Total Absorption Spectroscopy for the 3+ decay strength distribution of ®°Ga
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B-decay properties play an important role in most astrophysical processes. In the absence of ex-
perimental data, astrophysical models rely on global theoretical calculations to provide the relevant
properties. It is therefore important to provide strong experimental constraints when possible. In
the case of B-decay, the most sensitive probe is the S-decay strength distribution. We report here
on the first measurement of the latter quantity for the 37 decay of °°Ga using the total absorption
spectroscopy technique. The experimental results are compared to theoretical calculations often
used in astrophysical models, namely the shell model and the quasi-particle random phase approxi-
mation (QRPA), as well as an extension of QRPA that includes higher-order nucleonic calculations.
Both models are in reasonable agreement with the experimental results.
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I. INTRODUCTION

One of the goals of nuclear astrophysics is to under-
stand the various astrophysical events occurring in the
cosmos. One such event, type I X-ray bursts (XRB1), is
one of the most common explosive events in the galaxy
[1-4]. They are widely accepted to result from neutron
stars accreting mass from a partner star in a binary
system. In a binary system, hydrogen and helium are
pulled onto the surface of the neutron star from its
partner star. As the material builds up on the surface,
the rise in temperature and density reach conditions
for a thermonuclear runaway, which results in a XRB1.
XRBl1s are of particular interest because they provide
insight into the behavior of high density matter in an
unrelenting environment [2, 3].
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The abundance outputs of astrophysical models of
XRB1s depend strongly on several nuclear reaction
rates, occurring both on the surface and inside the crust
of neutron stars by the buried ashes. This process is
called the rapid proton (rp) capture process. The rp
process is dominated by the competition between proton
capture reactions and 3T decays. By investigating the
rp process, the dynamics of neutron stars and features
of XRB1 spectra can be better understood. Sensitivity
studies have shown that the nuclear properties within
the rp process have a significant impact on the light
curve of the XRB1 [5-7]. When experimental data
are absent, astrophysical calculations rely on theoret-
ical models to provide the necessary nuclear input.
Here we focus in particular on A% decays. [-decay
properties used in astrophysical calculations are often
calculated using the Shell Model [8-10] where available,
and the Quasi-particle Random Phase Approximation
(QRPA) [11]. Typically, these models are validated
with [-decay half-lives. However, (-decay half-lives
are calculated within these models by integrating the
[-decay strength distribution as a function of excita-



tion energy. Therefore, a more sensitive test of the
theoretical models is the direct comparison of the [-
decay strength distribution to experimental data [12-15].

Here, we present the first complete measurement of
the B-decay feeding intensity (Ig) of %°Ga. This decay
was studied previously using high-resolution ~-ray spec-
troscopy [16]. Such measurements, while ideal for iden-
tifying low-lying discrete states and their corresponding
~-ray emission, are known to suffer from the so-called
“pandemonium effect” [17]. This term refers to the phe-
nomenon where the S-decay feeding intensity into low en-
ergy states is overestimated, while the feeding into high
energy states is underestimated or missing completely.
The pandemonium effect is a result of the limited de-
tection efficiency of high-resolution systems, and can be
overcome when using a ~v-ray total absorption spectrom-
eter (TAS) (e.g. Refs. [13, 18, 19]). Here we apply
the TAS method for the first time to the 8% decay of
60Ga and compare the experimental results to models
commonly used in astrophysical calculations, namely the
Shell Model and QRPA.

II. EXPERIMENTAL DETAILS

The experiment was performed at the National
Superconducting Cyclotron Laboratory. A 150 MeV/u
K136+ primary beam impinged on a 517 mg/cm? “Be
target to produce the isotope of interest. The projectile
fragments were filtered by the A1900 separator [20]. The
fragment separator had a broad momentum acceptance,
so a “ cocktail“ beam of isotopes around A=b55 reached
the detector set-up [12]. To remove further contamina-
tion, the radio frequency fragment separator (RFFS)
was utilized [21]. The RFFS removed low momentum
tails of more abundant nuclei to have better selection
for neutron-deficient isotopes.

The isotopes in the cocktail beam were identified
using time-of-flight and energy loss data from a group
of detectors upstream of the experimental set-up. This
detector group consisted of one plastic scintillator in the
focal plane of the A1900 providing timing information
and two thin silicon PIN detectors located just upstream
of the implantation station, each recording energy loss
and time[20]. The particle identification is shown in Fig.
1.

