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Background: (-decay spectroscopy provides valuable information on exotic nuclei and a stringent test for nuclear
theories beyond the stability line.

Purpose: To search for new S-delayed protons and ~ rays of 2°Si to investigate the properties of 2°Al excited
states.

Method: ?°Si § decays were measured by using the Gaseous Detector with Germanium Tagging system at the
National Superconducting Cyclotron Laboratory. The protons and + rays emitted in the decay were detected
simultaneously. A Monte Carlo method was used to model the Doppler broadening of 2*Mg 7-ray lines caused by
nuclear recoil from proton emission. Shell-model calculations using two newly-developed sd-shell Hamiltonians,
USDC and USDI, were performed.

Results: The most precise 2°Si half-life to date has been determined. A new proton branch at 724(4) keV and
new proton-y-ray coincidences have been identified. Three 2*Mg ~-ray lines and eight 2° Al y-ray lines are observed
for the first time in °Si decay. The first measurement of the ?°Si S-delayed + ray intensities through the 2°Al
unbound states is reported. All the bound states of 2°Al are observed to be populated in the § decay of 2°Si.
Several inconsistencies between the previous measurements have been resolved, and new information on the 2°Al
level scheme is provided. An enhanced decay scheme has been constructed and compared to the mirror decay of
?>Na and the shell-model calculations.

Conclusions: The measured excitation energies, y-ray and proton branchings, log ft values, and Gamow-Teller
transition strengths for the states of 2°Al populated in the 8 decay of 2°Si are in good agreement with the shell
model calculations, offering gratifyingly consistent insights into the fine nuclear structure of 2°Al.

I. INTRODUCTION

The investigation of exotic nuclei lying far from the sta-
bility line has been one of the attractive topics of nuclear
physics during the past few decades [1]. S-decay stud-
ies have proved to be a powerful tool to obtain a variety
of spectroscopic information on nuclei far from stability
that are difficult to obtain otherwise [2, 3], which pro-
vides an excellent and stringent test of nuclear structure
theories and fundamental symmetries [4] and also deep-
ens our understanding of the astrophysical rapid proton
capture process [5], rapid neutron capture process [6],
and p-process [7].

Nuclei near the proton drip line with large ) values for
BT decay and low proton separation energies often decay
by [-delayed proton emission (8p). Since the discovery
of the first Bp emitter 2°Si in 1963, a total of 196 Bp
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emitters (including isomers) have been identified ranging
from C (Z = 6) to Lu (Z = 71) [8]. The 3 decay of 2°Si
has been one of the most studied cases [9-18]. All the
B-decay measurements of 2°Si were focused on the pro-
ton spectrum, whereas the v-ray spectrum has not been
measured with high statistics. Construction of the de-
cay scheme based solely on proton spectra could lead to
inaccurate assignments. Thomas et al. [18] reported the
most comprehensive measurement but with very limited
~v-ray information. They may have missed some of the
low-intensity and high-energy ~ rays due to low statis-
tics and low efficiency. The existing information on 2°Si
decay properties is still incomplete and therefore moti-
vates new experiments to search for new [-delayed par-
ticles and v rays. Detecting protons and v rays in 2°Si
[ decay and the coincidence between them allows one to
reliably construct the decay scheme. 2°Si B-decay spec-
troscopy provides a sensitive and selective means to probe
the properties of 2°Al excited states as well as a good
verification of the information on the structure of 2°Al
previously collected by other experimental approaches.

It should be noted that most of the information on
the 3-delayed proton decay of 2°Si was obtained with sil-
icon implantation detectors. A major problem for this



method is the strong S-summing effect caused by energy
deposited by 8 particles [2]. Robertson et al. employed
a gas-silicon detector telescope to detect 2°Si SB-delayed
protons for the first time. Despite the small solid an-
gle coverage and the existence of dead layers for inci-
dent particles, they were able to identify several new
low-energy proton peaks [17]. Hence, the development of
complementary experimental tools for the clean detection
of low-energy [-delayed proton branches is particularly
valuable.

In this work, the emitted particles and 7 rays in the g
decay of 2°Si were measured simultaneously with high ef-
ficiency and high energy resolution. Combining all avail-
able experimental information yields an improved decay
scheme of 2°Si, which is compared to theoretical calcula-
tions and to the 8~ decay of the mirror nucleus, 2°Na.
A comparison between the mirror Gamow-Teller decays
also provides an opportunity to investigate isospin asym-
metry. A nonzero mirror asymmetry parameter implies
abnormal nuclear structure, such as halo structure in the
initial and/or final state. In view of the asymmetries re-
ported in the nearby sd-shell nuclei 2°Mg—2°0 [19-22],
2261220 [23, 24], 24Si—24Al [25-27] 26P—20Na [28, 29],
27S—2TNa [30-33], it is desirable to extend this test to
25Si and its mirror partner nucleus °Na [34-36].

II. EXPERIMENTAL TECHNIQUES

The experiment was conducted at the National Super-
conducting Cyclotron Laboratory (NSCL) in May 2018.
The experimental procedure has been detailed in Ref. [37]
and is briefly repeated here for completeness. A 36 Art8+
primary beam was accelerated by the K500 and K1200
Coupled Cyclotron Facility to 150 MeV /nucleon at a
beam current of ~75 pnA. The secondary 2°Si beam was
produced via the projectile fragmentation of the 3¢Ar
beam impinging on a 1363 mg/cm? thick Be target
and purified using the A1900 fragment separator [38].
The Gaseous Detector with Germanium Tagging (GAD-
GET) [37], comprised of the Proton Detector and the
Segmented Germanium Array (SeGA) [39], has been
built and successfully commissioned to measure the de-
cays for the nuclei near the proton-drip line. In the cur-
rent experiment, a total of 3 x 107 2°Si ions were im-
planted into the gaseous Proton Detector with an aver-
age beam rate of approximately 1800 particles per sec-
ond. The Proton Detector was filled with P10 gas mix-
ture at a pressure of 780 Torr, which is ideally suited
for low-energy proton detection because the background
contributed by [ particles was mitigated. The charged-
particle measurement was carried out under a pulsed-
beam mode, i.e., the beam ions were delivered for 500 ms,
then the decays were detected during the 500-ms beam-
off period. The Proton Detector was mounted at the cen-
ter of SeGA, which consists of 16 high-purity germanium
detectors arranged into two rings surrounding the Proton
Detector. These two rings of 8 detectors will be referred

to as “upstream” and “downstream”. The detection for
the v rays emitted from decays was done over both the
beam on/off periods. The preamplifier signals from the
Proton Detector and SeGA were read into Pixie-16 cards
(16-Channel 250 MHz PXI Digital Processor) and pro-
cessed by the NSCL digital data acquisition system [40].

III. ANALYSIS
A. ~-ray energy and efficiency calibration

To create a cumulative v-ray energy spectrum, the
spectrum of each SeGA detector was linearly gain-
matched run by run using room background lines at
1460.820+ 0.005 keV and 2614.511 £ 0.010 keV from the
B decays of “°K [41] and 2°8TI [42], respectively. An
exponentially modified Gaussian (EMG) function of the
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was used to fit each S-delayed v-ray line in the spectrum.
The EMG is characterized by an exponential decay con-
stant 7, width o, mean pu, energy x, and area below the
curve N. Also, a linear function is added to this formula
to model the local background. Four 2°Si S-delayed y-ray
lines with known energies and the corresponding absolute
intensities shown in brackets: 451.7(5) keV [18.4(42)%)],
493.3(7) keV [15.3(34)%], 944.9(5) keV [10.4(23)%], and
1612.4(5) keV [14.7(32) %] [18, 43, 44], were observed with
high statistics and used as energy calibration standards.
The maximum values from the fits of these y-ray lines
were plotted against the standard energies to provide an
internal energy calibration of each SeGA detector. In this
work, all the y-ray energies are reported in the labora-
tory frame, and all the excitation energies are reported in
the center-of-mass frame with recoil corrections applied.
One of the 16 SeGA detectors malfunctioned during the
experiment and three of the others displayed relatively
poor resolutions, so these four detectors are excluded
from the subsequent analysis. A cumulative spectrum in-
corporating the other 12 SeGA detectors was generated
for analysis. The characteristic resolution for the cumu-
lative SeGA spectrum is 0.19% FWHM at 1612 keV.

To reduce the systematic uncertainty associated with
extrapolation, further energy calibration was applied by
including four 2°Si(Bpy)**Mg lines known with very good
precision at 1368.626(5), 2754.007(11), 2869.50(6), and
4237.96(6) keV as standards [45]. These v rays are
emitted from the recoiling >*Mg after the S-delayed pro-
ton emission of 2°Si. Therefore, the v-ray line shape is
Doppler-broadened, and the regular EMG function is not
suited to fit the peak. To accurately extract information
from each peak, we applied the Doppler broadening line
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shape analysis. The detailed procedure will be described
in Sec. III D.

B. Proton energy and efficiency calibration

As detailed in Ref. [37], the anode plane of the Pro-
ton Detector is segmented into 13 readout pads, labeled
A—M. The B-delayed proton spectrum is usually pro-
duced by event-level summing of the five central pads
(A—E) and the eight surrounding pads (F—M) are usu-
ally used to veto the high-energy protons that escape
the active volume and deposit only part of their energy
in the active volume. In the current experiment, four
veto pads (F, G, L, M) were not instrumented, so the re-
sulting background caused by the escaping high-energy
protons hindered the identification of low-energy protons.
Instead, we could obtain the proton spectrum measured
by three central pads (A+C+D) and used the other six
neighboring pads (B, E, H, I, J, K) as veto triggers. The
strong (-delayed proton peaks at 402, 1268, and 1924 keV
were used for the energy calibration of the Proton Detec-
tor. We took a weighted average of the literature pro-
ton energies [13, 16-18] as calibration standards. The
proton information in our work is incomplete compared
with other literature as our Proton Detector is not sen-
sitive to protons above 2.4 MeV. Besides, the proton-
detection efficiency simulated for full utilization of all 13
readout pads [37] cannot be used in this case. It is sim-
pler and more accurate to determine the intensities for
each proton branch by normalizing the literature relative
intensities to the 2°Si(Bpy)**Mg intensities measured in
this work (Sec. IV B).

C. Normalization

In Ref. [37], we investigated the longitudinal beam dis-
tribution via the proton drift time distribution, and the
beam in the radial direction was estimated as a Gaus-
sian beam with the transverse distribution determined
based on the distribution of proton counts in different
pads of the Proton Detector. The investigation showed
that the 2°Si beam ions were mainly contained in the
active volume of the Proton Detector. We modeled the
Brownian motion of the 2°Si atoms using a Monte Carlo
simulation. The diffusion of the 2°Si atoms is estimated
to be less than 1 cm within four lifetimes, and there was
very little drift of 2°Si ions to the cathode of the Pro-
ton Detector. The B-delayed « rays and protons from
subsequent decays were detected by the SeGA detectors
and the Proton Detector, respectively. The geometry of
our experimental setup and the beam spatial distribu-
tion were used as inputs for a GEANT4 [46, 47] Monte
Carlo simulation to determine a ~y-ray photopeak effi-
ciency curve for the SeGA detectors. We then verified
the simulated efficiency curve by using a %?Eu calibra-
tion source [56] between 245 keV and 1408 keV and 23Al

data [57] up to 7801 keV. The source data were taken
with the '52Eu source placed at the center of SeGA before
the Proton Detector was installed and the 2*Al(3v)**Mg
was measured using the same detection setup in a subse-
quent experiment in the same campaign [58]. Although
the *2Eu source was absolutely calibrated, our procedure
for determining the absolute intensities of the v rays only
requires relative efficiencies. We extracted the ~-ray effi-
ciency from both data and simulation, and the simulated
efficiency is matched with the measured efficiency when
scaled by a constant factor on the order of unity. The
uncertainties associated with the scaling factors are de-
termined to be 0.7% for y-ray energies <1.4 MeV based
on the '"?Eu source data and 4.2% for vy-ray energies
>1.4 MeV based on the 23Al data, which give a measure
of the uncertainty on the relative efficiency. We then add
a flat 2% uncertainty in the efficiencies at all energies to
account for the vy summing effect [48]. Ultimately, we
adopt a conservative 3% uncertainty envelope for y-ray
energies <1.4 MeV and a 5% uncertainty envelope for
~-ray energies >1.4 MeV. The uncertainties associated
with the relative efficiencies were propagated through the
calculation of each 7-ray intensity.

