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Background: B-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 y rays of »Si to investigate the properties of > Al excited
states.

Method: *Si 8 decays were measured by using the Gaseous Detector with Germanium Tagging system at the
National Superconducting Cyclotron Laboratory. The protons and y rays emitted in the decay were detected
simultaneously. A Monte Carlo method was used to model the Doppler broadening of **Mg y-ray lines caused
by nuclear recoil from proton emission. Shell-model calculations using two newly developed universal sd-shell
Hamiltonians 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 >*Mg y-ray lines and eight Al y-ray lines are
observed for the first time in *>Si decay. The first measurement of the *>Si B-delayed y-ray intensities through
the > Al unbound states is reported. All the bound states of >> Al are observed to be populated in the 8 decay of
23Si. 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 »Si are in good agreement with the shell-
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model calculations, offering gratifyingly consistent insights into the fine nuclear structure of 2> Al.

DOI: 10.1103/PhysRevC.103.014322

I. INTRODUCTION

The investigation of exotic nuclei lying far from the stabil-
ity line has been one of the attractive topics of nuclear physics
during the past few decades [1]. -decay studies have proved
to be a powerful tool to obtain a variety of spectroscopic infor-
mation on nuclei far from stability that are difficult to obtain
otherwise [2,3], which provides an excellent and stringent test
of nuclear structure theories and fundamental symmetries [4]
and also deepens our understanding of the astrophysical rapid
proton capture process [5], rapid neutron capture process [6],
and p process [7].
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Nuclei near the proton drip line with large Q values for
BT decay and low proton separation energies often decay
by B-delayed proton emission (8p). Since the discovery of
the first Bp emitter 23Si in 1963, a total of 196 Bp emit-
ters (including isomers) have been identified ranging from
C (Z=6) to Lu (Z=171) [8]. The B decay of *Si has
been one of the most studied cases [9-18]. All the B-decay
measurements of 2>Si were focused on the proton spectrum,
whereas the y-ray spectrum has not been measured with high
statistics. Construction of the decay scheme based solely on
proton spectra could lead to inaccurate assignments. Thomas
et al. [18] reported the most comprehensive measurement but
with very limited y-ray information. They may have missed
some of the low-intensity and high-energy y rays due to low
statistics and low efficiency. The existing information on 23Si
decay properties is still incomplete and therefore motivates
new experiments to search for new f-delayed particles and
y rays. Detecting protons and y rays in °Si 8 decay and the
coincidence between them allows one to reliably construct the

©2021 American Physical Society
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decay scheme. °Si B-decay spectroscopy provides a sensitive
and selective means to probe the properties of 23Al 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
B-delayed proton decay of *>Si was obtained with silicon
implantation detectors. A major problem for this method is
the strong S-summing effect caused by energy deposited by S
particles [2]. Robertson ef al. employed a gas-silicon detector
telescope to detect °Si B-delayed protons for the first time.
Despite the small solid angle coverage and the existence of
dead layers for incident particles, they were able to identify
several new low-energy proton peaks [17]. Hence, the devel-
opment of complementary experimental tools for the clean
detection of low-energy fB-delayed proton branches is partic-
ularly valuable.

In this paper, the emitted particles and y rays in the § decay
of 23Si were measured simultaneously with high efficiency
and high energy resolution. Combining all available experi-
mental information yields an improved decay scheme of >3Si,
which is compared to theoretical calculations and to the 8~
decay of the mirror nucleus, BNa. A comparison between the
mirror Gamow-Teller decays also provides an opportunity to
investigate isospin asymmetry. A nonzero mirror asymmetry
parameter implies abnormal nuclear structure, such as halo
structure in the initial and/or final state. In view of the asym-
metries reported in the nearby sd-shell nuclei Mg —2°0Q
[19-22], #2Si — 220 [23,24], **Si — Al [25-27] %P — **Na
[28,29], 27S — ?’Na [30-33], it is desirable to extend this test
to 2°Si and its mirror partner nucleus 2Na [34-36].