The experimental set-up incorporated the Summing
NaI(T1) (SuN) detector [22] and a Double Sided Silicon
Strip Detector (DSSD) placed in the center of the bore
hole of SuN [12] as an implantation surface. Following
the DSSD, a silicon surface barrier veto detector capped
off the beam line to detect any contaminants not stopped
in the DSSD [14]. The details of this setup can be found
in [23]; here we summarize the key features.

SuN is a segmented, high-efficiency, 47 +-ray calorime-
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FIG. 1. Particle identification plot of the “cocktail® beam

delivered to the experiment area. The isotope of interest,
50@Ga, is circled in black.

ter. It is 16 in. in diameter, 16 in. long, and has a
1.8 in. diameter bore hole along the beam axis. There
are eight optically isolated NaI(Tl) scintillator segments;
four along the length of SuN on both the top and bottom
halves, with three photomultiplier tubes (PMTSs) on each
crystal. SuN has an angular coverage of 98% at its center
with peak efficiency for 661 keV ~-ray of 137Cs at 85(2)%

The DSSD placed in the center of SuN was 1-mm
thick, with 32 1.2-mm wide strips in total; 16 strips on
each side, the front strips being perpendicular to the
back strips. The resultant DSSD signals passed through
dual gain preamplifiers, enabling simultaneous detection
of the implanted ions and [(-decay positrons. This
allowed the data to be correlated in space and time, so
the implant event could be matched to its decay event.
Different ~-ray spectra can be taken with SuN. The
TAS spectrum illustrates the total energy level of the
child nucleus populated by S-decay. In a TAS spectrum,
SuN is treated as one large, continuous detector. In
addition, the spectra from the individual crystals can
be added together to create a single Sum of Segments
(SoS) spectrum. This spectrum was used to analyze
the de-excitation of single levels by ~ emission. The
multiplicity is the number of crystals that detect
energy above the threshold during an event. Multiplic-
ity spectra were used to understand how many v-rays
were observed during the de-excitation of the child nuclei.

IIT. ANALYSIS

Implantation and [-decay events were correlated
within a 400 ms time window. This time window was
chosen because it was large in comparison to previously
measured half-lives, minimized uncorrelated data, and
maximized real correlations. Events fulfilling criteria for
each type of event were separated for analysis. An im-



plantation event was defined by having signals in both
PIN detectors, and at least one strip on both sides of the
DSSD in low gain. A decay event was defined by having
no signal in either PIN detector, but a signal in both sides
of the DSSD in high gain. The implantation and decay
pixels were determined by the front and back strip with
the maximum energy during the respective events. Once
identified, the decay events were correlated with the im-
plantation events. First, a decay event and implantation
events in the time window within the same pixel were
identified (real correlations). There is no guarantee that
the selected decay event is coming from the particular
ion with which it was correlated. Decays from other ions
are also included in these “real correlations”. To account
for this, random correlation spectra were also generated
by grouping decay events that occurred before their cor-
responding implantation events within the specified time
window (random correlations). The random correlation
spectra were then subtracted from the real correlation
spectra.

In order to extract the S-decay feeding intensity at the
various excitation energies, the detector response had to
be accounted for. This was done using a GEANT4 [24]
simulation of the detector geometry and response of the
setup for the measured decay [22, 24, 25], taking into
account the experimental S-decay Q-value of 13.56 MeV
[26]. In GEANT4, the energy of electrons, positrons, and
~-rays were tracked and recorded into spectra analogous
to the experimental spectra. First, the de-excitation
of discrete states of the child nucleus from the RIPL-3
library [27] were simulated individually using GEANT4.
Then, the de-excitation of continuum states of the child
nuclei were simulated with the Monte Carlo simulation
code RAINIER [28]. RAINIER assumes the RIPL-3
level scheme is complete up to an energy defined by
the user. In this work, the level scheme was assumed
complete up to 4.9 MeV to include all known states with
energies below the proton separation energy of 5.1 MeV.
Above this energy, it created a simulated level scheme of
the child nucleus based on a user-defined level density
model. Here, the continuum region simulations were
created using the Constant Temperature model [29, 30]
assuming a spin distribution from rigid sphere nucleus
model [31]. The user also needs to define the initial
excitation energy and J™ and select a 7-ray strength
function model. For this experiment, the excitation
energies were a sample of continuum state energies from
just above the discrete region to the Q-value of the decay,
with energy steps that followed the energy resolution
of the SulN detector. The ~-ray strength function was
described with a generalized Lorentzian distribution [32].
It should be noted that the aforementioned statistical
properties affect only the detector efficiency estimate
(which has a 10% uncertainty [22]). Therefore the
[-decay feeding intensity when varying these properties
is consistent within the total uncertainty of our results.
The RAINIER output was then converted to GEANT4
input files for each excitation energy. Each of these