We adopt an Iy = 21.5(12)% f feeding for the 2°Al
ground state based on our shell-model calculated I, =
20.9% and 22.2%. The difference between the two the-
oretical Iys represents the uncertainty coming from the
Hamiltonian (Sec. IVF). We can perform the normaliza-
tion by requiring the intensity of all decay paths sum to
100%:

Igp + Igy + Igs = 100%,

Iﬁﬂ = 59.0(5)%, 2)
Iﬁp

where Ig, is the total intensity of all 2°Si(8p)?*Mg
transitions, and Ig, is the total intensity of all
25Gi(By)*° Al transitions. The intensity of the
Z5Si(Bpy)** Mg (Ispy) accounts for 59.0(5)% of the total
25Gi(Bp)**Mg intensity based on the previous S-delayed
proton measurements [16-18]. The remainder of our
normalization procedure is entirely based on the ~-ray
intensities. Using the simulated relative efficiency and
the number of counts in each peak extracted from the
EMG fits yields the intensity for each ~ ray. Multiple
rays in one cascade are treated as one transition. Thus,
we determine the total intensities of the [-delayed pro-
ton and S-delayed v decays to be Iz, = 40.1(14)% and
I, = 38.3(15)%, respectively. These values can be con-
verted into the 8 feedings to all the unbound 2°Al states
Ty = 39.3(15)% and all the bound 2°Al states Iyng =
60.7(18)% when taking into account the weak ~-ray in-
tensities originating from the unbound states (Sec. IV C).
Our values may be compared with the previous litera-
ture values of I, = 40.5(14)% [16], 37.7(15)% [17], and
35.2(12)% [18] and Ipng = 58.7(13)% [16], 61.9(26)% [17],
and 66(9)% [18].



D. Doppler broadening analysis

When a proton is emitted from a nucleus, the daughter
nucleus will recoil with equal and opposite momentum as
the ejected proton due to the conservation of momentum.
If a v ray is emitted while the nucleus is still recoiling, it
will be Doppler-shifted in the laboratory frame. For an
ensemble of such events, the resulting ~-ray line shape
in the measured energy spectrum will be Doppler broad-
ened. In this experiment, we observed four ~y-ray lines
emitted from the 2*Mg recoiling in the gas after the (-
delayed proton emission of 2°Si. Detailed Monte Carlo
simulations have been developed to model the Doppler
broadening. The results are then compared to the actual
~-ray data [48-53]. The simulation takes into account
the energy and relative intensity of each proton branch
populating the 2*Mg excited state, the energy of the ~y
ray deexciting the 2*Mg excited state, the lifetime of the
24Mg excited state, the stopping power of the implanta-
tion material (780-Torr P10 gas), and the response func-
tion of each SeGA detector.

Robertson et al. [17] and Thomas et al. [18] reported
the most comprehensive 25Si(8p)?*Mg assignments and
they are generally in agreement. Hence, we adopted
their proton energies and proton-feeding intensities in
the simulation. The stopping power of the recoiling
24Mg in P10 gas is estimated as a function of energy
using the code sriM, which is expected to be accurate
to within 10% [54]. The lifetimes for the three low-
lying 2*Mg excited states at 1368, 4123, and 4238 keV
have been precisely measured to be 1.92(9) ps, 31.7(3) fs,
and 59.2(6) fs, respectively [45]. An isotropic distribu-
tion of v rays with respect to the proton distribution
is assumed in each simulation. Another input of the
simulation is the intrinsic response function for each of
the SeGA detectors. By fitting unbroadened g-delayed
~-ray peaks with the EMG function Eq. (1) at ener-
gies of 451.7(5), 493.3(7), 944.9(5), and 1612.4(5) keV
(#°Si(By)?°Al) [43] and 450.70(15), 1599(2), 2908(3), and
7801(2) keV (22 Al(37)**Mg) [55], the parameters 7 and o
were characterized as a function of energy for each SeGA
detector. Every detector has a different contribution to
the total number of counts in the peak depending on its
detection efficiency, and the simulation accounts for this
by normalizing the number of counts simulated for each
detector.

A linear function is adopted to model the local
background and added to each simulated peak when
compared to the actual data. Then, the simulation-
data comparison can be done using the classical y2-
minimization method. Because of the relatively low
statistics collected in the present experiment compared
to the 2°Mg(Bpy)'?Ne experiment [48], the construction
of a simulated peak shape follows the same method of
Ref. [48] with one major change. Although least-squares
based x? statistics (e.g., Neyman’s x? or Pearson’s x?)
are widely used for this type of analysis, they do not
always give reliable results for low-statistics data. An al-

ternative method better suited for low-statistics analysis
is to derive a x? statistic from a Poisson maximum like-
lihood function [59, 60]. The “likelihood x?” is defined
in the equation:

N
2 ni
X =-2ln\=2 Yi — g + niln—, 3
> " (3)

i=1

where A is the likelihood ratio, N is the number of
bins, n; is the number of counts in the ¢th bin of the
measured spectrum, and y; is the number of counts in
the 7th bin predicted by the simulation. The minimiza-
tion of x? is equivalent to the maximization of A\. The
binned maximum likelihood method is known to miss the
information with feature size smaller than the bin size of
the spectrum. It is therefore necessary to use a fine bin-
ning for line shape analysis. We used a 0.1-keV bin size
for the y-ray spectrum. The application of this likelihood
ratio x? method to the 25Si(8py)**Mg line shape analysis
is discussed in Sec. IV B.

IV. RESULTS AND DISCUSSION
A. Half-life of #°Si

The 2°Si half-life has been previously measured to be
225(6) ms [10], 218(4) ms [12], 232(15) ms [16], and
222.6(59) ms [17]. A weighted average of all previously
published values gives ¢,/ = 221.1(28) ms. In Ref. [37],
we have shown the decay curve of 2°Si by using the count
rate of the 402-keV proton as a function of time during
the decay period of the implant-decay cycle. Here, we
further investigated the systematics to provide a half-life
measurement. The 2°Si half-life is extracted by fitting
the count rate of all the protons within 350-2400 keV
recorded by the five central pads as a function of time
elapsed since the beginning of each implant-decay cycle.
The decay in the count rate is enhanced by diffusion of
258i out of the active volume. This effect is modeled
by a Monte Carlo simulation of the Brownian motion of
the 2°Si atoms. The effect of 2°Si losses due to diffusion
out of the central pads is parameterized by a 4" degree
polynomial Py(t—t¢) where ¢ is the clock time within the
cycle and tg is the beginning of the decay period of the
cycle. The data are fit using the function:

_In@)(t—tg)
f(t;Natl/27t07B):Ne /2 P4(t_t0)+Bv (4)
where N is the initial count rate of protons at the be-
ginning of the decay period of the cycle. We measured
the background during the interval between each run and
estimated the background level B to be 0.82(2) count/s.
The systematic effect associated with the uncertainty on
to is estimated to be 0.05 ms, and the systematic effect
associated with the fit range is estimated to be +0.9 ms



TABLE I. Uncertainty budget for the measured half-life of
25q:;
Si.

Source of uncertainty Uncertainty (ms)

Statistics +0.5
Diffusion of *°Si atoms o
Starting time of decay period +0.05
Fit range +0.9
Trigger threshold negligible
Event window negligible
Contaminants negligible
Total 10

by varying tg and the fit range within reasonable val-
ues. The diffusion is estimated to decrease the decay
lifetime by 1.8 ms. However, this assumes that the 2°Si
is in the atomic form. In reality, it is plausible that Si
atoms bond with hydrogen and carbon atoms that ex-
ist in the P10 mixture. As a result, the diffusion is ex-
pected to decrease in a non-trivial manner. We then
estimate other systematic effects due to the diffusion by
varying the initial 2°Si beam distribution in the volume
and the gas pressure of the simulation. The total un-
certainty associated with diffusion is determined to be
Jjg:g ms. Other effects, such as the trigger threshold,
the time window for the trigger, and the contribution
of the beam contaminants, are found to be negligible.
The effects contributing to the uncertainty are summa-
rized in Table I. The final result is determined to be
typ = 2189 £ 0.5(stat) ™99 (syst) ms, where the uncer-
tainties are statistical and systematic, respectively. This
value can be written as t;,9 = 218.9110 ms with the
statistical and systematic uncertainties added in quadra-
ture. As can be seen from Fig. 1, our result is consis-
tent with, and more precise than, all the literature val-
ues [10, 12, 16, 17]. We have reevaluated the half-life to
be t1/5 = 219.21“;:8 ms by taking a weighted average of
all published values.

B. *°Si(Bpy)**Mg

A 1369-keV v ray originating from the first excited
state of 24Mg was observed in the previous 2°Si 8-decay
measurements [15, 18]. In this work, we observed three
additional 2*Mg ~-ray lines following 2°Si S-delayed pro-
ton emissions. Figure 2 shows four ~-ray lines at 1369,
2754, 2870, and 4238 keV, corresponding to the deexci-
tations from the three lowest-lying 2*Mg excited states
populated by 25Si(8p). The placement of v rays is also
verified using ¥y coincidences. To remove the distur-
bance from a room background 7-ray line near the 1369-
keV peak, the Proton-Detector-gated v-ray spectrum was
generated for the 1369-keV peak. This coincidence gate
is set by any signal above 15 keV recorded by the Proton
Detector, and all the protons emitted from decays essen-

250
240 +
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£ | 250 232(15)  2236)  218971%
210 pMcPherson  218(4) Hatori  Robertson  Present -
1965 Reeder 1992 1993
200 1966
Measurements

FIG. 1. Half-life of °Si measured in the present work com-
pared with the values previously measured by McPherson et
al. [10], Reeder et al. [12], Hatori et al. [16], and Robertson
et al. [17]. The weighed average of all published values is
indicated by the solid red band.

tially have equal probabilities to trigger a 10-us back-
ward time window and select the coincident v-ray sig-
nals. Therefore, the Proton-Detector gate only reduces
the number of counts in the 1369-keV ~-ray line and does
not alter its relative proton feedings and the resulting
peak shape. Distributions of x? values from the simu-
lated and experimental spectra were constructed for each
peak. An example of the y? distribution of the 1369-keV
~-ray line is shown in Fig. 3, where the v-ray centroid
is considered a free parameter for x> minimization. The
best-fit peak centroid and integral as well as their statis-
tical uncertainties (x2,;,+ 1) were taken from a quadratic
polynomial fit of the x? distribution. We obtained the re-
duced x? value (x?2) by dividing the x? value by the num-
ber of degrees of freedom. Each statistical uncertainty is
then inflated by the square root of the y?2 value for the
corresponding fit. We are able to achieve a minimum in
the x2 distribution close to 1 for all four Mg ~-ray lines,
using the proton energies and the relative proton feeding
intensities measured by Thomas et al. [18]. The resultant
best fits from the x? minimization are shown in Fig. 2.
Replacing the proton energies and the relative proton
feeding intensities with the values measured by Robert-
son et al. [17] in our simulation yields very similar x>
values. Our Doppler-broadening analysis does not have
sufficient sensitivity to distinguish discrepancies in the
intensities of weak proton branches in this relatively low-
statistics case. Nevertheless, their proton inputs both fit
the y-ray data equally well, indicating that both of the
previous measurements placed the majority of the proton
intensity in the decay scheme correctly.