II. EXPERIMENTAL TECHNIQUES

The experiment was conducted at the National Supercon-
ducting Cyclotron Laboratory (NSCL) in May 2018. The
experimental procedure has been detailed in Ref. [37] and
is briefly repeated here for completeness. A *°Ar'8* primary
beam was accelerated by the K500 and K1200 Coupled Cy-
clotron Facility to 150 MeV /nucleon at a beam current of
~75 pnA. The secondary *>Si beam was produced via the
projectile fragmentation of the *Ar beam impinging on a
1363-mg/cm?-thick °Be target and purified using the A1900
fragment separator [38]. The Gaseous Detector with Ger-
manium Tagging (GADGET) [37], composed of the Proton
Detector and the Segmented Germanium Array (SeGA) [39],
has been built and successfully commissioned to measure
the decays for the nuclei near the proton-drip line. In the
current experiment, a total of 3 x 107 2°Si ions were im-
planted into the gaseous Proton Detector with an average
beam rate of approximately 1800 particles per second. The
Proton Detector was filled with P10 gas mixture at a pressure
of 780 Torr, which is ideally suited for low-energy proton
detection because the background contributed by B particles
was mitigated. The charged-particle measurement was carried
out under a pulsed-beam mode, i.e., the beam ions were de-
livered for 500 ms, then the decays were detected during the
500-ms beam-off period. The Proton Detector was mounted
at the center of SeGA, which consists of 16 high-purity ger-

manium detectors arranged into two rings surrounding the
Proton Detector. These two rings of eight detectors will be
referred to as “upstream” and “downstream.” The detection
for the y 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 processed by the NSCL
digital data acquisition system [40].

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

To create a cumulative y-ray energy spectrum, the spec-
trum of each SeGA detector was linearly gain-matched run
by run using room background lines at 1460.820 £ 0.005 and
2614.511 £ 0.010 keV from the 8 decays of 40K [41] and
208 [42], respectively. An exponentially modified Gaussian
(EMGQG) function of the form

N 1 2 —
f(X;Ny,u,O’,'L')z—exp _(z) +x M
2T 2\t T

« edc[%(g +"_“)], (1)

T o

was used to fit each f-delayed y-ray line in the spectrum.
The EMG is characterized by an exponential decay constant
7, width o, mean u, energy x, and area below the curve N.
Also, a linear function is added to this formula to model
the local background. Four °Si B-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 val-
ues 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 paper, all the y-ray energies
are reported in the laboratory frame, and all the excitation
energies are reported in the center-of-mass frame with recoil
corrections applied. One of the 16 SeGA detectors malfunc-
tioned during the experiment and three of the others displayed
relatively poor resolutions, so these four detectors are ex-
cluded from the subsequent analysis. A cumulative spectrum
incorporating the other 12 SeGA detectors was generated
for analysis. The characteristic resolution for the cumulative
SeGA spectrum is 0.19% full width at half maximum at
1612 keV.

To reduce the systematic uncertainty associated with
extrapolation, further energy calibration was applied by in-
cluding four »*Si(8py)?*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 y rays are emitted
from the recoiling 2*Mg after the S-delayed proton emission
of 2Si. Therefore, the y-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-shape analysis. The detailed proce-
dure will be described in Sec. IIID.
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B. Proton energy and efficiency calibration

As detailed in Ref. [37], the anode plane of the Proton
Detector is segmented into 13 readout pads, labeled A-M.
The B-delayed proton spectrum is usually produced by event-
level summing of the five central pads (A-E) and the eight
surrounding pads (F-M) are usually 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 instru-
mented, so the resulting background caused by the escaping
high-energy protons hindered the identification of low-energy
protons. Instead, we could obtain the proton spectrum mea-
sured 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 f-delayed proton peaks at 402, 1268, and 1924 keV
were used for the energy calibration of the Proton Detector.
We took a weighted average of the literature proton energies
[13,16—18] as calibration standards. The proton information
in our paper is incomplete compared with other literature
as our Proton Detector is not sensitive 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 simpler and more accurate to determine the
intensities for each proton branch by normalizing the literature
relative intensities to the >Si(8py ) **Mg intensities measured
in this paper (Sec. IV B).

