremsstrahlung created by high-
energy B particles striking the delrin absorber in front of the
HPGe detectors to be suppressed by vetoing the HPGe detector
directly behind the struck SCEPTAR detector.

The experiment was run in a cycled mode to limit the
interference of in-beam contaminants and the comparatively
long-lived decay chain daughters following the rapid decay of
74Rb. A single cycle consisted of 1.0 s of background counting
before the radioactive ion beam (RIB) was implanted into
the Mylar tape. The RIB was then continuously implanted
into the Mylar tape for 20.0 s. A beam kicker downstream of
the mass separator then deflected the RIB and the remaining
activity on the tape was counted for a further 2.0 s. Finally,
the tape was moved, transporting the remaining activity into
a lead-shielded collector box outside of the array, thereby
removing the long-lived contaminants and daughter nuclei and
allowing the cycle to be repeated.

Each detector stream generated independent triggers in
singles mode. Coincidences were reconstructed in the offline
analysis from the timing of the SCEPTAR, 8, and PACES
events relative to the start of a cycle determined using
individual universal logic modules (ULMs), each consisting
of three 32-bit latching scalars, one of which counted pulses
from a common high-precision 10 MHz + 0.1 Hz temperature-
stabilized oscillator, providing a time stamp for every event
relative to the start of the cycle with a precision of 100 ns.

B. Analysis of the SCEPTAR g data

In addition to the time relative to the start of a cycle, the total
integrated charge from each photomultiplier tube as well as the
time between triggers with 0.5 ns precision were recorded for
each event that was detected by the SCEPTAR detectors.
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FIG. 1. Fit to the summed S activity for the detected B
decays from the 16 857 accepted cycles, with the data binned at
10 ms/channel. The time window used for the “beam-on” analysis is
indicated.

A fit to the B activity vs cycle time was performed on
a histogram of the § ULM times to determine the number
of recorded decays from each radioactive species that was im-
planted into the tape. To determine these S activities accurately,
cycles during which the radioactive beam intensity fluctuated
significantly were removed. After this cycle selection, 16 857
of a total of 17 863 cycles, which included ~96% of the total
events recorded by the SCEPTAR detectors, were retained for
the final analysis.

To determine the total number of detected 7*Rb 8 decays,
the sum of the ULM time histograms of the accepted cycles
was used (Fig. 1). A dead-time-corrected fit was performed
using a maximum-likelihood procedure, which included as
free parameters: 7,,, the time the beam was turned on; #., the
time the beam was turned off; free beam intensity parameters
for 7*Rb and 7*Ga as well as a free constant background
rate. The half-life parameters for 7*Rb and 7*Ga were fixed
to their previously measured values of 64.776(43) ms [2] and
8.12(12) min [28,29], respectively.

The fit to these data is shown in Fig. 1 and established
a total of 8.241(4)x10% 7Rb B decays detected during the
“beam-on” analysis window between cycle times of 1.00 and
21.43 5. The quoted uncertainty in the number of detected "*Rb
B decays includes a small systematic uncertainty determined
by varying the half-lives of 7*Rb, #*Ga, and "#Kr within their
quoted uncertainties. There was also a small probability that
one of the 511-keV annihilation photons emitted following
the B+ decay of "*Rb triggered SCEPTAR. This applies to
both the superallowed and non-superallowed 8 decay branches
and does not effect the calculated branching ratios. For the
non-superallowed B-decay branches there is, however, also
the possibility that an emitted y-ray or conversion electron
triggered SCEPTAR, leading to a cascade-dependent increase
in the “B-tagging” efficiency for these non-superallowed B-
decay branches. Corrections for this effect were applied to the
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measured intensities of the observed y rays and conversion
electrons as described below.

C. Analysis of the 8x y-ray data

The measured energy, time between triggers, and the ULM
time were recorded for each event that was detected by the
8 y-ray detectors. The absolute time differences between a
SCEPTAR event and an 87 event were used to reconstruct 8-y
coincidence events, with the requirement that the coincidence
time difference be <1.2 us.

The relative efficiency of the 87 array as a function of
y-ray energy was measured using sealed '3*Ba and 'S?Eu
sources [31]. A RIB of ®Ga was delivered to the 87 imme-
diately following the 7*Rb experiment to measure the relative
efficiency at high y-ray energies. The relative y-ray efficiency
curve was fit using the function In(e) = Z?:o a;(In E)!, where
€ is the efficiency of the 8 array at energy E (in MeV) [32].
A calibrated ®°Co source with a precisely known activity
(£1.03%) was then used to establish the absolute photopeak
efficiency of the 8z array as 0.746(8)% at 1332 keV and the
absolute y-ray efficiency curve shown in Fig. 2. These y-ray
efficiency calibrations included corrections for pileup, dead
time, and coincidence summing.

Owing to the particular energy difference of 509 keV
between the first excited 0% state and the ground state in 7*Kr,
the single escape peak from a y decay to the ground state
was often unresolved from a direct y-ray transition to the first
excited 0T state. The energy-dependent single-escape-peak
probability was thus carefully measured for the 87 using the
%Ga calibration beam, and used to correct for the single-
escape-peak contribution to all y rays assigned as decays to
the 509-keV 07 state.

As can be seen in Fig. 3, room background y -ray transitions
dominate the y-ray singles spectrum owing to the weak nature
of the non-superallowed 8 decay branches of 7*Rb. Requiring a
coincidence between SCEPTAR and the 87, however, removes

0.01

Absolute Efficiency

100 1000 10000
Energy (keV)

FIG. 2. Absolute y-ray efficiency curve for the 87 spectrometer.
The absolute efficiencies measured using the ®*Co source are shown
by diamonds.
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FIG. 3. Portions of the y -ray spectra between 1000 and 2000 ke V.
Panel (a) is the raw y-ray singles spectrum, whereas panels (b) and
(c) are bremsstrahlung-suppressed B-y coincidence spectra. Panel
(b) corresponds to the “beam-on” analysis window shown in Fig. 1,
whereas panel (c) corresponds to the “beam-off” period outside of
this window at the end of the cycle.

these y rays, while the bremsstrahlung veto discussed above
suppresses the bremsstrahlung background from the stopping
of the high-energy B particles. To account for the suppressed
HPGe detectors, a correction of Cgrery, = Nsr /(Ng, — Ns) was
applied to the y-ray efficiency, where Ng, was the number of
active HPGe detectors (18 for this experiment) and Ny = 0.92
was the average number of SCEPTAR detectors in front of an
active HPGe detector that registered a hit per event.

The primary in-beam contaminant, "#Ga, produced a very
small B activity compared to "*Rb (see Fig. 1), representing
less than 0.3% of the B decays detected during the “beam-
on” analysis window. However, the decay of "*Ga yielded a
large number of y-ray branches compared to the very weak
nonanalog B-decay branches of 7*Rb. A small number of the
y rays that were emitted following the B decay of 7*Ga were
unresolved from y rays that were emitted following the decay
of 7Rb. To correct for the y-ray intensity owing to "*Ga decay,
adedicated run was used in which an intense beam of the longer
lived "*Ga was intentionally implanted into the Mylar tape. The
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area of a contaminating peak relative to the strong 595 keV
y ray from 7*Ga decay was used to subtract the contribution
of any *Ga contamination from each y -ray emitted following
74Rb decay.