The v-ray intensities per ?°Si 8 decay (Ig,,) are de-
rived from the integral of each fit corrected for the SeGA
efficiency and normalized to the aforementioned total -
ray intensity. The lifetime and the fit parameters 7 and
o are varied by their one standard deviation uncertainty
and the stopping power is varied up and down by 50% to
investigate the systematic uncertainty. The uncertainties
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FIG. 2. 4-ray spectrum measured by the SeGA detectors magnified at (a) 1369 keV, (b) 2754 keV, (c) 2870 keV, and (d)
4238 keV. We show the raw spectrum for panel (b), (c), and (d) and the Proton-Detector-gated spectrum for panel (a) to
suppress the contribution from a room background line near the 1369-keV peak. Four upper panels: The Monte Carlo (MC)
simulations of the (a) 1369-keV, (b) 2754-keV, (c) 2870-keV, and (d) 4238-keV ~-ray peaks are produced by using lifetimes
adopted from the data evaluation [45] and the proton energies and relative proton feeding intensities measured by Thomas et

al. [18].

The black dots represent the data, the solid green lines denote the background model, the dashed red lines denote

the simulated line shapes including different contributions of proton feedings. Each proton feeding is represented by a colored
line, and in the legend it is labeled with a letter p followed by its center-of-mass energy. The dotted orange lines denote the
small unbroadened contribution of the contaminant decay *Al(v)**Mg. Four lower panels: The residual plots show the data
subtracted from the simulation. Compared with a regular EMG fit of each peak, our Doppler-broadening analysis substantially
improved the x2 and p-values, which are shown in the top-left corner of each panel.
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FIG. 3. x? distribution of the 1368.672(5)-keV ~-ray line as
a function of input ~-ray energy (black squares). A quadratic
polynomial fit (solid red line) was used to determine the best
fit energy and uncertainty.

associated with the aforementioned simulated efficiency,
the stopping power of the P10 gas, the lifetime of 2*Mg
states, the proton feedings, the parameters 7 and o, and
the deviation caused by adopting proton energies and in-
tensities from different literature [17, 18] were added in
quadrature to obtain the total systematic uncertainty.
Adding the systematic uncertainties with the statistical
uncertainty in quadrature yields the total uncertainty for
each 7y-ray intensity.

The 2*Al(B7)**Mg decay from the beam contami-
nant 24Al might yield a small portion of counts in the
25Gi(Bpy)?*Mg peaks as they both produce Mg ex-
cited states. The 2*Al(37)**Mg lines are unbroadened
and should also be included in the Doppler broadening
simulation. A 7070-keV 7-ray peak is identified in the
spectrum, and it can only be produced by 24Al(87)?**Mg.
Based on the number of counts and intensity of the 7070-
keV v ray [61], we estimate that the beam contaminant
24A1 comprised 0.13(4)% of the implanted beam ions.
Thus, the number of counts in the 1369-, 2754-, 2870-,
and 4238-keV 7-ray peaks contributed by 2*Al(5v)**Mg
are quantified based on the SeGA efficiency at these ener-
gies and their known intensities relative to the 7070-keV
~-ray peak [45, 61].

For the 4238-keV ?*Mg state, a further correction is re-
quired. Since the 4238-keV state has two v decay paths
to the ground state, the 2870-1369 cascade that does not
directly decay to the ground state will yield a small por-
tion of counts in the 4238-keV peak due to summing in
a single SeGA detector. The number of counts in the
4238-keV peak due to the summing effect is calculated
from the number of counts in the 2870-keV peak and the
SeGA efficiency for a 1369-keV « ray. The loss of pho-
topeak counts for the 1369- and 2870-keV ~ rays due to
the summing effect is corrected likewise. After correct-
ing the contaminant counts and the summing counts for
the 25Si(Bpy)?*Mg peak integral, we determine the final

TABLE II. 2°Si(Bpy)**Mg measured in the present work.
The **Mg ground state and three lowest-lying excited states
are observed to be populated by 25Si(ﬂp)‘ The well-known
24Mg excitation energies (column one) and -ray energies (col-
umn three) are adopted from the data evaluation [45]. Col-
umn two reports the measured 2°Si(8p)-feeding intensities to
each Mg state. Column four reports the intensity of each
~-ray transition per 2°Si decay. Column five reports the v-ray
branching ratios for each 2*Mg excited state.

E, (keV) [45] Is, (%) E- (keV) [45] Isp, (%) B.R. (%)

0 15.7(7) - - -
1368.672(5) 21.0(9) 1368.626(5) 22.1(9) 100
4122.889(12) 0.94(6) 2754.007(11) 0.94(6) 100
2869.50(6)  0.147(14)  25(3)
4238.24(3)  0590)  fo3796(6)  0.44(3)  75(3)

258i(Bpy)** Mg intensities and -ray branching ratios (see
Table II).

The two ~y rays emitted from the 4238.24(3)-keV 24Mg
state at 4237.96(6) and 2869.50(6) keV are measured to
have branching ratios of 75(3)% and 25(3) %, respectively.
The branching ratios are in agreement with the evalu-
ated values of 78.2(10)% and 21.8(10)% [62], which took
a weighed average of the results in Refs. [61, 63] with in-
flated uncertainty. We obtain the S-delayed proton feed-
ings to the 1369-, 4123-, 4238-keV 2*Mg states per 2°Si
decay of Iz, = 21.0(9)%, 0.94(6)%, and 0.59(3)%, respec-
tively, by adding all y-ray decays originating from each
state and subtracting feeding from higher lying states.
The proton feeding to the Mg ground state accounts
for 41.0(5)% of the total 25Si(Bp)?*Mg intensity [16-
18]. Combining this branching ratio and our measured
#5Si(Bpy)** Mg intensities yields an I, = 15.7(7)% for
the 2*Mg ground state. Thomas et al. [18] reported
Ig, = 14.3(10)%, 18.7(15)%, 1.06(20)%, and 0.41(12)%
and Robertson et al. [17] reported Iz, = 14.96(5)%,
20.27(5)%, 1.105(9)%, and 0.378(8)% for the Mg
ground state and excited states at 1369, 4123, and
4238 keV, respectively. The consistency of intensities
further confirms the literature interpretation of 2°Si -
delayed proton branches.

C. Si(By)* Al

Figure 4 shows the full y-ray spectrum measured by
the SeGA detectors. The Proton-Detector-coincident -
ray spectrum is also shown for comparison. This coinci-
dence gate reduced the statistics for the 2°Si(8py)?*Mg
peaks approximately by a factor of 4, which is related
to the implant-decay cycle and the trigger efficiencies of
the Proton Detector for protons. As can be seen from
Fig. 4, the relative statistics for the 2°Si(37)2%Al peaks
are even lower. This can be understood by considering
the low trigger efficiency of the Proton Detector for



particles. The coincidence condition suppresses the room
background lines substantially and helps verify the ori-
gins of the v-ray lines. Eight new S-delayed v rays are
clearly observed in the f-decay of ?°Si, and the results
are summarized in Table ITI. The uncertainty associated
with the energy calibration of the SeGA detector and the
statistical uncertainty from peak fitting were added in
quadrature to obtain the total uncertainty of each ~-ray.
For all the 25Si(37)?> Al peaks reported in this work, the
dominant source of the ~v-ray energy uncertainty is the
statistical uncertainty. The absolute intensity of each ~
ray in the 8 decay of 2°Si is determined using the num-
ber of counts in the ~-ray peak, the ~-ray detection ef-
ficiency of the SeGA detectors, and the aforementioned
total y-ray intensity. A further correction for the sum-
ming effect is applied whenever necessary. The statisti-
cal uncertainty associated with the peak area is obtained
from the peak-fitting procedure. The statistical uncer-
tainty and the systematic uncertainties associated with
the SeGA efficiency simulation are propagated through
the calculation of each vy-ray intensity.

The 452- and 1612-keV ~ rays correspond to the 100%
transitions from the 452- and 1612-keV states to the 2°Al
ground state, respectively. The intensity of the 1612-keV
v ray is corrected for the contribution of a nearby 1611.7-
keV -delayed ~ ray of 2 Al [43, 64]. There are two  rays
which are emitted from the 945-keV state at 493 and
945 keV, and they are expected to have branching ratios
of 61(4)% and 39(4)%, respectively [43, 44]. We have
improved these branching ratios to be 58.4(16)% and
41.6(16)% in this work. The 1789-keV state is observed
to be populated by the S-decay of 2°Si for the first time.
There are three v rays which are emitted from this state
with energies of 844.6(7), 1337.4(16), and 1789.4(9)-keV,
and their branching ratios are measured to be 44(3)%,
30.6(20)%, and 25.2(19)%, respectively. The measured
energies are consistent with the evaluated literature val-
ues of 844.6(7), 1337.8(7), and 1789.4(5) keV [43]. The
three branching ratios are consistent with the literature
values of 39.6(21)%, 36.1(18)%, and 23.3(10)%, which
are the weighted averages of five previous measurements
with inflated uncertainty [44, 65-68]. The excitation en-
ergy is determined to be 1789.2(6) keV by combining the
three y-ray energies. This value is of comparable preci-
sion to the excitation energy of 1789.5(5) keV reported in
the data evaluation [43], and we have reevaluated the ex-
citation energy to be 1789.4(4) keV by taking a weighted
average of the two values.

In all the previous 2°Si decay measurements [9-18], the
proton-unbound states in 2°Al were observed to decay
only by proton emission. For the first time, we have
observed the 3-delayed v rays through two unbound 2° Al
states at 2673 and 7902 keV.

There are four known ~ rays which are emitted from
the 2673-keV state at 883.8(8), 1728.3(8), 2221.5(8),
2673.1(6) keV [43], and they are expected to have branch-
ing ratios of 42.8(8)%, 0.5(2)%, 31.4(7)%, and 25.3(5)%,
respectively [69]. We have observed three «-ray branches

from this state. As can be seen from Table III, we
have measured their energies and branching ratios to
be 883.8(6) keV [37(5)%], 2221.4(18) keV [36(4)%], and
2673.6(6) keV [26(3)%)], respectively, which agree with
the literature values [43, 69] at the 20 level. However, our
sensitivity does not allow us to see the weakest 1728.3(8)-
keV ~ ray from this state. The excitation energy is ob-
tained to be 2673.4(5) keV from the three ~-ray ener-
gies. Combining our result with the excitation energy
of 2673.3(6) keV from the data evaluation [43] yields a
weighted average of 2673.4(4) keV.

The 5/2% isobaric analog state (IAS) with isospin
T = 3/2 in Al is predicted to decay by 36 or 37 -
ray branches by our shell-model calculations using the
USDC or USDI Hamiltonian, respectively. The three
most intense ~y-ray branches at 6288(2), 6955(2), and
7900(2) keV account for 92.4(15)% of its total theoreti-
cal y-ray branch. Their branching ratios measured by a
24Mg(p,v)?> Al reaction experiment [43, 70] are normal-
ized to be 34(3)%, 12.0(19)%, and 46(3)%, respectively.
A theoretical percentage of 80.7(13)% is used to normal-
ize the branching ratios for the two ~ rays at 6289(3) and
7902(3) keV observed in our work. Their branching ratios
are determined to be 36(10)% and 45(10)%, respectively,
in agreement with the previous measurement [70]. The
highest-energy ~ ray at 7902(3) keV is assigned as the de-
excitation from the IAS to the ground state of 2°Al. Its
single escape and double escape peaks are also observed,
and the excitation energy of the IAS is determined to be
7903(2) keV by combining the full photopeak energy and
escape-peak energies. This value is of comparable preci-
sion to the excitation energy of 7901(2) keV reported in
the data evaluation [43], and we have reevaluated the ex-
citation energy of the IAS to be 7902.0(14) keV by taking
a weighted average of the two values. The weakest 6955-
keV ~-ray line is less than 30 above the background level
in our spectrum, and we estimate the 90% confidence up-
per limit for its branching ratio to be <15%, in agreement
with the literature value of 12.0(19)% [43, 70].