C. Normalization

In Ref. [37], we investigated the longitudinal beam distri-
bution via the proton drift time distribution, and the beam in
the radial direction was estimated as a Gaussian 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 >>Si beam ions were mainly
contained in the active volume of the Proton Detector. We
modeled the Brownian motion of the *°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 Proton Detector.
The B-delayed y 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 distribution were used as inputs for a GEANT4
[46,47] Monte Carlo simulation to determine a y-ray photo-
peak efficiency curve for the SeGA detectors. We then verified
the simulated efficiency curve by using a '>>Eu calibration
source [56] between 245 and 1408 keV and Al data [57]
up to 7801 keV. The source data were taken with the '>>Eu
source placed at the center of SeGA before the Proton Detec-
tor was installed and the 2 Al(8y) >*Mg was measured using
the same detection setup in a subsequent experiment in the
same campaign [58]. Although the '>?Eu source was abso-
lutely calibrated, our procedure for determining the absolute
intensities of the y rays only requires relative efficiencies. We
extracted the y-ray efficiency 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

determined to be 0.7% for y-ray energies <1.4 MeV based
on the "?Eu source data and 4.2% for y-ray energies >1.4
MeV based on the 2*Al 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
yy summing effect [48]. Ultimately, we adopt a conservative
3% uncertainty envelope for y-ray energies <1.4 MeV and
a 5% uncertainty envelope for y-ray energies >1.4 MeV.
The uncertainties associated with the relative efficiencies were
propagated through the calculation of each y-ray intensity.

We adopt an Igs = 21.5(12)% B feeding for the Al
ground state based on our shell-model calculated Igs = 20.9
and 22.2%. The difference between the two theoretical Igs
represents the uncertainty coming from the Hamiltonian
(Sec. IVF). We can perform the normalization by requiring
the intensity of all decay paths sum to 100%:

1,3,, -‘r—Iﬁy + Igs = 100%,

I
v _ 59.0(5)%, 2)
1;‘317

where Ig), is the total intensity of all 2Si(Bp) *Mg transitions,
and Iz, is the total intensity of all *Si(8y)* Al transi-
tions. The intensity of the 2Si(Bpy)**Mg (Igpy) accounts
for 59.0(5)% of the total >>Si(8p)2*Mg intensity based on
the previous B-delayed proton measurements [16—18]. The
remainder of our normalization procedure is entirely based on
the y-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 y ray. Multiple y rays in
one cascade are treated as one transition. Thus, we determine
the total intensities of the §-delayed proton and B-delayed y
decays to be Ig, = 40.1(14)% and Ig, = 38.3(15)%, respec-
tively. These values can be converted into the 8 feedings to all
the unbound Al states Iy, = 39.3(15)% and all the bound
Al states fyyg = 60.7(18)% when taking into account the
weak y-ray intensities originating from the unbound states
(Sec. IV C). Our values may be compared with the previous
literature values of I, = 40.5(14)% [16], 37.7(15)% [17],
and 35.2(12)% [18] and lyng = 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 y
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 y-ray line shape in the measured
energy spectrum will be Doppler broadened. In this experi-
ment, we observed four y-ray lines emitted from the **Mg
recoiling in the gas after the S-delayed proton emission of
238i. Detailed Monte Carlo simulations have been developed
to model the Doppler broadening. The results are then com-
pared to the actual y-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 **Mg
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excited state, the stopping power of the implantation material
(780-Torr P10 gas), and the response function of each SeGA
detector.

Robertson et al. [17] and Thomas et al. [18] reported
the most comprehensive 2>Si(8p) 2*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 *Mg 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 distribution of y
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 S-delayed y-ray peaks with the EMG func-
tion Eq. (1) at energies of 451.7(5), 493.3(7), 944.9(5), and
1612.4(5) keV [PSi(By) P Al] [43] and 450.70(15), 1599(2),
2908(3), and 7801(2) keV [**Al(By)*Mg] [55], the param-
eters T and o were characterized as a function of energy for
each SeGA detector. Every detector has a different contribu-
tion 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 x2-minimization method. Because of the
relatively low statistics collected in the present experiment
compared to the °Mg(Bpy) "*Ne experiment [48], the con-
struction 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 x2 or Pearson’s x2) are
widely used for this type of analysis, they do not always give
reliable results for low-statistics data. An alternative method
better suited for low-statistics analysis is to derive a x 2 statis-
tic from a Poisson maximum likelihood function [59,60]. The
“likelihood x>” is defined in the equation

N

x> =—2InA = ZZyi—ni—l—niln;qu, 3)

i=1 !
where A is the likelihood ratio, N is the number of bins, n; is
the number of counts in the ith bin of the measured spectrum,
and y; is the number of counts in the ith bin predicted by
the simulation. The minimization of x? is equivalent to the
maximization of L. 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 binning for line-shape analysis. We used a 0.1-keV bin
size for the y-ray spectrum. The application of this likelihood
ratio x2 method to the °Si(8py ) **Mg line-shape analysis is
discussed in Sec. IV B.