simulated components, together with the discrete levels,
output TAS, SoS, and multiplicity spectra. A 2
minimization was performed to extract the [-feeding
intensity of each level, simultaneously fitting the exper-
imental TAS, SoS, and multiplicity spectra as shown
in Fig. 2. The best fit had a reduced x? of 1.37. This
technique has been previously applied to study £~
decays [12-14, 33].
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FIG. 2. A x? fit of a typical : a. Total Absorption Spectrum
(TAS) , b. Sum of Segments and c. Multiplicity. The experi-
mental results are shown in black and the line of best fit is in
red.
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FIG. 3. Fit of the °°Ga decay half-life. The black line shows
number of events detected over time. The cyan line shows
random correlations which serves as a background. The red
line is an exponential + linear fit of the data.

IV. RESULTS

A. Half-Life

The (-decay half-life of 5°Ga was measured by track-
ing the time between the implant event and the correlated
decay event. From this, a decay curve was extracted as
shown in Fig.3 and was fit with an exponential function
with a linear background. The extracted half-life of 57.7
4+ 9.8 ms can be compared with previously measured val-
ues of 70+ 15 ms [16], 69.4 £ 2 ms [34] and 76 £+ 3 ms
[35]. The estimated uncertainty was determined by cal-
culating the standard deviation of multiple fits performed
across the correlation window.

B. Total Absorption Spectroscopy

Experimental spectra from the decay of °Ga are pre-
sented in Fig. 2. From the simultaneous x? fit of the
three experimental spectra, the feeding intensities of each
excitation energy component were extracted and normal-
ized to 100% (Fig.4 and Table I). The uncertainty band
includes: varying spins for states with uncertain spin as-
signments, statistical uncertainty, detector efficiency, the
fit uncertainty, as well as the differences between the av-
erage to the maximum and minimum Ig calculated at
each energy.

To vary the states without known spin assignments, sev-
eral copies of the RIPL-3 [27] input file were made varying
the spin and parity (J™) values. The simulation process
was repeated for each of these inputs as a part of the error
analysis. The final Ig values for each excitation energy
bin are shown in Table. I, together with the upper and
lower limits of the uncertainty estimate. We recognize

TABLE I. Table listing I3 values at each energy level included
in the x? minimization along with the average of the uncer-
tainties above and below the distribution. Intensities below
le-3 are set to zero due to sensitivity limitations.

Energy[keV] 18%)] Upper Lower
Limit[%)] Limit[%)

0 3.8 4.4 3.2
1 004 0.2 1.5 0.0
2193 0.0 0.0 0.0
2 559 7.8 8.8 6.6
3 035 0.4 0.7 0.0
3 200 0.0 0.0 0.0
3 510 2.1 2.7 1.4
3 627 5.8 6.9 4.6
3710 0.0 0.0 0.0
3 808 0.0 0.0 0.0
3 812 5.3 6.7 0.1
3972 8.6 11.4 7.0
4 180 0.0 0.0 0.0
4 200 0.0 0.0 0.0
4 351 0.0 0.0 0.0
4 400 0.0 0.0 0.0
4 776 0.0 0.0 0.0
4 852 37.7 45.2 33.0
4913 11.0 13.2 6.9
5 200 4.7 6.2 0.0
5 460 3.1 5.2 2.3
5 733 4.9 6.2 0.0
6 020 1.0 8.4 0.0
6 321 0.0 0.0 0.0
6 637 0.1 1.0 0.0
6 969 0.0 0.0 0.0
7 317 0.0 0.0 0.0
7 683 0.0 0.3 0.0
8 067 0.0 0.0 0.0
8 470 1.7 3.0 0.6
8 894 0.1 0.5 0.0
9 338 1.2 2.1 0.0
9 805 0.5 1.8 0.1

that the uncertainty for some energies is large compared
to the measurement. This arises from the fact that for
some of the variations particular energy bins appeared
with zero values of the Ig. While it is not immediately
clear why such differences are present, we include the ex-
treme limits for completeness. In the future, when firm
spin assignments are available, this analysis could be re-
peated to improve its accuracy. The data show that there
is an I3 intensity of 12.8% above the proton separation
energy. The isobaric analogue state (IAS) is shown in
Fig.4 as the dramatic increase in 3 feeding percentage.
The intensity was then converted to Gamow-Teller tran-
sition strength (B(GT)) with the method used in [12, 15]
as shown in Fig. 6. For a consistent comparison to theory,
the substantial contribution from the Fermi transition of
the 4.85 MeV IAS was removed from the total experi-
mental Gamow-Teller transition strength.
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FIG. 4. Cumulative Ig of measurement compared to various
Shell Model Hamiltonians. Despite disagreements in energy,
the overall shape of the various sets is consistent. The Iz at
each energy is listed in Table I