D. *Si(p)*'Mg

The [-delayed proton spectrum of 2°Si is shown in
Fig. 5. The event-level summing of three central pads
(A+C+D) and an individual spectrum for pad A are
shown for comparison. The single pad spectrum is gener-
ated with anti-coincidence cuts on all other pads, result-
ing in a lower background and a fast-declining efficiency
as a function of proton energy. Robertson et al. [17] ob-
served 13 proton peaks below 2310 keV. Hatori et al. [16]
did not observe six of them, and Thomas et al. [18] did
not observe two of them at 1037 and 1684 keV. In the
present work, all 13 known proton peaks below 2310 keV
have been observed. We have reevaluated the proton en-
ergies by taking a weighted average of available literature
proton energies with inflated uncertainty. The proton in-
tensities are reevaluated by taking a weighted average of
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FIG. 4. ~-ray spectrum (upper; black) measured by the SeGA detectors showing the assignments for the photopeaks used
to construct the 2°Si decay scheme as well as those from room background. To reduce the room background contribution, a
Proton-Detector-coincident «-ray spectrum (lower; red) is produced by requiring coincidences with particle signals from the
Proton Detector. Each photopeak is labeled by the emitting nucleus and its energy rounded to the closest integer in units of
keV. Peaks labeled with one or two asterisks (*) correspond to single and double escape peaks, respectively. Peaks labeled
with a single dagger (f) are sum peaks with the summation noted. The bump at ~5910 keV is caused by the overflow of one

detector with unusual gain.



available literature proton relative intensities and then
normalized to the 2°Si(8py)?*Mg intensities determined
in Sec. IV B. A total of 34 proton energies and intensities
are evaluated and listed in Table III. The uncertainties
of proton intensities reported by Robertson et al. [17]
were unrealistically small [8], and therefore, we take an
unweighted average of literature relative intensities and
assign an uncertainty that covers all literature central
values. For the three proton emissions at 2453, 2486,
and 5549 keV only observed by Robertson et al. [17], the
uncertainties evaluated in this way become zero. Hence,
we extract the residuals between the averaged literature
relative intensities and those measured by Robertson et
al. [17] based on all other proton emissions. We derive a
standard deviation of all the residuals, and this standard
deviation is then factored into the uncertainties of the in-
tensities for the 2453-, 2486-, and 5549-keV protons. As
shown in Fig. 5, the g-particle background in our proton
spectrum is suppressed to as low as 100 keV, enabling the
clear identification of a new proton peak at 724(4) keV.
We derive a detection efficiency curve for all other pro-
tons based on the number of counts in each peak observed
in the proton spectrum and its corresponding intensity.
We then interpolate the efficiency at 724 keV and deter-
mine the intensity for the 724-keV proton emission to be
0.036(15)%.
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FIG. 5. Proton spectra measured by three central pads

A+C+D (upper; blue) and central pad A (lower; red). Each
proton peak from the S-delayed proton decay of 2°Si is labeled
with its center-of-mass energy rounded to the closest integer
in units of keV.

E. Proton-y coincidences and decay scheme

In order to reliably construct the decay scheme, it is
desirable to conduct a py coincidence analysis. Only two
previous measurement showed a handful of py coinci-
dences. Garcia et al. reported the coincidences between
the 1369-keV ~ ray and 3464-, 3606-, and 4257-keV pro-
tons [15]. Thomas et al. confirmed the 4257-1369 py
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coincidence [18]. In the present work, much more py co-
incidences have been directly observed. Figure 6 shows
three regions of the two-dimensional coincidence spec-
trum between the protons and v rays from 2°Si decay.
The protons and v rays detected in coincidence are sum-
marized in Table IV in the form of a coincidence matrix.

The newly identified 724-keV proton is observed in co-
incidence with the 2870- and 4238-keV ~ rays. Hence,
we assign it as a proton transition to the 4238-keV ex-
cited state of 2*Mg and obtain an excitation energy
of E, = 7234(4) keV for its proton-emitting state
in 2°Al.  The excitation energy is consistent with a
5/2F proton-emitting state, which was previously mea-
sured to be 7240(7) keV [71], 7240(3) keV [72], and
7239(5) keV [73], 7243(12) keV [13], 7248(5) keV [16],
7245(8) keV [17], 7255(7) keV [18], respectively. A de-
cay width of 19(4) keV was reported in a polarized proton
scattering experiment [72], which explains the broad peak
shape at 724 keV observed in our proton spectrum. Pre-
vious 2°Si decay experiments [13, 16-18] observed two
proton peaks at 3606 and 4980 keV, corresponding to
the proton transitions from this state to the first excited
state and ground state of 2*Mg, respectively. Our Pro-
ton Detector is not sensitive to those high-energy pro-
tons. Hence, we have determined the I, = 1.0(5)% and
0.28(23)% for the 3606- and 4980-keV proton branches,
respectively, based on the relative proton intensities mea-
sured in previous 2°Si decay experiments [13, 16-18] and
the aforementioned proton feedings to each 2*Mg state
(Table II). No ~-ray branches populating or deexciting
the 7240-keV state have been observed; therefore, the g
feeding of the 7240-keV state is determined by adding
up the intensities of the three proton branches from this
state.

The v-ray transitions are placed in the decay scheme
shown in Fig. 7 based on the known level scheme in the
database [43, 45], as well as including consideration of
spin and parity selection rules and the y-ray energy re-
lationships. The level scheme is also verified using vy
coincidences. Except for the 4y coincidences associated
with the two relatively weak v rays originating from the
TAS, all the expected vy coincidences between other -
ray transitions are observed in our work. All the bound
states of 2°Al are observed to be populated in the 3 de-
cay of 2°Si. The S-feeding intensity to a 2° Al bound state
is determined by subtracting the intensity of the v rays
feeding this level from the intensity of the ~ rays deexcit-
ing this level. The feeding of the first excited state of 25 Al
with J™ = 1/27 is consistent with its population by By
decay rather than directly by a second-forbidden S tran-
sition. It is possible that there exist weak, unobserved
feedings from high-lying states, and the apparent [ feed-
ings for low-lying states are thus higher than the true
feedings due to the Pandemonium effect [74]. We have as-
sessed the extent of this effect based on the shell-model
calculations, and the unobserved v feedings from high-
lying states to each low-lying state are expected to be
negligible (<10~*) due to the dominance of proton emis-
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TABLE III. Results from the 2°Si(3v)?° Al and ?°Si(8p)**Mg decays obtained in the present work. Columns one through three
report the spin and parity (J7), excitation energies (E;), and S-feeding intensities (1) of each 2*Al level populated by the 3
decay of 2°Si, respectively. Columns four through seven report the excitation energies of the final states populated by ~-ray
transitions (E;) from each 2> Al state, the laboratory frame energies of each y-ray branch (E,), relative y-ray branching ratios
(B.R.), and y-ray intensities per 2>Si § decay (I,), respectively. Columns eight through ten report the excitation energies (E)
of the 2*Mg states fed by proton emissions from each 2° Al state, the energies of the emitted protons in the center-of-mass frame
(Ep(c.m.)), and proton intensities (I,) per *°Si 8 decay, respectively.

y-ray transition Proton emission
JT [43] E; (keV) Ig (%) Ef (keV) Ey (keV) BR. (%) I, (%) Ef (keV) Ep(cm.) (keV) I, (%)P
5/2F 0 21.5(12)4
1/2+ 451.7(5) - 0 451.7(5)" 100 15.0(6)
3/2% 944.9(5) 22.6(7) 452 493.3(7)%  58.4(16) 13.6(5)
0 944.9(5)>  41.6(16) 9.7(4)
(7/2)t 1612.5(5)* 15.2(9) 0 1612.4(5)* 100 15.3(9)
5/2F 1789.4(4) 1.46(7) 945 844.6(7) 44(3) 0.76(4)
452 1337.4(16)  30.6(20)  0.52(3)
0 1789.4(9)  25.2(19)  0.43(3)
3/2% 2673.4(4) 6.8(15) 1789 833.8(6) 37(5) 0.26(3) 0 402.0(9)" 6.1(15)"
945 1728.3(8)>  0.5(2)? —e
452 2221.4(18) 36(4) 0.25(3)
0 2673.6(6) 26(3) 0.184(17)
5/2% 3859.1(8)*  0.30(16) - - - - 0 1584(3) 0.30(16)
3/2+ 4192(4)® 3.1(7) - - - — 1369 554(10)™ 0.49(25)"
0 1924.3(20)8 2.6(7)8
5/2F 4582(2)? 3.2(5) - - - - 1369 043.7(11)8 1T.7(5)8
0 2310.0(9)® 1.5(3)8
(7/2)t 4906(4)> 0.45(22) - - - - 1369 1268(5)" 0.41(22)"
0 2632(10) 0.048(10)
(3/2,5/2,7/2)F  5597(6)* 0.5(3) — — — — 0 3327(4)% 0.5(3)%
(3/2,5/2,7/2)F  5804(4)* 1.7(4) - - - - 1369 2164(3)8 1.7(4)8
- 6063(7)*  0.040(11) - - - - 1369 2453(25)F 0.040(11)F
(3/2,5/2,7/2)F  6170(2)* 0.4(3) - - - - 1369 2486(25)F 0.10(3)K
0 3896(8)f 0.3(3)f
5/2F 6650(5)? 0.42(25) - - - - 1369 3006(11)8 0.42(25)8
(3/2,5/2,7/2)  6877(7)* 0.42(16) — — — — 1369 3236(6)% 0.42(16)F
3/2% 6909(10)>  0.035(11) - - - - 0 4614(9)) 0.035(11))
3/2% 7118(5)? 4.8(16) - - - - 1369 3464(3)8 3.6(15)8
0 4845(4)8 1.1(8)8
5/2F 7240(3)? 1.3(5) - - - - 4238 T24(4) 0.036(15)"
1369 3606(4)8 1.0(5)8
0 4980(4)8 0.28(23)
(7/2)*t 7422(5)? 0.16(6) - - - - 4123 1037(16)™ 0.16(6)™
(3/2,5/2,7/2)* 76462 0.23(14) — — — — 0 5382(11)8 0.23(14)F
— 7819(20)* 0.32(9) — — — — 0 5549(15)F 0.32(9)F
5/2F 7902.0(14)  13.4(16) 1612 6289(3) 36(10)  0.086(20) 4238 1380(5)" 0.38(14)"
945 6955(2)* <15° <0.037¢ 4123 1492(6)! 0.26(13)!
0 7902(3) 45(10)  0.110(19) 1369 4257(3)8 10.3(14)®
0 5628.8(15)8 2.2(6)8
— 7936(20)*  0.45(13) — — — — 1369 4345(17)" 0.45(13)"
(3/2,5/2,7/2)T  8186(3)* 1.0(4) - - - - 4238 1684(12)™ 0.18(10)™
4123 1794(3)8 0.51(19)8
1369 4551(5)8 0.3(3)8
(3/2,5/2,7/2)F  9073(7)* 0.13(10) - - - - 0 6798(5)° 0.13(10)°
- 9275(25)>  0.0127(17) - - - - 0 7000(25)P 0.0127(17)°
- 9415(30)>  0.0127(17) - - - - 0 7141(30)P 0.0127(17)P

Adopted from the data evaluation [43].

Adopted from Ref. [14].

Each Ig is determined using the corresponding I in column seven and I, in column ten. See Sec. IV E for details.
Average of the theoretical Ig calculated using the USDC and USDI interactions.

~-ray branch indicated by the data evaluation [43] but not observed in this work due to limited sensitivity.
Average of Refs. [16-18].

Average of Refs. [13, 16-18].

Average of Refs. [17, 18].

Average of Refs. [13, 17, 18].

Average of Refs. [16, 17].

Adopted from Ref. [17].

Observed in the present work. See Sec. IV D for details.

™ Average of Refs. [13, 17].

Average of Refs. [13, 16, 17].