IV. RESULTS AND DISCUSSION

A. Half-life of *Si

The Si half-life has been previously measured to be
225(6) ms [10], 218(4) ms [12], 232(15) ms [16], and

TABLE L. Uncertainty budget for the measured half-life of **Si.

Source of uncertainty Uncertainty (ms)

Statistics +0.5
Diffusion of >Si atoms o3
Starting time of decay period +0.05
Fit range +0.9
Trigger threshold Negligible
Event window Negligible
Contaminants Negligible
Total o

—1.4

222.6(59) ms [17]. A weighted average of all previously pub-
lished values gives #;, = 221.1(28) ms. In Ref. [37], we have
shown the decay curve of >3Si 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 investi-
gated the systematics to provide a half-life measurement. The
25Si 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 2>Si out of the active volume. This effect is
modeled by a Monte Carlo simulation of the Brownian motion
of the °Si atoms. The effect of >>Si losses due to diffusion
out of the central pads is parametrized by a fourth degree
polynomial Py(t — fy) where ¢ is the clock time within the
cycle and fy is the beginning of the decay period of the cycle.
The data are fit using the function

_ In(2)(t—tp)

f(&:N, t12,10,B) =Ne "~

Pt —10)+B, (4

where N is the initial count rate of protons at the beginning of
the decay period of the cycle. We measured the background
during the interval between each run and estimated the back-
ground level B to be 0.82(2) count/s. The systematic effect
associated with the uncertainty on f is estimated to be 0.05
ms, and the systematic effect associated with the fit range is
estimated to be £0.9 ms by varying #, and the fit range within
reasonable values. 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 exist in the P10
mixture. As a result, the diffusion is expected to decrease in a
nontrivial manner. We then estimate other systematic effects
due to the diffusion by varying the initial >>Si beam distribu-
tion in the volume and the gas pressure of the simulation. The
total uncertainty associated with diffusion is determined to be
fg:g ms. Other effects, such as the trigger threshold, the time
window for the trigger, and the contribution of the beam con-
taminants, are found to be negligible. The effects contributing
to the uncertainty are summarized in Table I. The final result is
determined tobe 1, = 218.9 & O.S(stat)f?:g(syst) ms, where
the uncertainties are statistical and systematic, respectively.
This value can be written as f;, = 218.9719 ms with the
statistical and systematic uncertainties added in quadrature.
As can be seen from Fig. 1, our result is consistent with, and
more precise than, all the literature values [10,12,16,17]. We
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FIG. 1. Half-life of 2Si measured in the present paper compared
with the values previously measured by McPherson and Hardy [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.

have reevaluated the half-life to be #,, = 219.2"%) ms by
taking a weighted average of all published values.

B. *Si(Bpy) *'Mg

A 1369-keV y ray originating from the first excited state
of 2*Mg was observed in the previous °Si S-decay measure-
ments [15,18]. In this paper, we observed three additional
24Mg y-ray lines following 23Si B-delayed proton emissions.
Figure 2 shows four y-ray lines at 1369, 2754, 2870, and
4238 keV, corresponding to the deexcitations from the three
lowest-lying **Mg excited states populated by >Si(8p). The
placement of y rays is also verified using yy coincidences.
To remove the disturbance from a room background y-ray
line near the 1369-keV peak, the Proton-Detector-gated y -ray
spectrum was generated for the 1369-keV peak. This coin-
cidence gate is set by any signal above 15 keV recorded by
the Proton Detector, and all the protons emitted from decays
essentially have equal probabilities to trigger a 10-us back-
ward time window and select the coincident y-ray signals.
Therefore, the Proton-Detector gate only reduces the number
of counts in the 1369-keV y-ray line and does not alter its
relative proton feedings and the resulting peak shape. Dis-
tributions of x2 values from the simulated and experimental
spectra were constructed for each peak. An example of the
x? distribution of the 1369-keV y-ray line is shown in Fig. 3,
where the y-ray centroid is considered a free parameter for x>
minimization. The best-fit peak centroid and integral as well
as their statistical uncertainties ( erlin + 1) were taken from a
quadratic polynomial fit of the x? distribution. We obtained
the reduced x? value (x2) by dividing the x? value by the
number of degrees of freedom. Each statistical uncertainty
is then inflated by the square root of the x2 value for the
corresponding fit. We are able to achieve a minimum in the
x?2 distribution close to 1 for all four >*Mg y-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 pro-
ton energies and the relative proton feeding intensities with
the values measured by Robertson ef al. [17] in our simula-