C. Shell Model Calculations

Calculations for the S-decay of %°Ga were carried
out within the (0f7/2,0fs5/2,1p3/2, 1p1/2) (fp) model
space. We compare the results for two commonly used
Hamiltonians in this model space, GXPF1A [36] and
KB3G [37]. We use the shell-model code NuShellX
[38]. A calculation of the 8 strength observed in this
experiment requires on the order of 3 000 final states
with J™ = (1,2,3)T. The full fp model-space dimension
of 2 292 604 744 J-states for °°Zn is much larger than
can be used for calculations. Thus, we explore a series
of truncations based upon the number of 0f7,, nucleons
excited across the Z = N = 28 magic number. The
simplest of these is to assume that the 0f7/, orbital
is filled. These are labeled by A=0 indicating that no
nucleons are excited out of 0f7/3. For A=0 there are
640 J-states for 59Zn, and the decay to all final states
can easily be calculated. The results for B(GT) summed
up to a given final state energy are shown in Fig.5
A=1. All of the results for B(GT) are multiplied by a
quenching factor of (0.774)% = 0.55 from [39] to take
into account the average observed differences between
experimental GT and theoretical B(GT) observables
calculated within the fp model space. This quenching
is ascribed to missing nuclear correlations as well as
neglected contributions from mesonic-exchange currents
[40]. In [41] most of this quenching was reproduced by
many-body computations of nuclei based on effective
field theories, including an unprecedented amount of
correlations in the nuclear wavefunctions.

In addition to Gamow-Teller decay, the 8-decay contains
a Fermi branch which is observed to the 2+ T=1 state at
4.85 MeV. This is the IAS of the 59Ga ground state. The
main difference between experiment and theory in Fig.

4. is that the TAS energy is too low in the calculation;
one MeV too low for GXPF1A and 1.5 MeV too low for
KB3G. For all of our calculations the Fermi transition
strength (B(F)) is 2 for this Fermi decay.

Next we allow for up to one proton and/or one neutron
to be excited out of 0f7/2. For A=1 there are 293 662
J-states for %°Zn, and the decay to about 3 000 final
states can be considered. The B(GT) results for A=1
are shown by the pink line in Fig.5 A=1. There is
large change going from A=0 to A=1 that is due to the
addition of the 0f7/5 to 0fs/2 “spin-flip“ component.
This leads to a “giant* Gamow-Teller state near 15
MeV. Strength is removed from the low-lying states into
the region of 15 MeV.

Shell-model calculations in heavier nuclei often do
not include the orbitals that are required for all of
the spin-flip transitions. For example, the region of
nuclei from A = 56 — 100 are commonly treated in
a (0fs/2, 1p3/2, 1p1/2,0g9/2) (jj44) model-space basis.
Representative results for the jj44 model space obtained
with the jj44b Hamiltonian [42] are shown in Fig. 5 A=0.
The B(GT) below about 10 MeV are reduced about a fac-
tor of two compared to the A=0. Thus we can expect
the effective quenching factor for B(GT) calculated in the
jj44 model space to be as small as (0.5)(0.55) = 0.27.

The largest dimensional calculations we can carry out
corresponds to A=2 where up to two protons and/or
neutrons are excited out of 0f7/. For A=2 there are
18 201 538 J-states for 59Zn, and the decay to about 1
500 final states can be considered. The B(GT) for A=2
results are shown by the purple line in Fig.5 A=2. The
results for A=1 and A=2 are similar. This shows that
A=1 provides a good truncation for the inclusion of the
“spin-flip” contributions.

The A=1 calculations are compared to experimental
results in Fig. 4 and Fig. 6. The shape of the calculations
generally agrees with that of the experiment, with the
GXPF1A interaction being in better agreement. Both
calculations underestimate the strength at high energies.