Average of Refs. [14, 16, 18].

Except for the 724-keV proton branch, each I,, is determined by taking a weighted average of available literature proton relative intensities and
then normalized to the 2SSi(Bp'y)24Mg intensities determined in Sec. IV B. The literature adopted for determining each I, is individually
indicated in the corresponding footnote.
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TABLE IV. Coincidence matrix of the protons and ~ rays
measured in the 8 decay of 2°Si. The first row corresponds to
the v-ray energy on which the gate is set. The following rows
indicate the protons observed in the gated spectrum. Protons
observed in coincidence are indicated with a checkmark (v')
if the signal is statistically significant. All the energies are
rounded to the closest integer and are given in units of keV.

1369 2754 2870 4238

402

554 v

724 v v
944
1037
1268
1380
1492
1584
1684 v v
1794
1924
2164 v
2310

NN

AN
AN

sion. The B-feeding intensity to a 2°Al unbound state is
determined by adding up the intensities of the proton and
~v-ray branches from this state. The excitation energies
and (-feeding intensities of all the 2°Al levels populated
by 25Si 3 decay are tabulated in Table III.

F. Shell-model calculations

We have performed the theoretical calculations us-
ing the shell-model code NUSHELLX [75] in the sd-shell
model space involving the 70ds /2, 71512, 70d3 /2, v0d5 /2,
v1lsy /2, and v0ds3 5 valence orbits. Two modified univer-
sal sd (USD) Hamiltonian [76], USDC and USDI, which
directly incorporate Coulomb and other isospin-breaking
interactions [77] were used. A quenching factor ¢ = 0.6
for the Gamow-Teller strength was used in our theoretical
calculation based on the average over the whole sd shell.
Given the quenching factors in sd shell ranging from 0.5
near “°Ca to 0.7 near '90, the theoretical uncertainty
associated with the A = 25, ¢ = 0.6 is estimated to be
+0.1. The theoretical log ft and B(GT) values are re-
ported in Table V. In general, the characteristics of the
decay scheme measured in the present work including the
excitation energies, S-feeding intensities, log ft, B(GT),
~-ray and proton partial widths for the states of 22 Al can
be reproduced well within the framework of the nuclear
shell model.

Low-lying states and the 7" = 3/2 TAS in 25Al have
been unambiguously identified and their excitation ener-
gies have been well measured. Given that decay widths
and intensities are very sensitive to energies, we have
applied a correction to the theoretical 8 feedings, y-ray
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partial widths (T'), and proton partial widths (I',) based
on the experimental energies. The Ig = T/t is deter-
mined using the half-life of 2°Si, T, and the individual
partial half-life for each transition, ¢t. The latter is scaled
from the theoretical ¢ by the phase space factor f using
the experimental $-decay energy of 2°Si and the excita-
tion energy of each 2°Al state under the assumption of
constant ft value. Each theoretical I', is calculated by
using the theoretical spectroscopic factor and the barrier-
penetration factor [78] corrected for the experimental res-
onance energy. Fach theoretical I', is obtained using the
effective M1 and E2 transition operators from Ref. [79]
and then scaled for the E%LH energy dependence, where
L denotes the multipolarity of the radiation.

G. Mirror asymmetry

With the (-decay energy of 2°Si QEC(25519) =
12743(10) keV [80], the 2°Si half-life of 219.2%05 ms,
the excitation energies of 25Al states, and the SB-feeding
intensities to 2°Al states measured in the present work,
the corresponding log ft values for each 2° Al state can be
calculated through the LOGFT analysis program provided
by the NNDC website [81]. The corresponding Gamow-
Teller transition strengths, B(GT), are calculated from
the ft values using the following relation:

K

It= ZBE) + ABET)

()

where K/g?, = 6144.48 £+ 3.70 s [82] and (ga/gv)* =
(—1.2756 4 0.0013)? [83], with gy and g4 being the free
vector and axial-vector coupling constants of the weak
interaction. Our shell-model calculations predict that the
Fermi transition strengths B(F) are negligible for low-
lying 25Al states.

The degree of isospin-symmetry breaking can be quan-
tified by the mirror-asymmetry parameter 6 = ft+/ft=—
1, where the ft™ and ft~ values are associated with the
B1 decay of 2°Si and the 3~ decay of 2°Na, respectively.
0 = 0 denotes perfect isospin symmetry. The log ft and
B(GT) values for each S-decay transition and the corre-
sponding mirror-asymmetry parameter are summarized
in Table V. Limited by the Qg_ = 3835.0(12) keV, only
five 25Mg states were observed to be populated by 2°Na 3
decay [34-36], and each one of them can be matched with
a specific 2°Al state measured in our work. Thomas et
al. [18] compared four transitions between the mirror nu-
clei 2°Si and ?°Na, and their mirror-asymmetry param-
eters for three bound states are consistent with but less
precise than our values. We did not observe mirror asym-
metry between the transitions to the second 3/2% state.
We observed some small but significant asymmetries for
the other four low-lying states. The theoretical B(GT)
values for 2°Si decay are in agreement with our exper-
imental values considering the theoretical uncertainties.
Our shell-model calculations somewhat underestimated
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TABLE V. Comparison of the mirror transitions in 2°Si and ?*Na /3 decays. Column one lists the excitation energies of each 2°Al
state. Columns two through three report the log ft and B(GT) values for the each ?*Si 3 transition. Column four shows the
J™ assignments [43]. Columns five through seven list the results of the mirror 25Na f-decay transitions. The mirror-asymmetry
parameters ¢ are reported in the last column. The USDC and USDI shell-model calculated results for both 2°Si and 2°Na

decays are shown for comparison.

253125 Al Present experiment

Na—2"Mg [35, 36]

PAl B, (keV) log ft B(GT) J7 [43] ®Mg E, (keV) log ft B(GT) 5
0 5.306(25) 0.0187(11) 572" 0 5.251(15) 0.0212(7) 0.14(8)
944.9(5) 5.100(14) 0.0294(9) 3/2+ 974.749(24) 5.043(6) 0.0342(5) 0.16(4)
1612.5(5) 5.15(3) 0.0269(19) 7/2+ 1611.772(11) 5.030(3) 0.0352(7) 0.31(9)
1789.4(4) 6.131(22)  0.00279(14) 5/2+ 1964.620(24) 6.045(9) 0.00340(7) 0.22(7)
2673.4(4) 5.27(10) 0.020(5) 3/2+ 2801.46(3) 5.246(9) 0.0214(5) 0.05(24)
»S8i—+?°Al USDC BNa—>Mg USDC
Al E; (keV) log ft B(GT) Mg E, (keV) log ft B(GT) 5
0 5.314 0.0183 5/27L 0 5.312 0.0184 0.01
1015 5.093 0.0305 3/2+ 1072 5.087 0.0309 0.01
1723 5.208 0.0234 7/2+ 1708 5.183 0.0248 0.06
1882 6.070 0.0032 5/2% 2012 6.140 0.0027 —0.15
2739 5.127 0.0282 3/2" 2834 5.135 0.0277 —0.02
28i—+?° Al USDI PNa—>*Mg USDI
Al E, (keV) log ft B(GT) Mg E, (keV) log ft B(GT) 5
0 5.293 0.0192 5/2+ 0 5.291 0.0193 0.01
1013 5.113 0.0291 3/2% 1068 5.107 0.0295 0.01
1722 5.206 0.0235 7/2" 1707 5.181 0.0249 0.06
1890 6.084 0.0031 5/2F 2020 6.173 0.0025 —0.18
2761 5.139 0.0274 3/27L 2854 5.147 0.0269 —0.02

the B(GT) value for the 7/2% state but slightly overes-
timated that for the second 3/2% state compared with
2’Na [-decay measurements [34-36], suggesting that a
more careful theoretical treatment is needed, e.g., use the
shell model in conjunction with more realistic radial wave
functions and sums over parentages in the A — 1 nuclei,
including a change in the radial wave function overlap
factors and how this is connected to the Thomas-Ehrman
shifts. These calculations call for more theoretical efforts
in the future.

H. 2°Al 2673-keV state

The 3 feeding of the 2673-keV state of 2°Al is mea-
sured to be Ig = 6.8(15)% by the sum of the intensities
of the four S-delayed ~y rays deexciting the 2673-keV state
I, = 0.70(4)% and the intensity of the 402-keV proton
I, = 6.1(15)%. The [ feeding of the 2673-keV state
is in agreement with the previous measured values of
I3 =6.93(76)% [16] and Iz = 8.2(15)% [17]. Thomas et
al. reported a smaller Ig = 4.8(3)% [18], in which the
2673-keV state was assumed to decay only via proton
emission. The ratio I,/I, is equal to the ratio I',/T.
We determine an experimental value of ', /T'), = 0.11(3),
in agreement with the I",/T', = 0.143(16) derived from a
24Mg(p,v)*> Al reaction measurement [84].

Another 2*Mg(p, v)?>Al reaction measurement deter-

TABLE VI. Decay properties of the 2673-keV 3/2" state in
AL

Reference TI'y (meV) I'y (meV) T'5/T, wy (meV) 7 (fs)
Refs. [69, 84] 23.8(15) 166(16) 0.143(16) 41.6(26) 6.1733
UsDC 20.6 173 0.119 36.8 3.4
USDI 21.2 173 0.123 37.7 3.4

Present 23(8)2  202(48)*  0.11(3) 41.6(26)> 2.9(7)

& Deduced from the wy measured by Refs. [69, 84] and the I,
and I, measured in the present work.
P Adopted from Refs. [69, 84].

mined the resonance strength of the 2673-keV state to
be wy = 41.6(26) meV [69]. The total decay width Tyt
is the sum of the I', and I', since they represent the
only two open decay channels for the 402-keV resonance
in 2Al. The I'y,; and wy are related by the following
expression:

2J, +1 r, xT,
2J, + )(2Jr +1) T

wy =

’ (6)

where J, = 3/2 is the spin of the 402-keV resonance,
Jp = 1/2 is the spin of proton, and Jr = 0 is the spin of
the ground state of 2*Mg. The lifetime of the 2673-keV
25 Al state was previously measured to be 7 = 6.175% fs



using the Doppler shift attenuation method [84]. This
value was converted to a half-life of 4(3) fs and adopted
by the evaluation [43]. The lifetime is inversely propor-
tional to the decay width by 7 = h/I'iot, where £ is the
Planck constant. Combining the branching ratio I', /T,
measured in this work with the literature wy value yields
a lifetime for the 2673-keV state of 2.9(7) fs, which is con-
sistent with, as well as more precise than, the previously
measured lifetime [84]. The decay properties of the 2673-
keV state in 2°Al are summarized and compared to the
USDC and USDI shell-model calculations in Table VI,
and good agreement is obtained for all the quantities.

I. 2°Al1T =3/2 IAS at 7902 keV

The proton partial width of the lowest T = 3/2 TAS
in 2°Al was determined to be I', = 155(50) eV [85, 86]
and 105(18) eV [87], respectively, in two proton scatter-
ing measurements with polarized-proton beams. These
two results agree, and a weighted average I', is deduced
to be 111(17) eV. The 7-ray partial width of the TAS
was previously determined to be I', = 2.0(10) eV in a
24Mg(p, v)?> Al reaction yield measurement [88] by adopt-
ing a proton branching ratio Ipo/Iptor = 0.17 from the
%58i f-delayed proton measurement [12]. I,o is the in-
tensity of the proton emission from the TAS proceeding
to the ground state of 2*Mg. Ipior is the total inten-
sity of the proton branches of the TAS. However, an-
other 24Mg(p, v)?° Al reaction study [70] reported a much
smaller I, = 0.50(13) eV based on the measured reso-
nance strength wy = 0.25(6) eV and the proton branch-
ing ratio Ipo/Iptor = 0.168(13) from another 2°Si -
delayed proton measurement [13]. The ratio of the y-ray
partial width to the proton partial width is deduced to be
either IT', /T, = 0.018(9) by adopting the I', of Ref. [88]
or I'y /T, = 0.0045(13) by adopting the I', of Ref. [70].