The possibility that an emitted y ray, rather than the g
particle of one of the 511-keV annihilation photons, triggered
SCEPTAR causing a slight increase in 8 tagging efficiency
for the non-superallowed B decay branches that included at
least one subsequent y ray. For example, the y-ray detection
efficiency for half of the SCEPTAR array was estimated
through a GEANT4 Monte Carlo simulation of SCEPTAR to
be ~0.8% for the 456-keV y ray from the first excited state
of 7*Kr. This leads to a 0.5% B-y-tagging efficiency increase
for other y rays in coincidence with the 456 keV 2| — Ogs
transition, corresponding to the probability that the 456-keV
y ray triggered SCEPTAR, while the emitted 8 particle did
not. Corrections for this effect were applied to all measured
conversion electron and y-ray intensities, with the largest
of these corrections being 1.1% for the 728-keV 2; — 4;“
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L (a)
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15000 —
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- [

0 1 1 1 1 1 1 1 1 1 1
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FIG. 4. Identified y rays in 7*Kr following the nonanalog 8 decay
of "Rb. The labeled peaks were identified as transitions in "*Kr by
comparing the 8-y coincidence spectra with the RIB on, to the beam
off spectrum [Fig. 3(c)], and a dedicated "Ga run. Panels (a)—(c)
correspond to different portions of the y-ray spectrum.
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FIG. 5. Identified y rays in "Kr following the nonanalog 8 decay
of 7Rb. The labeled peaks were identified as transitions in 7*Kr by
comparing the 8-y coincidence spectra with the RIB on, to the beam
off spectrum [Fig. 3(c)], and a dedicated "*Ga run. Panels (a)—(c)
correspond to different portions of the y-ray spectrum.

y ray, which occurs in a cascade of at least three other y-ray
transitions.

A total of 75 y-ray transitions, shown in Figs. 4 and 5, were
identified following the 8.241(4) x 10% detected B decays of
74RD in this experiment. As discussed below, 58 transitions
were placed in the 7*Kr decay scheme, to be compared to the
10 transitions identified in previous work [19].

D. Analysis of the PACES conversion-electron data

The first excited 0T state of 7*Kr at 509 keV excitation
energy decays via a highly converted 53-keV E2 transition
to the first excited 2% state or by an EOQ transition directly
to the ground state. To accurately measure the superallowed
branching ratio, as well as the nonanalog Fermi decay to this
07 state, measurements of these conversion electron intensities
with the PACES Si(Li) detector were performed.

The conversion-electron detectors were calibrated using
a RIB of 8Rb delivered to the 87 immediately following
the 7*Rb experiment. The B+ decay of 'Rb is followed
by a 616.8(5)-keV E?2 transition with a theoretical K-shell
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FIG. 6. (a) The 8°Rb B-coincident y-ray energy spectrum and
(b) the 3Rb B-coincident conversion electron energy spectrum. The
ratio of the 617-keV y-ray area to the K -conversion electron area was
used to determine the absolute efficiency of the PACES conversion-
electron detector array to be 3.42(7)%.

conversion coefficient ax = 1.527(22) x 1073 [33]. By com-
paring the detected y-ray and electron intensities for this
transition (see Fig. 6) and using the measured absolute y -ray
efficiency (Fig. 2), the absolute conversion-electron efficiency
was, after being corrected for dead time and pileup, found to
be the energy-independent value of 3.42(7)% in the region of
interest.

Figure 7 shows the conversion-electron energy spectrum
recorded in coincidence with 8 particles detected in SCEP-
TAR during the 7*Rb experiment, while Fig. 8 shows the
lower statistics, but very clean conversion-electron spectrum
obtained in triple coincidence between PACES, SCEPTAR,
and any y ray of energy E, > 511 keV recorded in the 8
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FIG. 7. The B-coincident conversion electron spectrum recorded
by the PACES Si(Li) detectors following the 8 decay of "Rb. C.E.
refers to the Compton edge of the 511 annihilation photons.
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FIG. 8. The p-y-coincident conversion-electron spectrum

recorded by the PACES Si(Li) detectors following the § decay of
74Rb, with a condition that a y ray of energy E, > 511 keV was
detected in coincidence in the 87 spectrometer.

detectors. Internal conversion of both the 53-keV E2 and
509-keV EO transitions are clearly identified in both electron
spectra.

The intensity of the K-shell conversion electron from the
53-keV E2 transition was measured to be 26.5(19) x 107> per
74Rb B decay. The theoretical ratio of conversion coefficients
was calculated [33] yielding oo /ax = 1.268(31) and the
intensity was also corrected for the small y-ray contribution
using the calculated oo = 9.27(16). The total intensity of
the 53-keV OT — ZT transition was thereby determined to be
37(3) x 107 per *Rb B decay. The K-shell intensity of the
509-keV EO transition was measured to be 38.6(9) x 107> per
74Rb B decay, with the theoretical ratio of electronic factors
Qr+/ Qg = 0.141 [34-36] in excellent agreement with the
measured ratio 0.141(7) of the L+ to K -shell electron peak ar-
eas from Fig. 7. The intensity of the 509-keV 0 — Ogs transi-
tion was thus determined to be 44(3) x 107> per *Rb 8 decay.

The 495-keV K -conversion electron emitted from the decay
of the 509-keV excited 0T state of "#Kr was also detected by
the SCEPTAR plastic scintillator 8 detectors with the same
efficiency as a § particle, leading to an effective increase in the
“B-tagging efficiency for those events in which the 495-keV
conversion electron was also emitted. The intensities of the y
rays feeding the 509-keV level were corrected for this effect,
while the intensities of the unplaced y rays were assigned an
additional systematic uncertainty to include the possibility that
the y ray may, or may not have, directly fed the 509-keV state.

III. RESULTS

A. ™Kr decay scheme

In this work, 58 y-ray and conversion-electron transitions
originating from 23 excited states populated following "*Rb
decay were placed in the 7*Kr decay scheme (Fig. 9),
representing a significant improvement over the previous study
of 7Rb decay in Ref. [19]. The energies and intensities per
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FIG. 9. Decay scheme of "*Kr populated through the 8 decay of 7*Rb as determined in this work. The thicknesses of the arrows represent

the relative intensity of the observed transitions.

74Rb B decay of these transitions are listed in Tables I and II.
Corrections to the intensities per B decay have been applied
for cascade-dependent “B-tagging” efficiency associated with
the possibility that a coincident y-ray or conversion electron,
rather than the B particle, triggered the SCEPTAR detector.
Our previous studies (see, for example, Fig. 5 of Ref. [21])
have demonstrated a negligible dependence of the SCEPTAR
B detector efficiency on Q value for Qg+ values above
approximately 1 MeV, corresponding to 8 decay branches
to all excited states in "*Kr below approximately 8.4-MeV
excitation energy. No correction to the y-ray and conversion
electron intensities in Tables I and II is therefore required for
B QO-value dependence of the SCEPTAR detectors.

The excited states of 7*Kr populated in the B decay of
74Rb, as shown in Fig. 9, were determined using y-ray
energy differences as well as y-y and y-e~ coincidences.
Figure 10(a), for example, shows the y rays detected in
coincidence with the conversion electrons from the 0 — 27
and 0 — O transitions, while Fig. 10(b) shows the y-rays
detected in coincidence with the 456-keV ZT — Ogs transition

in 7*Kr. The current analysis confirms the placement of the
1203- and 4245-keV transitions proposed in Ref. [19]. The
precision of the y-ray and conversion-electron intensities
from Ref. [19] have also been improved significantly, as
shown in Table III. In addition, the unobserved y-ray feeding
into the 2| state has been decreased from 1380(180) ppm
in Ref. [19] to 649(53) ppm in the current work, a result
that has a major influence on the improved precision of the
superallowed Fermi branching ratio for 7*Rb, as described
below. In Table IV we identify a further 17 y rays emitted

following non-superallowed 8 decay of "#Rb that could not be
placed definitively in the level scheme of the 7*Kr daughter
nucleus.