tion yields very similar x? values. Our Doppler broadening
analysis does not have sufficient sensitivity to distinguish dis-
crepancies 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 y-ray intensities per 2°Si B decay (Ipy) are derived
from the integral of each fit corrected for the SeGA efficiency
and normalized to the aforementioned total y-ray intensity.
The lifetime and the fit parameters t and ¢ 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 associated with the aforemen-
tioned 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 intensities 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 y-ray intensity.

The 2*Al(By ) >*Mg decay from the beam contaminant **Al
might yield a small portion of counts in the ?Si(8py ) **Mg
peaks as they both produce **Mg excited states. The
24 A1(By) **Mg lines are unbroadened and should also be in-
cluded in the Doppler broadening simulation. A 7070-keV
y-ray peak is identified in the spectrum, and it can only
be produced by **Al(By)?*Mg. Based on the number of
counts and intensity of the 7070-keV y ray [61], we estimate
that the beam contaminant >*Al comprised 0.13(4)% of the
implanted beam ions. Thus, the number of counts in the 1369-
, 2754-, 2870-, and 4238-keV y-ray peaks contributed by
2 Al(By)**Mg are quantified based on the SeGA efficiency
at these energies and their known intensities relative to the
7070-keV y-ray peak [45,61].

For the 4238-keV 24Mg state, a further correction is re-
quired. Since the 4238-keV state has two y decay paths to
the ground state, the 2870-1369 cascade that does not directly
decay to the ground state will yield a small portion 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 y
ray. The loss of photopeak counts for the 1369- and 2870-keV
y rays due to the summing effect is corrected likewise. After
correcting the contaminant counts and the summing counts
for the 2Si(Bpy ) >*Mg peak integral, we determine the final
2Si(Bpy)**Mg intensities and y-ray branching ratios (see
Table II).

The two y rays emitted from the 4238.24(3)-keV **Mg
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 evaluated val-
ues of 78.2(10) and 21.8(10)% [62], which took a weighed
average of the results in Refs. [61,63] with inflated un-
certainty. We obtain the B-delayed proton feedings to the
1369-, 4123-, 4238-keV **Mg states per °Si decay of 5, =
21.0(9), 0.94(6), and 0.59(3)%, respectively, by adding all
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FIG. 2. y-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 y-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 er al. [18]. The black dots represent the data, the solid green lines denote the
background model, and 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 2*Al(8y ) **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 y-ray line as a
function of input y-ray energy (black squares). A quadratic polyno-
mial fit (solid red line) was used to determine the best-fit energy and
uncertainty.

y-ray decays originating from each state and subtracting
feeding from higher-lying states. The proton feeding to
the 2*Mg ground state accounts for 41.0(5)% of the total
2Si(Bp) *Mg intensity [16-18]. Combining this branching
ratio and our measured 2>Si(8py)**Mg intensities yields an
I, = 15.7(7)% for the **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 Ig, = 14.96(5), 20.27(5),
1.105(9), and 0.378(8)% for the **Mg ground state and ex-
cited states at 1369, 4123, and 4238 keV, respectively. The
consistency of intensities further confirms the literature inter-
pretation of 23Si B-delayed proton branches.

C. BSi(By) ®Al

Figure 4 shows the full y-ray spectrum measured by the
SeGA detectors. The Proton-Detector-coincident y-ray spec-
trum is also shown for comparison. This coincidence gate
reduced the statistics for the 2>Si(8py)?*Mg peaks approx-
imately 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(By) >’ Al peaks are even lower. This can be under-
stood by considering the low trigger efficiency of the Proton

TABLE II. »Si(8py)**Mg measured in the present paper. The
2Mg ground state and three lowest-lying excited states are observed
to be populated by 3Si(8p). The well-known **Mg excitation en-
ergies (column 1) and y-ray energies (column 3) are adopted from
the data evaluation [45]. Column 2 reports the measured 25 Si(Bp)-
feeding intensities to each >*Mg state. Column 4 reports the intensity
of each y-ray transition per 2>Si decay. Column 5 reports the y-ray
branching ratios for each 2*Mg excited state.