The decay properties of the IAS obtained in the present
work are shown in Table VII. The sum of the intensi-
ties for the 7902- and 6289-keV [-delayed ~y rays through
the TAS is measured to be I, = 0.20(3)%. The shell-
model predicts a 19.3(13)% branch for unobserved weak
v rays, so we obtain a corrected I, = 0.24(3)%. Based
on the relative proton branching ratios measured in pre-
vious 2°Si decay experiments [13, 16-18] and normalized
to our 2°Si(Bpy)2*Mg intensities, we have determined an
I, = 13.1(16)% for the IAS. Adding I, and I, yields the
total § feeding intensity Ig = 13.4(16)% for the IAS, cor-
responding to a log ft value of 3.23(6). The USDC and
USDI shell-model calculations predicted the log ft = 3.31
and 3.39, respectively. The agreement between the mea-
sured and calculated values is good considering the the-
oretical uncertainties.

We extract the ratio of ', /T', = 0.019(3) from the I,
and I, values. Combining our I'; /T, ratio with the liter-
ature I', value [85-87] yields a I, = 2.1(5) eV. We have
determined an wy = 1.0(4) eV by taking into account
the Lo/ Ipor = 0.17(5), deduced from the intensities of
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TABLE VII. Decay properties of the 7902-keV 5/2%, T = 3/2
IAS in *°Al

Reference T, (eV) 'y (eV) r,/r, wy (eV)
Ref. [88]  2.0(10) _ 111(17)* _ 0.013(9) 1.0(5)
Ref. [70]  0.50(13)  111(17)*  0.0045(13)  0.25(6)
USDC 2.98 111 0.027 1.49
USDI 2.45 111 0.022 1.22
Present 2.1(5)  111(17)*  0.019(3) 1.0(4)

a Weighted average of I'p, reported in Refs. [85-87].

proton emission from the TAS (See Table III). As can be
seen from Table VII, our results are in good agreement
with the results reported by Morrison et al. [88] and are
more precise, but they deviate from the values reported
by Rogers et al. [70] roughly by a factor of 4.

The USDC and USDI shell-model calculations esti-
mate the I'y to be 2.98 and 2.45 eV, respectively, in
agreement with the I'y = 2.1(5) eV derived from our
I',/T'), ratio and the T', from Refs. [85-87]. The shell
model also indicates that I', of the IAS depends on
the mixing with a predicted nearby 5/2%, T = 1/2
state that has a I', of 50 keV. Unfortunately, this state
has not yet been identified experimentally. The sum
of Fermi and Gamow-Teller contributions is derived to
be B(F) + (ga/gv)?B(GT) = 3.6(5) from our measured
log ft = 3.23(6). Our shell-model calculations predict a
B(GT) =~ 0.1 for the TAS. The summed B(F) should ful-
fill the sum rule _ B(F) = 3, suggesting that the Fermi
strength is mainly concentrated on the IAS. The frag-
mentation of the Fermi strength via isospin mixing is
rather small compared with the strong mixing observed
for some special cases [89-92]. The USDC and USDI
shell-model calculations predict that this state is 23 and
9 keV above the TAS, respectively, but there is an un-
certainty of about 150 keV for the predicted energy of
each state. It has been shown that this energy uncer-
tainty leads to uncertainties of about an order of mag-
nitude for the proton and neutron decay width of TAS
in the sd shell [93]. In order to assess the results for
25 A1, we move the relative location of the T' = 3/2 and
T = 1/2 states by adding b1 to the Hamiltonian, where
TAis the isospin operator. For states with good isospin,
VI?|T) = bT(T+1)|T). The T = 3/2 states are shifted by
3.75b, and the T' = 1/2 states are shifted by 0.75b. The
results obtained for the IAS and its neighboring T'=1/2
state obtained by adjusting the parameter b are shown in
Fig. 8. If the IAS is moved down by a few keV, the I, for
the IAS comes into agreement with the well-measured I'y,
value [85-87]. This is equivalent to moving the T'=1/2
state up a few keV. An empirical two-state mixing for-
malism [90] predicts that the unperturbed and observed
level spacing of the two states differ by less than 1 keV
in this case. The USDC and USDI shell models predicts
that the T' = 1/2 state is approximately 30 and 44 keV



above the T' = 3/2 IAS, respectively, corresponding to
7932~7946 keV for the excitation energy of the T = 1/2
state.
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FIG. 6. Coincidence spectrum between the Proton Detector
and SeGA detection for ?°Si decay. The v-ray spectrum is
magnified at 4238 keV (top panel), 2754 and 2870 keV (mid-
dle panel), and 1369 keV (bottom panel), corresponding to

the four v rays originating from the three lowest-lying 2*Mg
states.
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T=13/2 5/2*
Tz = 219.2?1):3 ms ZSSi

Qe = 12743(10) | ME = 3827(10)
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FIG. 7. Simplified decay scheme of 2°Si. The mass excesses, separation energies, Q values, spins, and parities are adopted from
the data evaluations [43, 45, 80]. The half-life is the weighted average of Refs. [10, 12, 16, 17] and the present work. The ~-ray
energies and the excitation energies deduced from these ~-ray energies are rounded to the nearest keV. Each v-ray transition
is denoted by a vertical arrow followed by its y-ray energy, and the corresponding 7-ray transition intensity is denoted by the
thicknesses of the arrow. Each S-decay transition is depicted by an arrow on the right side of the figure followed by its feeding
intensity. The 2673- and 7902-keV 2° Al states are observed to decay by both proton and ~-ray emissions. The newly observed
724-keV proton is emitted from the 7240-keV 2°Al state. Each proton transition is denoted by an arrow between its initial and
final states labeled alongside by its center-of-mass energy. For the sake of brevity, we omit other unbound ?®Al states. All the
energies and masses are given in units of keV. See Table III for details.
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FIG. 8. T', for the T = 3/2 TAS in ?®Al and its neighboring
T = 1/2 state as a function of the energy difference between
the two states (Eg3/2 — Ey1/2) calculated by the (a) USDC
and (b) USDI shell models. The decay width for the state
dominated by the T = 3/2 TAS is shown by the solid red
line, and decay width for the state dominated by the T'=1/2
state is shown by the dashed black line. The solid blue band
corresponds to the uncertainty of the experimental I', value
for the T'= 3/2 TAS [85-87].

17



V. CONCLUSION

By using the GADGET system at NSCL, simultane-
ous measurements of 2°Si B-delayed proton and ~ decays
were carried out. We have reported the most precise
half-life of 2°Si to date. Eight new 3-delayed ~-ray tran-
sitions were detected, leading to the population of three
25 Al states that have not been previously observed via
25Gi B-delayed ~ decay. A total of 14 S-delayed pro-
ton branches have been identified, including a new pro-
ton peak at 724 keV. We have confirmed the placement
of protons in the decay scheme of 2°Si reported by pre-
vious literature [17, 18] using both Doppler-broadening
line shape analysis and proton-v-ray coincidence analy-
sis. We have reevaluated the energies and intensities for
34 25Si B-delayed proton emissions. A more precise life-
time for the 2° Al 2673-keV state has been extracted, and
the discrepancy involving the ~-ray partial width of the
7902-keV T = 3/2 IAS in 25 Al in the literature has been
resolved, which demonstrates the potential of utilizing
complementary experimental approaches. The mirror-
asymmetry parameters have been deduced for five tran-
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sitions in the mirror 8 decays of 2°Si and 2°Na, which
will contribute to the systematic understanding of the
nature of mirror-symmetry breaking. Shell-model cal-
culations using the USDC and USDI Hamiltonians both
reproduce the experimental data well and predict a 5/2%,
T = 1/2 state above the T' = 3/2 TAS. It is desirable for
future experiments with higher statistics to explore the
fine structure near the IAS and search for the hypotheti-
cal T = 1/2 25 Al state that exhibits weak isospin mixing
with the TAS.

ACKNOWLEDGMENTS

We gratefully acknowledge the NSCL staff for tech-
nical assistance and for providing the 2°Si beam. We
would like to thank Timilehin Ogunbeku and Yongchi
Xiao for helpful discussions. This work was supported
by the U.S. National Science Foundation under Grants
No. PHY-1102511, PHY-1565546, PHY-1913554, and
PHY-1811855, and the U.S. Department of Energy, Of-
fice of Science, under award No. DE-SC0016052. L.S.
acknowledges support from the Office of China Postdoc-
toral Council under Grant No. 20180068.

[1] M. Pfiitzner, M. Karny, L. V. Grigorenko, and K. Riis-
ager, Rev. Mod. Phys. 84, 567 (2012).

[2] B. Blank and M. J. G. Borge, Prog. Part. Nucl. Phys.
60, 403 (2008).

[3] M. J. G. Borge, Phys. Scr. T152, 014013 (2013).

[4] J. C. Hardy and I. S. Towner, Phys. Rev. C 91, 025501
(2015).

[5] R. K. Wallace and S. E. Woosley, Astrophys. J. Suppl.
Ser. 45, 389 (1981).

[6] T. Kajino, W. Aoki, A.B. Balantekin, R. Diehl, M.A.
Famiano, G.J. Mathews, Prog. Part. Nucl. Phys. 107,
109 (2019).

[7] M. Arnould and S. Goriely, Phys. Rep. 384, 1 (2003).

[8] J.C. Batchelder, At. Data Nucl. Data Tables 132, 101323
(2020).

[9] R. Barton, R. McPherson, R. E. Bell, W. R. Frisken, W.
T. Link, and R. B. Moore, Can. J. Phys. 41, 2007 (1963).

[10] R. McPherson and J. C. Hardy, Can. J. Phys. 43, 1
(1965).

[11] J. C. Hardy and R. E. Bell, Can. J. Phys. 43, 1671 (1965).

[12] P. L. Reeder, A. M. Poskanzer, R. A. Esterlund, and R.
McPherson, Phys. Rev. C 147, 781 (1966).

[13] R G. Sextro, Ph.D. Thesis, University of California,
Berkeley, USA, 1973.

[14] Z. Y. Zhou, E. C. Schloemer, M. D. Cable, M. Ahmed,
J. E. Reiff, and J. Cerny, Phys. Rev. C 31, 1941 (1985).

[15] A. Garcia, E. G. Adelberger, H. E. Swanson, T. F. Lang,
and D. M. Moltz, Phys. Rev. C 42, 765 (1990).

[16] S. Hatori, H. Miyatake, S. Morinobu, K. Katori, M. Fu-
jiwara, I. Katayama, N. Ikeda, T. Fukuda, T. Shinozuka,
and K. Ogawa, Nucl. Phys. A 549, 327 (1992).

[17] J. D. Robertson, D. M. Moltz, T. F. Lang, J. E. Reiff,
J. Cerny, and B. H. Wildenthal, Phys. Rev. C 47, 1455

(1993).

[18] J.-C. Thomas, L. Achouri, J. Aystd, R. Béraud, B. Blank,
G. Canchel, S. Czajkowski, P. Dendooven, A. Ensallem,
J. Giovinazzo, N. Guillet, J. Honkanen, A. Jokinen, A.
Laird, M. Lewitowicz, C. Longour, F. de Oliveira Santos,
K. Perdjarvi, and M. Stanoiu Eur. Phys. J. A 21, 419
(2004).

[19] A. Piechaczek, M.F. Mohar, R. Anne, V. Borrel, B.A.
Brown, J.M. Corre, D. Guillemaud-Mueller, R. Hue, H.
Keller, S. Kubono, V. Kunze, M. Lewitowicz, P. Magnus,
A.C. Mueller, T. Nakamura, M. Pfiitzner, E. Roeckl, K.
Rykaczewski, M.G. Saint-Laurent, W.-D. Schmidt-Ott,
O. Sorlin, Nucl. Phys. A 584, 509 (1995).