The spins and parities for the newly observed excited states
in 7*Kr are important in describing both the non-superallowed
B decay and the subsequent y-ray decay. The observation of
new 17 states is used to directly measure individual Gamow-
Teller B branches. The lowest energy 17 state is also used as
a parameter in the shell-model calculations described below,
which are used to estimate the unobserved y-ray feeding
into the ground state. The assignment of the 2% collector
states is used to estimate the unobserved y-ray feeding into
the ground state. Finally, the observation of 0% states is
used not only to measure the nonanalog Fermi 8 decay, but
to experimentally constrain the isospin-symmetry-breaking
corrections 8¢, . Assignment of probable spins and parities to
the newly observed states is thus required in the determination
of the superallowed branching ratio.

The weak population of the excited states in "*Kr following
non-superallowed B decay of 7*Rb, coupled with the low
efficiency of the HPGe detectors at high energies, yielded
insufficient y -y coincidence data to definitely assign spins and
parities to the excited states of 7#Kr using a y-y angular cor-
relation analysis in this experiment. Nonetheless, information
on probable spin-parity assignments could be obtained from
the measured y-ray multiplicities. Rather than requiring full
energy photopeaks for high-energy y rays, where the detection
efficiencies were on the order of ~0.2%-0.3%, Compton-
scattered events were employed in a y-ray coincidence
multiplicity method to essentially increase the “efficiency” of
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TABLE 1. Level energies and transition intensities for levels >2.4 MeV. The final column represents the sum of direct 8 plus unobserved
y-ray feeding of the level. Note that the uncertainty in 1o, — I;, differs slightly from the individual 7, uncertainties added in quadrature owing
to common uncertainties in the g and y calibration data.

E; Jr Iz E, I, Tow — I
(keV) (keV) (ppm) (ppm)
5877.4(7) adH 2f 4674.1(12) 10(4) 41(7)
of 5368.4(12) 9(3)
2f 5421.6(7) 22(6)
5683.7(9) (1) o' 5175.1(9) 15(8) 45(8)
2F 5228.1(16) 13(6)
05 5683.7(9) 18(9)
5292.9(5) (1) 0F 3639.1(6) 18(6) 64(9)
0f 4783.7(9) 5(4)
05 5292.9(5) 40(6)
4605.6(8) (15 2f 2863.72(21) 64(7) 134(11)
2f 3403.2(6) 24(6)
2f 4150.8(6) 27(6)
05 4605.6(8) 19(5)
4391.7(6) 29 of 3882.4(9) 8(4) 60(11)
2f 3935.5(5) 26(9)
05 4391.7(6) 27(6)
4245.06(28) (1 2f 3041.84(27) 65(7) 311(32)
of 3736(1) 43(28)
2f 3789.2(3) 45(6)
05 4245.06(28) 158(11)
4041.0(4) ahH o' 3531.4(4) 33(5) 69(8)
2F 3585.2(4) 35(6)
3813.4(5) (1 0f 3303.81(27) 32(5) 110(10)
2f 3357.2(3) 40(6)
05 3813.4(5) 38(6)
3733.91(24) (1) 2f 2532.8(3) 40(7) 276(32)
0f 3225.65(20) 97(7)
2f 3278.06(24) TA(T)
05 3734(1) 64(30)
3442.3(7) 2H of 2932.1(3) 26(5) 91(10)
2f 2985.6(3) 48(7)
05 3442.3(7) 17(5)
3336.83(22) ah 2F 1594.6(3) 28(5) 230(13)
of 2827.1(2) 66(6)
2f 2880.7(3) 45(6)
0 3336.83(22) 91(8)
2837.25(29) 2h 25 399.88(15) 104(15) 134(16)
05 2838.2(4) 30(6)
2537.14(12) of 2f 2081.30(12) 140(8) 140(8)
2437.37(25) 25 o' 1927.4(4) 17(4) 84(19)
2F 1981.53(25) 43(7)
0 2437.29(14) 128(8)

gs
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TABLE II. Level energies and transition intensities for levels
<2.4 MeV. The final column represents the sum of direct 8 plus
unobserved y-ray feeding of the level. Note that the uncertainty in
the I, — I, differs from the individual 7/, uncertainties added in
quadrature owing to common uncertainties in the 8 and y calibration
data.

E; VAR 4 E, I, Tow — I
(keV) (keV) (ppm) (ppm)
2305.21(26)  (28) 0O  1795.9(3) 20(5) 48(7)
2F  1849.37(26) 28(6)
2172.58(11)  (07) 2 1716.73(11)  141(8) 141(8)
2089.25(19)  (25) 0F  1580.3(3) 23(4) 73(8)
2F  1633.41(19) 50(6)
1742.29(13) 27 47 728.27(21) 29(6) 214(14)
07 1233.21(8) 195(7)
27 1286.44(13) 83(7)
1653.78(7) 0f 27 1197.94(7) 518(12)  499(14)
1203.40(7) 25 0F  694.12(14) 67(5) 362(18)
2F 747.67(7) 140(7)
0f,  1203.40(7) 294(10)
1013.3(4) 47 2F 557.5(4) 43(6) 14(9)
509.40(17) of  2f 53.23(14)  372(34)  159(58)
0  509.40(17)  443(33)
455.84(4) 27 0f  455.84(4)  2581(37)  649(53)

the HPGe detectors to a significant fraction of their combined
solid angle (*13%). To do so, a y-y coincidence matrix
was constructed between HPGe events that were Compton-
suppressed vs HPGe events that had no Compton-suppression
applied. To remove false y-ray coincidence events caused by
positron annihilation, a gate on all y rays above 511 keV

(@

1233.21
I

694.12

1580.3
1795.9

Counts

(b)

L
=
L
el

1197.94

-
~

2 a3
= 0
= o a

=N

s | ud
750 1000 1250 1500 1750 2000 2250 2
Energy (keV)

00

FIG. 10. (a) The y rays between 525 and 2500 keV in coincidence
with (a) the 53-keV 0} — 2 and 509-keV 0f — O conversion-
electron transitions and (b) the y rays in coincidence with the 456-keV
27 — 0 y ray following the B decay of "*Rb.
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TABLE III. Comparison of the measured intensities for the y-ray
and conversion-electron transitions that were previously identified in
Ref. [19].

Energy Intensity
(keV) Ref. [19] This work
(ppm) (ppm)
53 320(70) 372(34)
509 480(50) 443(33)
456 2500(140) 2581(37)
694 80(50) 67(5)
748 190(50) 140(7)
1198 520(50) 518(12)
1204 260(140) 294(10)
1233 290(40) 195(7)
1286 90(50) 83(7)
4245 120(20) 158(11)

was set on the Compton-unsuppressed events. Bremsstrahlung
suppression was also applied to veto events that were actually
bremsstrahlung background rather than Compton scattered
y rays. The ratios of the areas of the y-ray photopeaks in
this gated B-Compton-y coincidence spectrum to the areas
in the B-y coincidence spectrum are related to the average
multiplicity of y rays emitted in coincidence with the y
ray of interest. In cases where the area of the g-Compton-y
photopeak was consistent with 0, a Compton-y coincidence
was used, instead of the full 8-Compton-y coincidence, and
corrected for the SCEPTAR efficiency to obtain an upper limit
on this ratio. The measured ratios are shown in Fig. 11 for (a)
transitions feeding the ground state and (b) transitions feeding
the 2] state at 456 keV. The assigned spins and parities of
the levels from which each transition arises are indicated.