E, (keV) [45] Iy, (%) E, (keV)[45] Iy, (%) BR.(%)
0 15.7(7)
1368.672(5)  21.09)  1368.626(5)  22.1(9) 100
4122.889(12)  0.94(6) 2754.007(11)  0.94(6) 100
4238.24(3) 0.59(3)  2869.50(6) 0.147(14)  25(3)
4237.96(6) 044(3)  75(3)

Detector for g particles. The coincidence condition suppresses
the room background lines substantially and helps verify the
origins of the y-ray lines. Eight new B-delayed y rays are
clearly observed in the B decay of 258§, and the results are
summarized in Table III.The uncertainty associated with the
energy calibration of the SeGA detector and the statistical un-
certainty from peak fitting were added in quadrature to obtain
the total uncertainty of each y ray. For all the 2Si(8y) > Al
peaks reported in this paper, the dominant source of the y-ray
energy uncertainty is the statistical uncertainty. The absolute
intensity of each y ray in the B decay of 2°Si is determined
using the number of counts in the y-ray peak, the y-ray
detection efficiency of the SeGA detectors, and the afore-
mentioned total y-ray intensity. A further correction for the
summing effect is applied whenever necessary. The statistical
uncertainty associated with the peak area is obtained from
the peak-fitting procedure. The statistical uncertainty and the
systematic uncertainties associated with the SeGA efficiency
simulation are propagated through the calculation of each
y-ray intensity.

The 452- and 1612-keV y rays correspond to the 100%
transitions from the 452- and 1612-keV states to the *>Al
ground state, respectively. The intensity of the 1612-keV y
ray is corrected for the contribution of a nearby 1611.7-keV 8-
delayed y ray of 2> Al [43,64]. There are two y 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 paper. The 1789-keV
state is observed to be populated by the 8 decay of >3Si
for the first time. There are three y 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 values
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 uncer-
tainty [44,65-68]. The excitation energy is determined to be
1789.2(6) keV by combining the three y-ray energies. This
value is of comparable precision to the excitation energy of
1789.5(5) keV reported in the data evaluation [43], and we
have reevaluated the excitation energy to be 1789.4(4) keV by
taking a weighted average of the two values.

In all the previous 2Sj decay measurements [9—18], the
proton-unbound states in Al were observed to decay only
by proton emission. For the first time, we have observed the
B-delayed y rays through two unbound *>Al states at 2673
and 7902 keV.

There are four known y 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 branching ratios of
42.8(8), 0.5(2), 31.4(7), and 25.3(5)%, respectively [69]. We
have observed three y-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.
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FIG. 4. y-ray spectrum (upper; black) measured by the SeGA detectors showing the assignments for the photopeaks used to construct the
Si decay scheme as well as those from room background. To reduce the room background contribution, a Proton-Detector-coincident y-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 () are sum peaks with the summation noted. The bump at

~5910 keV is caused by the overflow of one detector with unusual gain.
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TABLE III. Results from the 2Si(8y)* Al and Si(8p) >*Mg decays obtained in the present paper. Columns 1-3 report the spin and
parity (J7), excitation energies (E;), and S-feeding intensities (I5) of each > Al level populated by the 8 decay of »Si, respectively. Columns
4-7 report the excitation energies of the final states populated by y-ray transitions (Ey) from each B Al state, the laboratory frame energies
of each y-ray branch (E,), relative y-ray branching ratios (B.R.), and y-ray intensities per 5Si B decay (1), respectively. Columns 8-10
report the excitation energies (E) of the 24Mg states fed by proton emissions from each 2> Al state, the energies of the emitted protons in the
center-of-mass frame [E,(c.m.)], and proton intensities (I,) per 5Si B decay, respectively.