[20] M. V. Lund, A. Andreyev, M. J. G. Borge, J. Cederkall,
H. De Witte, L. M. Fraile, H. O. U. Fynbo, P. T. Green-
lees, L. J. Harkness-Brennan, A. M. Howard, M. Huyse,
B. Jonson, D. S. Judson, O. S. Kirsebom, J. Konki, J.
Kurcewicz, 1. Lazarus, R. Lica, S. Lindberg, M. Madurga,
N. Marginean, R. Marginean, I. Marroquin, C. Mihai, M.
Munch, E. Nacher, A. Negret, T. Nilsson, R. D. Page,
S. Pascu, A. Perea, V. Pucknell, P. Rahkila, E. Rapis-
arda, K. Riisager, F. Rotaru, C. Sotty, M. Stanoiu, O.
Tengblad, A. Turturica, P. Van Duppen, V. Vedia, R.
Wadsworth, and N. Warr, Eur. Phys. J. A 52, 304 (2016).

[21] L. J. Sun, X. X. Xu, D. Q. Fang, C. J. Lin, J. S. Wang,
Z.H.Li, Y. T. Wang, J. Li, L. Yang, N. R. Ma, K. Wang,
H. L. Zang, H. W. Wang, C. Li, C. Z. Shi, M. W. Nie,
X. F. Li, H. Li, J. B. Ma, P. Ma, S. L. Jin, M. R. Huang,
7. Bai, J. G. Wang, F. Yang, H. M. Jia, H. Q. Zhang, Z.
H. Liu, P. F. Bao, D. X. Wang, Y. Y. Yang, Y. J. Zhou,
W. H. Ma, J. Chen, Y. G. Ma, Y. H. Zhang, X. H. Zhou,
H. S. Xu, G. Q. Xiao, and W. L. Zhan, Phys. Rev. C 95,
014314 (2017).



[22] D. E. Alburger, G. Wang, and E. K. Warburton, Phys.
Rev. C 35, 1479 (1987).

[23] J. Lee et al., in preparation.

[24] L. Weissman, A. F. Lisetskiy, O. Arndt, U. Bergmann,
B. A. Brown, J. Cederkall, I. Dillmann, O. Hallmann,
L. Fraile, S. Franchoo, L. Gaudefroy, U. Koster, K.-L.
Kratz, B. Pfeiffer, and O. Sorlin, J. Phys. G: Nucl. Part.
Phys. 31, 143 (2005).

[25] Y. Ichikawa, T. K. Onishi, D. Suzuki, H. Iwasaki, T.
Kubo, V. Naik, A. Chakrabarti, N. Aoi, B. A. Brown, N.
Fukuda, S. Kubono, T. Motobayashi, T. Nakabayashi,
T. Nakamura, T. Nakao, T. Okumura, H. J. Ong, H.
Suzuki, M. K. Suzuki, T. Teranishi, K. N. Yamada, H.
Yamaguchi, and H. Sakurai, Phys. Rev. C 80, 044302
(2009).

[26] Y. Ichikawa, T. K. Onishi, D. Suzuki, H. Iwasaki,
T. Kubol, V. Naik, A. Chakrabarti, N. Aoil, B. A.
Brown, N. Fukuda, S. Kubono, T. Motobayashil, T.
Nakabayashi, T. Nakamura, T. Nakao, T. Okumura, H.
J. Ong, H. Suzuki, M. K. Suzuki, T. Teranishi, K. N.
Yamada, H. Yamaguchi, and H. Sakurai, J. Phys.: Conf.
Ser. 312, 092031 (2011).

[27] R. E. McDonald, J. A. Becker, A. D. W. Jones, and A.
R. Poletti, Phys. Rev. C 181, 1631 (1969).

[28] D. Pérez-Loureiro, C. Wrede, M. B. Bennett, S. N. Lid-
dick, A. Bowe, B. A. Brown, A. A. Chen, K. A. Chipps,
N. Cooper, D. Irvine, E. McNeice, F. Montes, F. Naqvi,
R. Ortez, S. D. Pain, J. Pereira, C. J. Prokop, J. Quaglia,
S. J. Quinn, J. Sakstrup, M. Santia, S. B. Schwartz,
S. Shanab, A. Simon, A. Spyrou, and E. Thiagalingam,
Phys. Rev. C 93, 064320 (2016).

[29] G. F. Grinyer, C. E. Svensson, C. Andreoiu, A. N. An-
dreyev, R. A. E. Austin, G. C. Ball, R. S. Chakrawarthy,
P. Finlay, P. E. Garrett, G. Hackman, J. C. Hardy, B. Hy-
land, V. E. Tacob, K. A. Koopmans, W. D. Kulp, J. R.
Leslie, J. A. Macdonald, A. C. Morton, W. E. Ormand,
C. J. Osborne, C. J. Pearson, A. A. Phillips, F. Sarazin,
M. A. Schumaker, H. C. Scraggs, J. Schwarzenberg, M.
B. Smith, J. J. Valiente-Dobén, J. C. Waddington, J.
L. Wood, and E. F. Zganjar, Phys. Rev. C 71, 044309
(2005).

[30] L. Janiak, N. Sokolowska, A. A. Bezbakh, A. A. Ciemny,
H. Czyrkowski, R. Dabrowski, W. Dominik, A. S.
Fomichev, M. S. Golovkov, A. V. Gorshkov, Z. Janas,
G. Kaminski, A. G. Knyazev, S. A. Krupko, M. Kuich,
C. Mazzocchi, M. Mentel, M. Pfiitzner, P. Plucinski, M.
Pomorski, R. S. Slepniev, and B. Zalewski, Phys. Rev. C
95, 034315 (2017).

[31] L. J. Sun, X. X. Xu, C. J. Lin, J. Lee, S. Q. Hou, C. X.
Yuan, Z. H. Li, J. José, J. J. He, J. S. Wang, D. X. Wang,
H. Y. Wu, P. F. Liang, Y. Y. Yang, Y. H. Lam, P. Ma,
F. F. Duan, Z. H. Gao, Q. Hu, Z. Bai, J. B. Ma, J. G.
Wang, F. P. Zhong, C. G. Wu, D. W. Luo, Y. Jiang, Y.
Liu, D. S. Hou, R. Li, N. R. Ma, W. H. Ma, G. Z. Shi,
G. M. Yu, D. Patel, S. Y. Jin, Y. F. Wang, Y. C. Yu, Q.
W. Zhou, P. Wang, L. Y. Hu, X. Wang, H. L. Zang, P. J.
Li, Q. Q. Zhao, L. Yang, P. W. Wen, F. Yang, H. M. Jia,
G. L. Zhang, M. Pan, X. Y. Wang, H. H. Sun, Z. G. Hu,
R. F. Chen, M. L. Liu, W. Q. Yang, Y. M. Zhao, and H.
Q. Zhang, Phys. Rev. C 99, 064312 (2019).

[32] C. Détraz, D. Guillemaud, G. Huber, R. Klapisch, M.
Langevin, F. Naulin, C. Thibault, L. C. Carraz, and F.
Touchard, Phys. Rev. C 19, 164 (1979).

19

[33] D. Guillemaud-Mueller, C. Detraz, M. Langevin, F.
Naulin, M. de Saint-Simon, C. Thibault, F. Touchard,
and M. Epherre, Nucl. Phys. A 426, 37 (1984).

[34] A. D. W. Jones, J. A. Becker, R. E. McDonald, and A.
R. Poletti, Phys. Rev. C 1, 1000 (1970).

[35] D. E. Alburger and D. H. Wilkinson, Phys. Rev. C 3,
1957 (1971).

[36] D. E. Alburger and E. K. Warburton, Nucl. Phys. A 385,
474 (1982).

[37] M. Friedman, D. Pérez-Loureiro, T. Budner, E. Pollacco,
C. Wrede, M. Cortesi, C. Fry, B. Glassman, M. Harris, J.
Heideman, M. Janasik, B.T. Roeder, M. Roosa, A. Saas-
tamoinen, J. Stomps, J. Surbrook, P. Tiwari, J. Yurkon,
Nucl. Instrum. Methods Phys. Res. A 940, 93 (2019).

[38] D.J. Morrissey, B.M. Sherrill, M. Steiner, A. Stolz, I.
Wiedenhoever, Nucl. Instrum. Methods Phys. Res. A
204, 90 (2003).

[39] W.F. Mueller, J.A. Church, T. Glasmacher, D.
Gutknecht, G. Hackman, P.G. Hansen, Z. Hu, K.L.
Miller, P. Quirin, Nucl. Instrum. Methods Phys. Res. A
466, 492 (2001).

[40] C.J. Prokop, S.N. Liddick, B.L. Abromeit, A.T. Chemey,

N.R. Larson, S. Suchyta, J.R. Tompkins, Nucl. Instrum.

Methods Phys. Res. A 741, 163 (2014).

J. Chen, Nucl. Data Sheets 140, 1 (2017).

M. J. Martin, Nucl. Data Sheets 108, 1583 (2007).

R. B. Firestone, Nucl. Data Sheets 110, 1691 (2009).

M. Piiparinen, Z. Phys. 252, 206 (1972).

Araujo, P. Arce, M. Asai, D. Axen, S. Banerjee, G. Bar-
rand, F. Behner, L. Bellagamba, J. Boudreau, L. Broglia,
A. Brunengo, H. Burkhardt, S. Chauvie, J. Chuma, R.
Chytracek, G. Cooperman, G. Cosmo, P. Degtyarenko,
A. Dell’Acqua, G. Depaola, D. Dietrich, R. Enami, A.
Feliciello, C. Ferguson, H. Fesefeldt, G. Folger, F. Fop-
piano, A. Forti, S. Garelli, S. Giani, R. Giannitrapani,
D. Gibin, J. J. Gémez Cadenas, 1. Gonzdlez, G. Gra-
cia Abril, G. Greeniaus, W. Greiner, V. Grichine, A.
Grossheim, S. Guatelli, P. Gumplinger, R. Hamatsu,
K. Hashimoto, H. Hasui, A. Heikkinen, A. Howard, V.
Ivanchenko, A. Johnson, F. W. Jones, J. Kallenbach, N.
Kanaya, M. Kawabata, Y. Kawabata, M. Kawaguti, S.
Kelner, P. Kent, A. Kimura, T. Kodama, R. Kokoulin,
M. Kossov, H. Kurashige, E. Lamanna, T. Lampén, V.
Lara, V. Lefebure, F. Lei, M. Liendl, W. Lockman, F.
Longo, S. Magni, M. Maire, E. Medernach, K. Minami-
moto, P. Mora de Freitas, Y. Morita, K. Murakami, M.
Nagamatu, R. Nartallo, P. Nieminen, T. Nishimura, K.
Ohtsubo, M. Okamura, S. O’Neale, Y. Oohata, K. Paech,
J. Perl, A. Pfeiffer, M. G. Pia, F. Ranjard, A. Rybin, S.
Sadilov, E. Di Salvo, G. Santin, T. Sasaki, N. Savvas,
Y. Sawada, S. Scherer, S. Sei, V. Sirotenko, D. Smith,
N. Starkov, H. Stoecker, J. Sulkimo, M. Takahata, S.
Tanaka, E. Tcherniaev, E. Safai Tehrani, M. Tropeano,
P. Truscott, H. Uno, L. Urban, P. Urban, M. Verderi, A.
Walkden, W. Wander, H. Weber, J. P. Wellisch, T. We-
naus, D. C. Williams, D. Wright, T. Yamada, H. Yoshida,
and D. Zschiesche, Nucl. Instrum. Methods Phys. Res. A
506, 250 (2003).