TABLE IV. Intensities of the y rays
that were not placed in the level scheme
of *Kr following the decay of "Rb.

Energy I,
(keV) (ppm)
950.0(4) 18(9)
956.9(3) 25(11)
1148.1(3) 25(11)
1408.08(6) 16(9)
1987.7(3) 26(11)
2088.1(5) 19(09)
2222.3(3) 32(12)
2279.0(4) 28(11)
2429.6(3) 37(14)
2812.7(5) 21(10)
2937.9(7) 17(9)
2969.8(10) 10(7)
3872.5(7) 16(8)
4581.6(7) 29(11)
4758.7(7) 25(10)
5800.4(14) 10(6)
5820.0(7) 33(13)
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FIG. 11. The ratio of the area of B-Compton-y coincidences
gated on all Compton events above 511 keV to the photopeak area in
B-y coincidence for (a) ground-state transitions and (b) transitions to
the first excited 2} state at 456 keV. Data points shown as diamonds
are upper limits based on Compton-y coincidences corrected for the
efficiency of SCEPTAR.

Firm assignments are from Refs. [19,37], while the tentative
assignments are based on the multiplicity method described
here.

This method exploits the fact that the multiplicity of
coincident y rays should be different for levels differing in
spin owing to the B-decay selection rules. The coincident
multiplicity for y rays originating from 2% levels should be
comparatively large as these levels must be fed by y rays
originating from higher-lying 0", 17, and 27" states, instead
of being directly populated by B decay, which is second
forbidden and thus negligible. Next, y rays originating from
0" states have lower coincidence multiplicities because these
states can be fed by y decay from 1% and 2% states, but
also potentially have a direct nonanalog Fermi S-feeding
component. Finally, y rays decaying from 17 states directly to
the ground or 2 state have almost no coincidence multiplicity
above 511 keV as these 17 states are largely populated directly
by Gamow-Teller 8 decay rather than y decay from above.
These statements are only general guidelines and the observed
transitions are also strongly dependent on the initial and final
nuclear wave functions involved. Nonetheless, groupings of
the ratios consistent with the above expectations are observed
in Fig. 11 and have been used to tentatively assign spins and
parities to the newly identified levels in Fig. 9.

For example, the previously known 27 states at 456, 1203,
and 1742 keV display similar ratios in Fig. 11 clustered around
~0.05. These relatively large ratios are consistent with states
that are not accessible by direct 8 decay but must always be in
coincidence with at least one other y ray, which feeds the state
from above. The measured ratio for the 1013-keV 4]L state
is approximately twice that of the 2% states, as this level is
expected to be fed by higher-lying states in a feeding cascade
of at least two coincident y rays. The newly identified levels
at 2089 and 2305 keV are consistent with excited (27) states

PHYSICAL REVIEW C 88, 045501 (2013)

because they have high coincidence y-ray multiplicities and
were observed to decay to both the 0] and the 27 states.

Although the 2437-keV state appears to have no coinci-
dence multiplicity in Fig. 11, this state is fed from above by a
400-keV y-ray transition that is removed by the energy gate on
the Compton background above 511 keV. The 2437-keV level
decays to the 0, 0F, and 2} levels, while the 2837-keV level
decays to the Ogs and (2;) states, consistent with the 2437-
and 2837-keV levels having spin-parity (2%). The levels at
3442 and 4392 keV also have coincident y-ray multiplicities
consistent with (2*) states and y decay to the O, 2F, and 0f
levels.

Perhaps most interesting is the indication of potential new
(0™) states which provide direct tests of the 8¢; isospin-
symmetry-breaking-correction components. The 07 state at
1654 keV was previously identified in a Coulomb excitation
experiment [37], and the similar y-ray coincident multiplici-
ties of the levels at 2173 and 2537 keV in the current work
provide tentative evidence that these are also (0") states.
These levels were also not observed to decay to any other 0
states as these would be y-forbidden EO transitions, further
strengthening the tentative (0™) assignments for these states.

Finally, the remaining levels that have coincident y-ray
multiplicities consistent with O are assigned as tentative (17)
states. Each of these levels is observed to y decay to at least
one 0T state removing the possibility for a 0" assignment.
However, these states could possibly be weakly fed by low-
energy y-ray transitions from above which do not satisfy the
energy gate >511 keV. Given the high-excitation energies of
the levels involved, feeding by low-energy y-ray transitions
from above appears less likely than the direct Gamow-Teller 8
feeding of these states, and tentative spin-parity assignments
of (1) have thus been made. The first excited (1) level is
assigned to be at 3337 keV, although this level is not populated
as strongly as some of the more highly excited (1) levels.

B. Superallowed branching ratio

The superallowed branching ratio for 7“Rb decay is
determined by subtracting the sum of the ground-state y-
ray and electron transition intensities from unity. The fifth
columns of Tables I and II were used to determine the total
observed ground-state feeding as I;,’:’S = 0.395(7)%. However,
as described in the Introduction, the large Qgc value [Qgc =
10.4168(39)] MeV for "Rb decay leads to to the weak
population of a very large number of excited 1" states in
the daughter nucleus, for which the subsequent y decay to
the ground state may be unobserved and must be accounted
for. To perform this correction we consider the measured
differences, Ioy — Iin, in the y-ray and conversion electron
intensities leaving and entering each excited state of 7*Kr, as
tabulated in Tables I and II. For 17 states, oy — I;y is primarily
attributable to direct Gamow-Teller 8 feeding with, perhaps, a
small contribution from unobserved y -ray feeding from above.
The observed excess y-ray intensity leaving a O state arises,
in general, from a combination of direct nonanalog Fermi
B feeding and unobserved y-ray feeding from above. The
excited 27" states, however, are effectively fed entirely by y
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TABLE V. y-ray feeding from states above 1742 keV plus direct non-superallowed 8 feeding to the six lowest 0* and 2* states in "Kr.
The ground-state feeding is broken into two components: the direct y-ray feeding Og(direct) and the multiple-step feeding Ogs(multi) through
higher excited 2* states. Note that we have attributed the observed feeding of the 4 level from the 1742-keV 27 level (14 ppm) to the feeding

of the 1742-keV level.