y-ray transition

Proton emission

J7 [43] E; (keV) Iy (%)F  E;(keV) E,(keV) BR.(%) I, (%) E;(keV) Eycm)keV) I, (%P
5/2+ 0 21.5(12)
1/2+ 451.7(5) 0 451.7(5) 100 15.0(6)
3/2+ 94495  22.6(7) 452 4933(7)  58.4(16)  13.6(5)
0 944.9(5°  41.6(16)  9.7(4)
(7/2)* 1612.5(5)*  15.209) 0 1612.4(5)* 100 15.3(9)
5/2+ 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 1789.409)  25.2(19)  0.43(3)
3/2+ 2673.4(4)  6.8(15) 1789 883.8(6) 37(5) 0.26(3) 0 402.09)" 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)2 2.6(7)¢
5/2+ 4582(2)* 3.2(5) 1369 943.7(11)¢ 1.7(5)¢
0 2310.0(9)¢ 1.5(3)¢
(1/2)* 4906(4)  0.45(22) 1369 1268(5) 0.41(22)
0 2632(10) 0.048(10Y
(3/2,5/2,7/2)  5597(6)" 0.5(3) 0 3327(4)¢ 0.5(3)z
(3/2,5/2,7/2)F  5804(4)" 1.7(4) 1369 2164(3)z 1.7(4)2
6063(7)*  0.040(11) 1369 2453(25)¢ 0.040(11)k
(3/2,5/2,7/2)  6170(2)* 0.4(3) 1369 2486(25)F 0.103)¢
0 3896(8)f 0.3(3)f
5/2+ 66505  0.42(25) 1369 3006(11)¢ 0.42(25)¢
(3/2,5/2,7/2)  6877(7)*  0.42(16) 1369 3236(6)¢ 0.42(16)¢
3/2+ 6909(10)*  0.035(11) 0 4614(9 0.035(11)
3/2+ 7118(5)* 4.8(16) 1369 3464(3)¢ 3.6(15)2
0 4845(4)2 1.1(8)¢
5/2+ 7240(3)* 1.3(5) 4238 724(4)! 0.036(15)!
1369 3606(4)2 1.0(5)z
0 4980(4)2 0.28(23)¢
(1/2)* 7422(5)" 0.16(6) 4123 1037(16)™ 0.16(6)™
(3/2,5/2,7/2)  7646" 0.23(14) 0 5382(11)¢ 0.23(14)¢
781920  0.32(9) 0 5549(15)F 0.32(9)
5/2+ 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)¢ 10.3(14)2
0 5628.8(15)¢ 2.2(6)¢
7936(20°  0.45(13) 1369 4345(17)" 0.45(13)"
(3/2,5/2,7/2)"  8186(3)" 1.0(4) 4238 1684(12)™ 0.18(10)™
4123 1794(3)2 0.51(19)¢
1369 4551(5)2 0.3(3)¢
(3/2,5/2,7/2)F  9073(7)*  0.13(10) 0 6798(5)° 0.13(10)°
9275(25)°  0.0127(17) 0 700025  0.0127(17)
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TABLE III. (Continued).

y-ray transition

Proton emission

JT[43]  E;(keV) Iy (%) E; (keV)  E, (keV)

B.R. (%)

I, (%) E;(keV)  Ey(c.m.) (keV) 1, (%)

9415(30)° 0.0127(17)

0 7141(30)° 0.0127(17)°

#Adopted from the data evaluation [43].
®Adopted from Ref. [14].

“Each I is determined using the corresponding 7, in column 7 and /,, in column 10. See Sec. IV E for details.
dAverage of the theoretical /; calculated using the USDC and USDI interactions.
¢y -ray branch indicated by the data evaluation [43] but not observed in this paper due to limited sensitivity.

Average of Refs. [16-18].

¢Average of Refs. [13,16-18].

" Average of Refs. [17,18].

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

iAverage of Refs. [16,17].

kAdopted from Ref. [17].

'Observed in the present paper. See Sec. IV D for details.
™ Average of Refs. [13,17].

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

°Average of Refs. [14,16,18].

PExcept 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 »Si(8py ) >*Mg intensities determined in Sec. IV B. The literature adopted for determining each I, is individually

indicated in the corresponding footnote.

However, our sensitivity does not allow us to see the weakest
1728.3(8)-keV y ray from this state. The excitation energy is
obtained to be 2673.4(5) keV from the three y-ray energies.
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 5/27 isobaric analog state (IAS) with isospin T = 3/2
in 2Al is predicted to decay by 36 or 37 y-ray branches
by our shell-model calculations using the universal sd-shell
type C (USDC) and type I (USDI) Hamiltonians, 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 theo-
retical y-ray branch. Their branching ratios measured by a
24Mg(p, y)25A1 reaction experiment [43,70] are normalized
to be 34(3), 12.0(19), and 46(3)%, respectively. A theoretical
percentage of 80.7(13)% is used to normalize the branching
ratios for the two y rays at 6289(3) and 7902(3) keV ob-
served in our paper. Their branching ratios are determined
to be 36(10) and 45(10)%, respectively, in agreement with
the previous measurement [70]. The highest-energy y ray at
7902(3) keV is assigned as the deexcitation from the IAS
to the ground state of 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 precision to the excitation energy
of 7901(2) keV reported in the data evaluation [43], and
we have reevaluated the excitation energy of the IAS to be
7902.0(14) keV by taking a weighted average of the two
values. The weakest 6955-keV y-ray line is less than 3o
above the background level in our spectrum, and we estimate
the 90% confidence upper limit for its branching ratio to be
<15%, in agreement with the literature value of 12.0(19)%
[43,70].