[47] J. Allison, K. Amako, J. Apostolakis, P. Arce, M. Asai,
T. Aso, E. Bagli, A. Bagulya, S. Banerjee, G. Barrand,
B.R. Beck, A.G. Bogdanov, D. Brandt, J.M.C. Brown, H.
Burkhardt, Ph. Canal, D. Cano-Ott, S. Chauvie, K. Cho,



G.A.P. Cirrone, G. Cooperman, M.A. Cortés-Giraldo, G.
Cosmo, G. Cuttone, G. Depaola, L. Desorgher, X. Dong,
A. Dotti, V.D. Elvira, G. Folger, Z. Francis, A. Ga-
loyan, L. Garnier, M. Gayer, K.L.. Genser, V.M. Grichine,
S. Guatelli, P. Gueye, P. Gumplinger, A.S. Howard, 1.
Hiivnacova, S. Hwang, S. Incerti, A. Ivanchenko, V.N.
Ivanchenko, F.W. Jones, S.Y. Jun, P. Kaitaniemi, N.
Karakatsanis, M. Karamitros, M. Kelsey, A. Kimura, T.
Koi, H. Kurashige, A. Lechner, S.B. Lee, F. Longo, M.
Maire, D. Mancusi, A. Mantero, E. Mendoza, B. Mor-
gan, K. Murakami, T. Nikitina, L.. Pandola, P. Paprocki,
J. Perl, 1. Petrovi¢, M.G. Pia, W. Pokorski, J.M. Que-
sada, M. Raine, M.A. Reis, A. Ribon, A. Risti¢ Fira, F.
Romano, G. Russo, G. Santin, T. Sasaki, D. Sawkey, J.I.
Shin, I.I. Strakovsky, A. Taborda, S. Tanaka, B. Tomé, T.
Toshito, H.N. Tran, P.R. Truscott, L.. Urban, V. Uzhin-
sky, J.M. Verbeke, M. Verderi, B.L.. Wendt, H. Wenzel,
D.H. Wright, D.M. Wright, T. Yamashita, J. Yarba, H.
Yoshida, Nucl. Instrum. Methods Phys. Res. A 835, 186
(2016).

[48] B. E. Glassman, D. Pérez-Loureiro, C. Wrede, J. Allen,
D. W. Bardayan, M. B. Bennett, K. A. Chipps, M. Feb-
braro, M. Friedman, C. Fry, M. R. Hall, O. Hall, S.
N. Liddick, P. O’'Malley, W. -J. Ong, S. D. Pain, S. B.
Schwartz, P. Shidling, H. Sims, L. J. Sun, P. Thompson,
and H. Zhang, Phys. Rev. C 99, 065801 (2019).

[49] H. O. U. Fynbo, Nucl. Instrum. Methods Phys. Res. B
207, 275 (2003).

[50] H. Fynbo, M. Borge, J. Cederkall, S. Courtin, P.
Dessagne, B. Jonson, G. L. Scornet, T. Nilsson, G. Ny-
man, E. Poirier, K. Riisager, O. Tengblad, and K. Wil-
helmsen, Nucl. Phys. A 736, 39 (2004).

[61] F. Sarazin, J. S. Al-Khalili, G. C. Ball, G. Hackman, P.
M. Walker, R. A. E. Austin, B. Eshpeter, P. Finlay, P. E.
Garrett, G. F. Grinyer, K. A. Koopmans, W. D. Kulp, J.
R. Leslie, D. Melconian, C. J. Osborne, M. A. Schumaker,
H. C. Scraggs, J. Schwarzenberg, M. B. Smith, C. E.
Svensson, J. C. Waddington, and J. L. Wood, Phys. Rev.
C 70, 031302(R) (2004).

[62] C. M. Mattoon, F. Sarazin, C. Andreoiu, A. N. Andreyev,
R. A. E. Austin, G. C. Ball, R. S. Chakrawarthy, D.
Cross, E. S. Cunningham, J. Daoud, P. E. Garrett, G.
F. Grinyer, G. Hackman, D. Melconian, C. Morton, C.
Pearson, J. J. Ressler, J. Schwarzenberg, M. B. Smith,
and C. E. Svensson, Phys. Rev. C 80, 034318 (2009).

[63] S. B. Schwartz, C. Wrede, M. B. Bennett, S. N. Liddick,
D. Pérez-Loureiro, A. Bowe, A. A. Chen, K. A. Chipps,
N. Cooper, D. Irvine, E. McNeice, F. Montes, F. Naqvi,
R. Ortez, S. D. Pain, J. Pereira, C. Prokop, J. Quaglia,
S. J. Quinn, J. Sakstrup, M. Santia, S. Shanab, A. Si-
mon, A. Spyrou, and E. Thiagalingam, Phys. Rev. C 92,
031302(R) (2015).

[64] J. F. Ziegler, M. D.Ziegler, and J. P. Biersack, Nucl. In-
strum. Methods Phys. Res. B 268, 1818 (2010).

[55] R. B. Firestone, Nucl. Data Sheets 108, 1 (2007).

[66] M. J. Martin, Nucl. Data Sheets 114, 1497 (2013).

[67] Y. Zhai, Ph.D. Thesis, Texas A&M University, Texas,
USA, 2007.

[68] M. Friedman, T. Budner, D. Pérez-Loureiro, E. Pol-
lacco, C. Wrede, J. José, B. A. Brown, M. Cortesi, C.
Fry, B. Glassman, J. Heideman, M. Janasik, M. Roosa,
J. Stomps, J. Surbrook, P. Tiwari, Phys. Rev. C 101,
052802(R) (2020).

20

[69] Steve Baker and Robert D. Cousins, Nucl. Instrum.
Methods Phys. Res. 221, 437 (1984).

[60] A. Chester, G. C. Ball, R. Caballero-Folch, D. S. Cross,
S. Cruz, T. Domingo, T. E. Drake, A. B. Garnsworthy,
G. Hackman, S. Hallam, J. Henderson, R. Henderson,
W. Korten, R. Kriicken, M. Moukaddam, B. Olaizola, P.
Ruotsalainen, J. Smallcombe, K. Starosta, C. E. Svens-
son, J. Williams, and K. Wimmer Phys. Rev. C 96,
011302(R) (2017).

[61] E. K. Warburton, C. J. Lister, D. E. Alburger, and J. W.
Olness, Phys. Rev. C 23, 1242 (1981).

[62] P. M. Endt, Nucl. Phys. A 521, 1 (1990).

[63] P. M. Endt and C. Van Der Leun, Nucl. Phys. A 310, 1
(1978).

[64] H. S. Wilson, R. W. Kavanagh, and F. M. Mann, Phys.
Rev. C 22, 1696 (1980).

[65] N. Anyas-Weiss and A. E. Litherland, Can. J. Phys. 47,
2609 (1969).

[66] R. J. van Reenen, Z. B. D. Toit, and W. L. Mouton, Z.
Phys. 227, 326 (1969).

[67] G. J. McCallum, R. J. Sparks, G. E. Coote, and K. P.
Pohl, Can. J. Phys. 49, 467 (1971).

[68] P. Tikkanen, J. Keinonen, A. Kangasmiki, Zs. Fiilop, A.
Z. Kiss, and E. Somorjai, Phys. Rev. C 43, 2162 (1991).

[69] D.C. Powell, C. Iliadis, A.E. Champagne, S.E. Hale, V.Y.
Hansper, R.A. Surman, and K.D. Veal, Nucl. Phys. A
644, 263 (1998).

[70] D. W. O. Rogers, N. Anyas-Weiss, S. P. Dolan, N. A.
Jelley, and T. K. Alexander, Can. J. Phys. 55, 206 (1977).

[71] C. P. Browne, J. D. Goss, and A. A. Rollefson, Phys.
Rev. C 8, 1805 (1973).

[72] R.M. Prior, S.E. Darden, K.R. Nyga, H.Paetz Gen.
Schieck, Nucl. Phys. A 533, 411 (1991).

[73] Y. Fujita, I. Hamamoto, H. Fujita, Y. Shimbara, T.
Adachi, G. P. A. Berg, K. Fujita, K. Hatanaka, J.
Kamiya, K. Nakanishi, Y. Sakemi, Y. Shimizu, M.
Uchida, T. Wakasa, and M. Yosoi, Phys. Rev. Lett. 92,
062502 (2004).

[74] J.C. Hardy, L.C. Carraz, B. Jonson, P.G. Hansen, Phys.
Lett. B 71, 307 (1977).

[75] B.A. Brown and W.D.M. Rae, Nucl. Data Sheets 120,
115 (2014).

[76] B. A. Brown and B. H. Wildenthal, Annu. Rev. Nucl.
Part. Sci. 38, 29 (1988).

[77] A. Magilligan and B. A. Brown, Phys. Rev. C 101,
064312 (2020).

[78] A. R. Barnett, Comput. Phys. Commun. 27, 147 (1982).

[79] W. A. Richter, S. Mkhize, and B. A. Brown, Phys. Rev.
C 78, 064302 (2008).

[80] M. Wang, G. Audi, F. G. Kondev, W. J. Huang, S. Naimi,
and X. Xu, Chin. Phys. C 41, 030003 (2017).

[81] N. B. Gove and M. J. Martin, At. Data Nucl. Data Tables
10, 205 (1971).

[82] J. C. Hardy and I. S. Towner, Phys. Rev. C 102, 045501
(2020).

[83] P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.
Phys. 2020, 083C01 (2020).

[84] D.C. Powell, C. Iliadis, A.E. Champagne, C.A. Gross-
mann, S.E. Hale, V.Y. Hansper, L.K. McLean, Nucl.
Phys. A 660, 349 (1999).

[85] P.G. Ikossi, T.B. Clegg, W.W. Jacobs, E.J. Ludwig, W.J.
Thompson, Nucl. Phys. A 274, 1 (1976).



[86] P. G. Ikossi, W. J. Thompson, T. B. Clegg, W. W. Ja-
cobs, and E. J. Ludwig, Phys. Rev. Lett. 36, 1357 (1976).

[87] J.F. Wilkerson, T.M. Mooney, R.E. Fauber, T.B. Clegg,
H.J. Karwowski, E.J. Ludwig, W.J. Thompson, Nucl.
Phys. A 549, 223 (1992).

[88] G. C. Morrison, D. H. Youngblood, R. C. Bearse, and R.
E. Segel, Phys. Rev. 174, 1366 (1968).

[89] V. E. Iacob, Y. Zhai, T. Al-Abdullah, C. Fu, J. C. Hardy,
N. Nica, H. I. Park, G. Tabacaru, L. Trache, and R. E.
Tribble, Phys. Rev. C 74, 045810 (2006).

[90] Vandana Tripathi, S. L. Tabor, A. Volya, S. N. Liddick,
P. C. Bender, N. Larson, C. Prokop, S. Suchyta, P.-L.
Tai, and J. M. VonMoss, Phys. Rev. Lett. 111, 262501
(2013).

[91] S. E. A. Orrigo, B. Rubio, Y. Fujita, B. Blank, W. Gel-
letly, J. Agramunt, A. Algora, P. Ascher, B. Bilgier, L.

21

Caceres, R.B. Cakirli, H. Fujita, E. Ganioglu, M. Ger-
baux, J. Giovinazzo, S. Grévy, O. Kamalou, H. C. Kozer,
L. Kucuk, T. Kurtukian-Nieto, F. Molina, L. Popescu, A.
M. Rogers, G. Susoy, C. Stodel, T. Suzuki, A. Tamii, J.
C. Thomas, Phys. Rev. Lett. 112, 222501 (2014).

[92] M. B. Bennett, C. Wrede, B. A. Brown, S. N. Liddick,
D. Pérez-Loureiro, D. W. Bardayan, A. A. Chen, K. A.
Chipps, C. Fry, B. E. Glassman, C. Langer, N. R. Larson,
E. I. McNeice, Z. Meisel, W. Ong, P. D. O’Malley, S. D.
Pain, C. J. Prokop, H. Schatz, S. B. Schwartz, S. Suchyta,
P. Thompson, M. Walters, and X. Xu, Phys. Rev. Lett.
116, 102502 (2016).

[93] W. E. Ormand and B. A. Brown, Phys. Lett. B 174, 128
(1986).