Jr E Experiment Theory
(keV) GT+ F F GT* GT® GT* GT¢ GT* GT® GT* GT¢
(ppm) (ppm)  (ppm)  (ppm)  (ppm)  (ppm) (%) () (B (D)
Og(direct) 0 430(35) 1095 1007 858 2172 24.6 24.5 20.8 23.6
0 (multi) 0 201(12) 166 160 172 418 3.7 39 5.6 45
2f 456 1440(48) 1598 1470 1450 3240 35.8 35.8 372 352
of 509 553(49) 360 721 663 600 1580 16.2 16.1 154 17.2
25 1203 501(14) 433 399 410 870 9.7 9.7 10.5 9.5
05 1654 518(13) 228 217 199 200 460 4.9 4.8 5.1 5.0
2F 1742 306(10) 228 210 210 460 5.1 5.1 5.4 5.0
Total 3949(70) 588 4458 4108 3900 9200 100 100 100 100

“Lowest 17 Level at: 3.337 MeV, g4, = 0.75.
"Lowest 17 Level at: 3.337 MeV, g4, = 0.72.
‘Lowest 17 Level at: 3.600 MeV, g4, = 0.80.
dLowest 17 Level at: 3.200 MeV, g4, = 1.00.

decay from above with an entirely negligible second-forbidden
B-feeding component. The combined excess y-ray intensity

observed leaving the three lowest-lying 2% states, 12/+23
1,2,

649(53) 4+ 362(18) + 214(14) = 1225(57) ppm, is thus a di-
rect measurement of the total unobserved y-ray feeding from
above into these low-lying 2" states and, as noted in the
Introduction, can be combined with shell-model calculations
to estimate the unobserved y feeding to the ground state.

We define Egs as the ratio of the y-ray intensity /y from
the unobserved weakly populated levels that proceeds to the
ground state without passing through one of the low-lying 2+
collector states to the total y-decay intensity from these levels
(g + 150),

!

I

BN = —2—, 5

es(27) It L ®)
where I, is the y-ray intensity from these unobserved levels
that does pass through the 2% collector states. An estimate
of the ratio §g3(2+) through either experimental or theoretical
methods, combined with the experimentally measured quantity
12’+, thus provides an estimate of the desired unobserved
ground-state feeding /g via

g = LB (©6)
1 — By (2)

Table V presents the y-ray feeding to the first six 0" and 2+
states in 7#Kr from the states above 1742 keV plus the direct 8
feeding to these states and is compared with the results of the
shell-model calculations discussed below. The y-ray intensity
feeding the ground state is broken into two components:
(i) the y-ray transitions directly from the Gamow-Teller-fed
17 states and (ii) the intensity collected following a multistep
y-decay cascade. The majority of the smaller, multistep y -ray
feeding component to the ground state is likely to have been

collected in the significant number of 27 states above 1742 keV
that are assigned in the current work. Therefore, to estimate
the unobserved y-ray feeding directly to the ground state, we
remove the small contributions of the multistep y cascades
from the 2 -2J levels before calculating Bys. In the following
sections we provide a detailed description of various estimates
of Egs(2+) and, thus, the unobserved component of the y-ray
intensity to the ground state.

1. Experimental estimate of I,

The observed y-ray feedings into the ground and first
excited 27 state from all of the states above 1742 keV were 631
and 791 ppm, respectively. Using the same average branching
ratio for the observed and unobserved y-ray transitions to the
ground state and first excited 2% state, R = 631/791 = 0.797,
we obtain a first experimental estimate of EgS(ZT) = 0.444
and Iz = 517 ppm. As noted above, multistep y-ray feeding
from above the 1742-keV state is likely to have been collected
and observed. Therefore, we remove the observed multistep
feeding intensities from the average branching ratio (195
and 201 ppm to the ground and 2| states, respectively)
and obtain a second set of purely experimental estimates,
R =430/596 = 0.720, §g5(2f) = 0.419 and I = 467 ppm.

To avoid possible structure-dependent effects associated
with using only the first excited 2* state as a collector
state, we repeat the above estimates using the first three
excited 27 states as collector states, R = 631/1023 = 0.617,
Egs(2t2,3) = 0.382. This gives I, =756 ppm, while sub-
tracting the multistep y-ray feeding gives Egs(zirz, 5) =0.342
and an estimate of the unobserved ground-staté intensity of
Iés = 636 ppm. We adopt 636 ppm as our best estimate for
the unobserved ground-state y-ray feeding from this purely
experimental branching-ratio method.
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2. Theoretical estimate of I

To further explore the estimate of Egs, we have performed
shell-model calculations [19,38], for the 8 decay of 74Rb and
the subsequent y-decay cascades in "*Kr. The first of these
calculations was adjusted to reproduce the observed position
of the first excited 17 state in "#Kr at 3.337 MeV and the
effective Gamow-Teller strength was quenched to g4, = 0.75
to accurately reproduce the total emitted y-ray intensity from
the sum of the first three excited 2% states in 7*Kr. This was
done in an attempt to average any state-by-state discrepancies
in the observed intensities of the collector states with those
predicted by the shell-model calculation. The calculated y -ray
feeding from states above 1742 keV is shown for the six lowest
0% and 2% states in 7*Kr in Table V.

Using this g4, = 0.75 shell-model calculation, the pre-
dicted total multistep feeding to the ground state that bypasses
the low-lying 2* and O states is 166 ppm, in reasonable
agreement with the 201(12) ppm observed experimentally
from the y-ray decay of the (27) states above 1742 keV. This
suggests, as noted above, that essentially all of the multistep
component of the y-decay from the unobserved 17 states to
the ground state is accounted for in the decay of the many (271)
states above 1742 keV observed in this work. The average
branching ratio EgS(Z*') was thus calculated as the g-feeding-
weighted y -ray branching ratios for the direct y-decay to the
ground state and y-decay to the three lowest-lying 2% states
from each of the individual 17 states in the calculation. The
resulting theoretical estimate for the average branching ratio
is Egs(2f2 ;) = 0.326, and the corresponding estimate for the
unobserved ground-state y-ray intensity is Ig/S = 594 ppm,
very similar to the estimates from the independent, and purely
experimental, branching-ratio method described above.

3. Reproducing the 2§ y-ray intensity

By adjusting the effective Gamow-Teller strength to g4, =
0.72, we were able to reproduce the total collected y-ray
intensity of the first 2% state, rather than the first three 2%
states. The unobserved intensity into the 2;“ state was measured

to be 12’+ = 649(53). Combining this with the shell-model
1

calculation we obtain Egs(2f') = 0.407 and 1,, = 444 ppm. If
we now use the measured intensity collected in the first three
excited 2 states, but use the y-ray branching ratios calculated
using the gu ., = 0.72 calculation we obtain, just as in the
84 = 0.75 case, Egs(Zim) = 0.326 and I;; = 593 ppm. A
summary of the unobserved intensities predicted using each of
these methods is shown in Table VI.

4. Testing the shell-model parameter space

To investigate the robustness in the value of §g5(2+)
obtained from these shell-model calculations, two previous
sets of shell-model calculations were also considered. The
calculations of Ref. [19] were performed by setting the first
excited 17 state at 3.6 MeV, with the effective Gamow-Teller
strength quenched to g4, = 0.80. This calculation resulted
in an estimate for §gs(2t2,3) = (0.293 and an estimate of the
unobserved ground-state y-ray intensity of Ig’S = 508 ppm.
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TABLE VI. A summary of the unobserved direct ground-state
y-ray intensities estimated experimentally and by using each of the
shell-model calculations. For each calculation we present the results
from using 2§ and 27, ; as collector states.