D. Relativistic proton-neutron QRPA

Relativistic QRPA ((R)QRPA) calculations of the
Gamow-Teller strength have been performed in the
framework of Ref. [11] which presented a global set of
[-decay rates that is now commonly used for astrophys-
ical simulations of the r process. These calculations
use the D3C* parametrization of the meson-nucleon
Lagrangian [43] for the particle-hole channel of the
interaction, and the D1S parametrization of the Gogny
force [44] for the like-particle pairing channel.

The Gamow-Teller response, which is generated by
the spin-isospin-dependent interaction, also includes
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FIG. 5. Gamow-Teller strength calculated for the S-decay
of %°Ga (2T). The results for two Hamiltonians KB3G [37]
and GXPF1A [36] are obtained in the fp model space with
truncations labeled by A as described in the text. In addition,
the results with the jj44b Hamiltonian in the jj44 model
space are shown. Each has the resultant half-life written next
to the Hamiltonian name.

pion exchange in the particle-hole component as well

as the proton-neutron particle-particle interaction. The
pion is included with bare coupling constant and the
corresponding contact Landau-Migdal term is adjusted
to the experimental Gamow-Teller resonance energy in
208pL.  The isovector proton-neutron particle-particle
interaction is determined by isospin symmetry, i.e.
it is the same as for the like-particle pairing, while
the isoscalar pairing is taken as a Gogny-like form
with parameters adjusted to reproduce global (-decay
half-lives.

As is often the case in QRPA calculations, the B(GT)
distribution, Fig. 6, is found to lack fragmentation
compared to the data, as a large part of the strength is
concentrated in one single peak and is typically shifted
to lower energies. Within this framework we find a
[-decay Q-value of 9.16 MeV, about 4.5 MeV less than
the Bt Q-value of 13.56 MeV reported on NNDC. This
discrepancy is somehow compensated by the fact that
the strength is shifted to lower energies compared to
the data, resulting in a calculated half-life of 58.30 ms
(obtained without quenching).

We note that here the odd-odd nucleus °Ga is treated
in the same way as even-even nuclei, with a constraint
on the number of particles, and is also considered to
be spherical. Including the effect of deformation could
potentially improve the agreement with the experimental
data.
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FIG. 6. Comparison of calculated B(GT) from data (black)
with various QRPA calculations and Shell Model Hamiltoni-
ans. See text for details.

In general, accounting for complex nucleon-nucleon cor-
relations is necessary in order to reproduce the details
of the low-energy transition strength that determines
B-decay, particularly in the present 87 channel. This is
especially important for nuclei with small QQ values. One
way to improve the (R)QRPA framework is to include



the coupling between single nucleons and collective
vibrations of the nucleus, or quasiparticle-vibration cou-
pling (QVC), which constitutes the leading correlation
mechanism in mid-mass and heavy nuclei. In general,
this approach has been successful in largely improving
GT strength and (S-decay half-lives of several nuclei in
the 8~ channel [45, 46]. We show in Fig. 6 the results
obtained without and with such QVC.

These calculations have been done using the NL3
parametrization of the meson-exchange interaction [47]
for the particle-hole channel. The isovector pairing in-
teraction is a simple monopole force and the isoscalar
pairing is not included. More details can be found in
Refs. [45, 48]. The QVC correlations appear to yield frag-
mentation of the strength distribution, particularly near
to the Q value. However, the appearance of strength at
very low energy remains. Such shift could potentially
be corrected by including consistent QVC effects in the
description of the ground state, as was found in studies
of doubly-magic nuclei [49], which also improve the Q
value. When QVC is included, the half-life is reduced
from 127.71 ms to 86.72 ms.

V. CONCLUSIONS

The BF decay of ®°Ga has been studied using total ab-
sorption spectroscopy for the first time at the National
Superconducting Cyclotron Laboratory. The half-life of
the decay was measured to be 57.7 £ 9.8 ms agreeing with
Shell Model calculated half-life of 64 ms for the GXPF1A
Hamiltonian as well as some previous experimental mea-
surements [16, 34]. The Gamow-Teller strength distribu-
tions and [-feeding intensity, extracted from data, were
compared to different theoretical models across a large
range of energies. The QRPA models tended to overesti-
mate the strength while the shell model calculations were
in good agreement with data, except at high energies. In
this nucleus, a S-decay feeding intensity of 12.8% was
observed above the proton separation energy of 5.1 MeV
compared to 7% for KB3G and 9% for GXPF1A.

We find excellent agreement in B(GT) between the
experimental data and the GXPF1A hamiltonian with
single particle excitation. The low-energy discrepancies
between the other models and data show a need for
continued improvement of nuclear models far from
stability.
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