Method By Ig/S (ppm)

2/ 225 2f {25
Experiment 0.419 0.342 467 636
8ag = 0.75 0.407 0.326 444 594
8ay = 0.72 0.407 0.326 444 594
8as = 0.80 0.372 0.293 384 508
8a; = 1.00 0.401 0.322 435 582

The original calculation of Ref. [38] placed the first excited 1™
state at 3.2 MeV and set the Gamow-Teller strength at g4, =
1.00, resulting in Egs(ZT’m) =0.322 and I, = 582 ppm.
Each of these calculations predict quite different absolute
Gamow-Teller 8 feeding, as shown in Table V. However, the
ratio of the y -ray feeding into the first three excited 2 states to
the direct ground-state feeding summed over the large number
of 17 states remains relatively insensitive to the details of the
calculation, providing very similar estimates of Egs(Zfz 5) and
thus /g This highlights the importance of using the calculated

ratio Egs, rather than the predicted absolute y-ray intensities,
as the y-ray branching ratios remain largely unchanged
within the plausible parameter space with no requirement that
the shell-model calculations accurately describe the absolute
Gamow-Teller feeding. For instance, these four shell-model
calculations provide vastly different estimates of the total
Gamow-Teller g feeding, 3900-9200 ppm, but the average
y-ray branching ratio to the ground state remains largely
unchanged across the parameter space, with Egs(zfz’_g) varying
between 0.293 and 0.326 and Ig’S consistently within the range
of 508-594 ppm, in reasonable agreement with our purely
experimental estimate of 636 ppm.

5. Assignment of an uncertainty to I és

To be conservative in our estimate of the uncertainty in the
unobserved ground-state y -ray intensity, we also consider one
additional, purely experimental, approach to the determination
of Egs and the missing ground-state y -ray intensity. If we were
to consider the nine observed (1) states as representative of
the complete set of 17 states, the average (unweighted by B8
feeding) of the Egs(2+) values for these observed (1) states
may be used to estimate the average branching ratio for the
unobserved 17 states. The fifth columns of Tables I and IT were
used to determine the experimental §g5(2t2,3) = 0.41(11) for
the observed 17 states, where the quoted uncertainty is the
uncertainty in the mean. Combining this branching ratio with
the experimental 12/1*2: = 1225(57) ppm, we then arrive at
an additional estimate for the unobserved y feeding to the
ground state of Ig’S = 8481“3‘;‘51 ppm that is somewhat larger,
but consistent with, the best estimates of 593 and 636 ppm
obtained from the shell-model calculations and experimental
ratio methods described above.

However, we note that B(GT) and B(M1) for the subse-
quent y-decay to the ground state of 7*Kr are approximately
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related via an isospin rotation. In other words, the 17 states
with the largest B(GT) values for the Gamow-Teller 8 decay
of the #Rb 0" ground state, are also the states with the largest
B(M1) values for y decay to the ground state in "*Kr. As
the states with larger B(GT) are more likely to be observed
experimentally, this correlation biases the observed ground-
state branching ratio towards larger values of Egs. The average
of the observed values of By (2], ;) = 0.41(11) from the nine
observed (17) states is thus almost certainly an overestimate
of the average Bgs(2t2’3) that applies to the large number of
very weakly populated and unobserved 17 states in *Kr. We
therefore adopt the smaller value of Egs (2{2’3) = 0.33 from the

average of our “best” experimental ng(Etm) =0.342, and

“best” shell-model Egs(2t2’3) = 0.326, estimates. However,
to be conservative we adopt the £0.11 uncertainty in the
mean from the determination of Egs(ﬂ,w) values from the
nine observed (17) states, to arrive at an adopted EgS(Zqu’ 3) =
0.33(11) for the unobserved weakly populated 17 states. We
note that this value also encompasses the central value of
Egs(ztzs) = 0.41 for the nine observed (17) states that are ex-
pected to have larger-than-average By values. Symmetrizing
the uncertainty range on /4, we therefore obtain a conservative
estimate of the unobserved y decay to the ground state of
I, = 600(300) ppm.

Finally, it should be noted that 8-delayed o decay of "#Kr
to 7Se is energetically possible for excitation energies in 7*Kr
above 2.83 MeV. Such « decay of excited states in 7*Kr would
represent an additional unobserved decay component that must
be accounted for in the determination of the superallowed
branching ratio. Based on the Q value, the dominant « decay
from excited 0% and 2% states in "*Kr would feed the 0F
ground state of "°Se vial = 0 and [ = 2 « decay, respectively.
However, based on a simple semiclassical estimate of « decay
rates [39] in 7*Kr competing with a single, 1 Weisskopf
unit (W.u.), E2 y-ray transition to either the ground state
or first excited 2+ state of "#Kr, we estimate that y decay
will completely dominate over « decay for excitation energies
<8MeV in "Kr. It is extremely unlikely that a 2+ state, which
must be y fed from above, is populated at such high excitation
energies in 7*Kr following "*Rb B decay (Qp+ = 9.4 MeV).
There is also no expectation of significant isospin mixing with
such highly excited 0% states in "#Kr that would generate
non analog Fermi 8 decay branches to these states. The other
possibility for 8-delayed o decay of 7*Kris from highly excited
17 states. In this case, decay to the 0 ground state of "°Se
is angular-momentum/parity forbidden, and « decay would
thus be expected predominantly to the first excited 2% state
in 7°Se at 945 keV. We estimate that o decay of these excited
1t states would not compete significantly with y decay for
excitation energies in 7*Kr <9 MeV. Furthermore, the 2%
state of 7°Se would then decay to the ground state via a
945-keV and the upper limit on the intensity of this y-ray
in our data was measured to be <7 ppm. The possibility of
B-delayed o emission from highly excited states of "#Kr is
thus considered to be entirely negligible in comparison with the
+300 ppm conservative uncertainty assigned to our estimate,
600(300) ppm, of the unobserved y feeding to the ground state
of 74Kr.

PHYSICAL REVIEW C 88, 045501 (2013)

Adding the above estimate of the unobserved y -decay to the
ground state of 600(300) ppm to the experimentally observed
ground-state feeding of 0.395(7)%, the non-superallowed
branching ratio in "*Rb decay is determined in this work
to be 0.455(31)%, which is in excellent agreement with
the value of 0.4696% from the shell-model calculation with
ga; = 0.72 and the first 17 state at the observed energy of
3337 keV. We thus arrive at a superallowed branching ratio
of By = 99.545(31)%, which is in good agreement with, but
a factor of 3 more precise than, the only previous precision
measurement of this quantity, 99.5(1)% [19]. Although these
two measurements, both performed at ISAC, employed differ-
ent experimental apparatus and are statistically independent,
both analyses used similar shell-model calculations for By to
estimate the unobserved ground-state y-ray intensity Iés. Asit

is the uncertainty in Egs that dominates the final uncertainty in
the superallowed branching ratio, we do not take a weighted
average of the above results, but rather supersede the earlier
work of Ref. [19] with the higher statistics and more precise
branching-ratio measurement reported here.

C. Half-life of the 509-keV isomeric 0 state in "*Kr

The SCEPTAR plastic scintillator detectors were not only
sensitive to the detection of § particles but were also sensitive
to the B-delayed conversion electrons emitted from the 509-
keV isomeric OT state in 7*Kr. To measure the half-life of
this isomeric state, gates were placed on the most intense y
rays at 694, 1233, 2827, and 3226 keV that feed the 509-keV
state, while a second set of gates were placed on the 748-,
1198-, and 2437-keV y rays that directly feed the ground state.
Figure 12 shows the resulting time difference spectra between
coincident hits in two different SCEPTAR detectors associated
with each of these combinations of gates. The spectrum gated
on y-ray transitions feeding the 509-keV level shows a clear
exponential decay component owing to the lifetime of the
509-keV level, compared to the prompt B-scattering between
SCEPTAR detectors shown in the spectrum gated on the y-ray
transitions bypassing the 509-keV level. The background
in the spectrum gated on the ground-state transitions arises
from a small number of events within the y-ray gates from
Compton scattered y-rays that fed the 509-keV state. The
data in Fig. 12(b) were fit using an exponential decay plus a
constant background to determine the 509-keV-state lifetime.
To exclude the prompt peak in which the g particle scattered
between two SCEPTAR detectors, the start of the fit was
increased until a consistent value for the half-life was obtained,
as shown by the points with error bars in Fig. 12(c). We thereby
measure the half-life of the 509-keV state to be 14.2(10) ns, in
reasonable agreement with a previous measurement of 13.0(7)
ns [40]. Combining our half-life with the branching ratio of
the 509-keV transition [54(4)%], the partial half-life of the
509-keV EOQ transition was determined to be 26(3) ns. From
this half-life, the E£0 matrix element p(E0) for the OT — 0;;
decay can be calculated,

-1
2oy — | B2 :
p(E@-[ln(z)Zsz,(zK)} : (7

J
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FIG. 12. (a) The time difference between two SCEPTAR hits
in the same event gated on the 748-, 1198-, and 2437-keV y rays
feeding the ground state, and (b) gated on the 694-, 1233-, 2827-,
and 3226-keV y rays feeding the 509-keV level. (c) To exclude false
coincidences in the “prompt” peak, which arise from B particles
scattering from one detector to another, the start of the half-life fit
was increased until a consistent value of 14.2(10) ns for the half-life
was obtained using 8 ns as the first bin in the fit.

where Q;(Z, K) is the electronic factor for the jth atomic
orbital, the sum of which is calculated to be 3.00 x 108 s~!
[34-36]. This yields an experimental monopole strength
of p%(E0) = 0.088(9), to be compared with the value of
0.085(19) determined in Ref. [40]. It should be noted that the
increased precision in p? in the current work is almost entirely
attributable to the increased precision in the branching ratio
for the EO decay of the 0] state.

IV. DISCUSSION
A. ™Rb ft and Ft values and a test of §¢

Recent measurements of the charge radius and mass of
74Rb, in addition to the superallowed branching ratio reported
here, have aimed to reduce the uncertainty in the superal-
lowed Ft value. A recent mass measurement at TRIUMF
[41], combined with a previous measurement at ISOLTRAP
[42,43], leads to an average Qgc value of 10416.8(3.9) keV,
resulting in a statistical rate function of f = 47283(94) [41].
From the 7*Rb half-life of T} 2 = 64.776(43) ms [2], which is
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the average of the measurements of Refs. [26,44], the electron
capture fraction Pgc = 0.194% [2], and the new superal-
lowed branching ratio of By = 99.545(31)% reported here, a
74Rb superallowed ft value of 3082.3(10)5,(20)7, ,(61) s =
3082.8(65) s is determined. The statistical rate function
f, determined from the Q value, currently dominates the
uncertainty. However, it is expected that the uncertainty in
the Q value will be decreased by approximately an order of
magnitude to ~0.5 keV in the near future [41], dramatically
lowering the uncertainty in the f¢ value and fully exploiting
the new high-precision branching ratio measurement reported
here. At that time, the precision of the experimental fr value
for 7*Rb decay will approach those of the well measured cases
among the sd and f7,, shell nuclei and will become limited by
the +£0.07% precision of the current world-average half-life.

A recent measurement of the charge radius of *Rb has
also been performed at TRIUMF, reducing the uncertainty
in the Woods-Saxon ¢, value by approximately 20% from
dc2 = 1.50(30)% to 6¢2» = 1.50(23)% [45]. Using the nucleus-
dependent corrections 8%, = 1.50(12)%, dxs = —0.075(30)%,
and d8¢; = 0.130(60)% [5], the superallowed Ft value
of 7Rb becomes Ftws = 3075 T(65) 71 (36)s:, (9sys (T4)5. 8 =
3076(11)s. The superallowed Ft value for 7*Rb using
the Hartree-Fock ¢y = 1.29(16)% [2] correction is Fityg =
3082.2(65) 7+(36)5,(9sys (53)s. s = 3082(9) s. Currently, the
uncertainty in the experimental f¢ value is comparable to
the uncertainty from the d¢ correction terms. However, the
expected increase in the precision of the Q-value measurement
in the near future will result in a situation in which the
uncertainty in the corrected F¢ value for 7*Rb becomes
dominated entirely by the uncertainty in the current isospin-
symmetry-breaking corrections. Experimental guidance for
improving these calculations is therefore essential and is
discussed in the following sections in terms of both the overall
8¢ correction and its §-; components.

As can be seen from Fig. 13, the superallowed Ft values
from Z = 6 to Z = 37 continue to strongly support the CVC
hypothesis at the level of 1.3 parts in 10*. Thus, if we assume
that the CVC hypothesis is valid we can perform an internal
consistency check on the §¢ corrections. The “experimental”
isospin-symmetry-breaking correction for the B decay of 7*Rb
was determined by enforcing CVC with the average Frws =
3072.34(75) [2,5,16] determined from the 12 precision cases
other than "*Rb via

SeP(MRb) = 1 + dns — %
= L74(2)7(6) 1:(12)s,(3)5ys Pos (®

= 1.74(14)%,

while the value of §;2"("*Rb) obtained using the average
Ftur = 3071.50(88) [2,5,16] from the other 12 precision
cases with the Hartree-Fock ¢, corrections was 1.76(14)%.
These values, which represent a test of the large isospin-
symmetry-breaking predicted in 7*Rb to ~8% of its own
value, are to be compared with the theoretical values (SZVS =
1.6324)% and 88F = 1.42(17)%, showing excellent self-
consistency within the Woods-Saxon calculations, but less so
in the Hartree-Fock calculations.
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FIG. 13. A comparison of the superallowed Ft value for "*Rb
obtained with the branching ratio from this work with the 12 other
most precisely determined superallowed Ft values using (a) Woods-
Saxon radial wave functions for 8¢, and (b) the Hartree-Fock §¢»
values. The data are taken from Refs. [2,5,16,41,45] and the present
work.

B. The isospin-symmetry-breaking terms 8%, 82, 80), 8¢)

An additional, and particularly demanding, test of the theo-
retical isospin-symmetry-breaking corrections was performed
using the nonanalog Fermi branching-ratio measurements
from this work, thereby constraining the isospin-configuration-
mixing components d¢,. The shell-model calculations de-
scribed above that were used to predict the Gamow-Teller
feeding also predict that 80% of the nonanalog Fermi 8 decay
of "Rb will be concentrated in the first two excited 0T states
with nonanalog Fermi §-decay branching ratios of 360 and
228 ppm, respectively. The tentatively assigned (0 ) and (0])
states, with excitation energies of 2173 and 2573 keV agree
very well with the theoretical excitation energies of 2210 and
2570 keV and are predicted to have very weak nonanalog
Fermi branches of 13 and 6 ppm, respectively.

Using Eq. (4), direct tests of the §¢.; terms for these states
were performed. By combining the ratio of the phase space
integrals (fp/f1) = 1.3 and the upper limit of the nonanalog
Fermi B-decay branch of 159(58) ppm for the first excited
OT state gives a firm upper limit on the BICI correction
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of 8101 < 0.021(8)%, which is consistent with the adopted
Towner and Hardy value of 0.050(30)% [17]. However, it
should be noted that this experimental upper limit assumes
zero unobserved y feeding into the OT state from above. To
estimate the unobserved y feeding, we again turn to theory.
As shown in Table V, the shell-model calculations predict
that approximately 16% of the y-ray intensity from 17 states
above 1742 keV feeds the OT state. The calculation which
best reproduced many aspects of the "Rb decay scheme,
including the the total non-superallowed g branching ratio,
was the calculation with g4, = 0.72 and the lowest 17 state
at the experimental value of 3.337 MeV. This calculation was
adjusted to closely reproduce the experimental intensity of the
21+ — Ogs transition. However, as can be seen in Table V, the
predicted absolute y-ray feeding from above 1742 keV also
reproduces the measured Iy, — Ij, values for the 2;’ and 2;'
states to within 15% and 34%, respectively. We therefore use
the conservative estimate that the calculated y -ray feeding into
the excited O states from states above 1742 keV are accurate to
+40%. We thereby estimate the nonanalog Fermi feeding into
the excited 0" states by subtracting the predicted unobserved
y-ray feeding intensity from the observed Iy — [, (see
Tables I, II, and V).

If we apply the above prescription to the 0 state, the
observed y-ray feeding into the 0] state from states above
1742 keV is 394(33) ppm and the predicted y -ray feeding into
the OT state is 663(265) ppm. The unobserved y -ray intensity
was therefore estimated to be 269(267) ppm. Subtracting the
unobserved y -ray intensity from I, — [, = 159(58) gives an
estimate for the intensity of the nonanalog Fermi B-decay
branch of —110(269)ppm. Clearly, a negative B-branching
ratio is unphysical, but this calculation indicates that the
unobserved y-ray feeding from above likely accounts for
the majority of the measured I,y — I;, intensity for the OT
state, with a very small, if any, nonanalog Fermi S-feeding
component. We interpret this result as a lo upper limit
of <159 ppm on the Fermi B feeding, which is less than
half of the predicted nonanalog Fermi § feeding to the first
excited OT state of 360 ppm. Using Eq. (4), the corresponding
upper limit on the isospin-symmetry-breaking correction is
8'C1 < 0.021%, at the lower end of the uncertainty range on
the predicted value of 0.050(30) [17]%.

In a similar manner, the nonanalog Fermi feeding and
corresponding 8%, values were determined for the 05, (03)
and (OI) levels. The results are summarized in Table VII. It is

TABLE VII. A summary of the constraints set on the isospin-symmetry-breaking terms 8, in "*Rb decay. The adopted theoretical values
of 8¢, are from Ref. [17] and were assigned a common uncertainty of 0.03%.

E (;—S) Experiment Theory Experiment Theory
(keV) GT+ F GT*P F 8¢y F 8¢
(ppm) (ppm) (ppm) (%) (ppm) (%)
509 1.30 553(49) 663(265) <159 <0.021 360 0.050(30)
1654 2.50 518(13) 199(80) 319(81) 0.080(20) 228 0.060(30)
2173 347 141(8) 183(73) <32 <0.011 13 0.005(30)
2537 4.73 140(8) 89(36) 51(37) 0.024(16) 6 0.003(30)
Agas = 0.72.

bUncertainty of 40% was assigned to the absolute y-ray feeding from above into each excited 0" state predicted by the shell-model calculations.
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interesting to note that the upper limit on the total nonanalog
Fermi g feeding to the OT—OI states of 663 ppm deduced
in this work is comparable to the theoretical prediction of
607 ppm and the resulting sum of 854 = 0.104(35)% is also
comparable to the theoretical sum 554 = 0.118(60)%. There
are, however, differences between experiment and theory in
the state-by-state pattern of the nonanalog Fermi 8 feeding,
particularly for the first two excited 0" states where the
experimental results indicate little, if any, S feeding to the
first excited O state and the majority of the nonanalog
Fermi B8 feeding concentrated on the second excited 0T state
at 1654 keV. Our interpretation of the above state-by-state
comparisons of the §¢; corrections is that the current shell-
model calculations have difficulty describing the detailed wave
functions of the 0" states. In particular, the Of' nanosecond
isomer at an excitation energy of 509 keV in "*Kr has been
interpreted as evidence of prolate-oblate shape coexistence in
this mass region [40], consistent with the large p?(E0) matrix
element we report in Sec. III C. This state is likely to have
very little overlap with the 0% ground state of 7*Rb, which
corresponds to the analog of the 7#Kr ground state, leading to
the small nonanalog Fermi branch to the OT state determined
in this experiment. The accurate description of such states
with vastly different intrinsic shapes is generally beyond
the capabilities of the shell-model calculations performed in
this region to date. The current shell-model calculations, for
example, using a >°Ni core with 18 nucleons distributed among
the p3;2, f5/2, and py, orbitals would place the first excited
0% state of 7*Kr at 2 MeV excitation energy. To reproduce the
observed low-lying O} state in 7*Kr, the g9, and ds, orbitals
were added to the model space, the number of configurations
were truncated to the low-seniority states, and the strength
of the cross-shell matrix elements was increased [38]. This
prescription successfully lowers the excitation energy of the
first excited 0" state and produces a spectrum of 0% states
in reasonable agreement with experiment. The state-by-state
comparison of the 8, values, however, suggest that the
detailed wave functions of these 0T states are not being
accurately reproduced in the current shell-model calculations.

V. CONCLUSION

A high-precision branching ratio measurement was per-
formed for the superallowed B decay of 7*Rb using the 87
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spectrometer at TRIUMF. In this experiment, 23 excited states
were identified in 7*Kr following the 8 decay of *Rb. A total
of 58 y-ray and conversion-electron transitons were placed in
the decay scheme following 8.241(4) x 108 detected 8 decays
of 7*Rb. An observed non-superallowed branch of 0.395(7)%
was determined from the intensities of the identified y rays
and conversion electrons feeding the ground state, while the
unobserved y -ray feeding to the ground state was estimated to
be 0.060(30)%, leading to a superallowed branching ratio of
By = 99.545(31)%. The superallowed branching ratio is now
the most precise experimental quantity in the determination
of the superallowed ft value of 7*Rb. Combining the world-
average half-life and Q value measurements for *Rb with the
measured superallowed branching ratio reported here leads to
a superallowed ft value of 3082.8(65) s, with an uncertainty
that is expected to be significantly reduced in the near future
through a reduction in the uncertainty of the Q value [41].

Tests of the model-dependent isospin-symmetry-breaking
correction §¢ were performed by comparing the fr value of
this work with the world-average F7 value of the other 12
precisely measured superallowed decays. The application of
the Woods-Saxon radial overlap corrections of Ref. [5] and
the shell-model é¢; values of Ref. [17] to the superallowed
data continues to provide an impressive confirmation of the
CVC hypothesis. Furthermore, demanding tests of the isospin-
symmetry-breaking components 8., 82, 8? 1), and 8(C41> were
performed based on the measured nonanalog Fermi 8-decay
branches to these states. These state-by-state comparisons
suggest that the current shell-model calculations have difficulty
accurately describing the wave functions of the 0% states in this
region of strong nuclear deformation, shape coexistence and
rapid shape transitions [37,40,46,47]. The current results will
help constrain future calculations of the configuration mixing
component of the isospin-symmetry-breaking corrections in
this mass region.
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