D. 5Si(8p) *Mg

The B-delayed proton spectrum of >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 generated with anticoincidence
cuts on all other pads, resulting in a lower background and
a fast-declining efficiency as a function of proton energy.
Robertson et al. [17] observed 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 paper, all 13 known proton peaks below
2310 keV have been observed. We have reevaluated the proton

Counts per 5 keV
2

102 l pads A+C+D]
/
10 1 1 1 Ak | d* { P Nﬁ&
0 500 1000 1500 2000 2500 3000
Energy (keV)

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 B-delayed proton decay of »*Si is labeled with its center-of-mass
energy rounded to the closest integer in units of keV.
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energies by taking a weighted average of available literature
proton energies with inflated uncertainty. The proton intensi-
ties are reevaluated by taking a weighted average of available
literature proton relative intensities and then normalized to the
2Si(Bpy) *Mg intensities determined in Sec. IVB. 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 intensities for the 2453-, 2486-,
and 5549-keV protons. As shown in Fig. 5, the B-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 protons 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
determine the intensity for the 724-keV proton emission to be
0.036(15)%.

E. Proton-y coincidences and decay scheme

In order to reliably construct the decay scheme, it is desir-
able to conduct a py coincidence analysis. Only two previous
measurements showed a handful of py coincidences. Garcia
et al. reported the coincidences between the 1369-keV y ray
and 3464-, 3606-, and 4257-keV protons [15]. Thomas et al.
confirmed the 4257-1369 py coincidence [18]. In the present
paper, many more py coincidences have been directly ob-
served. Figure 6 shows three regions of the two-dimensional
coincidence spectrum between the protons and y rays from
25Si decay. The protons and y rays detected in coincidence are
summarized 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 y rays. Hence, we
assign it as a proton transition to the 4238-keV excited state
of 2*Mg and obtain an excitation energy of E, = 7234(4) keV
for its proton-emitting state in 2Al. The excitation energy
is consistent with a 5/2% proton-emitting state, which was
previously measured 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], and 7255(7) keV [18], respectively. A
decay 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. Previous
23Si 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
24Mg, respectively. Our Proton Detector is not sensitive to
those high-energy protons. Hence, we have determined the
I, = 1.0(5) and 0.28(23)% for the 3606- and 4980-keV proton
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FIG. 6. Coincidence spectrum between the Proton Detector and
SeGA detection for 2Si decay. The y-ray spectrum is magnified at
4238 keV (top panel), 2754 and 2870 keV (middle panel), and 1369
keV (bottom panel), corresponding to the four y rays originating
from the three lowest-lying **Mg states.

branches, respectively, based on the relative proton intensi-
ties measured in previous 2°Si decay experiments [13,16-18]
and the aforementioned proton feedings to each **Mg state
(Table II). No y-ray branches populating or deexciting the
7240-keV state have been observed; therefore, the 8 feeding
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TABLE IV. Coincidence matrix of the protons and y rays mea-
sured in the B decay of »Si. The first row corresponds to the y-ray
energy on which the gate is set. The following rows indicate the
protons observed in the gated spectrum. Protons observed in coinci-
dence 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
724 v v
944
1037
1268
1380
1492
1584
1684 v v
1794
1924
2164 v
2310

SSRNENENENEEEN

Q\
AN

of the 7240-keV state is determined by adding up the intensi-
ties of the three proton branches from this state.

The y-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 relationships.
The level scheme is also verified using yy coincidences. Ex-
cept for the y y coincidences associated with the two relatively
weak y rays originating from the IAS, all the expected yy
coincidences between other y-ray transitions are observed in
our paper. All the bound states of Al are observed to be
populated in the B decay of >>Si. The B-feeding intensity to
a P Al bound state is determined by subtracting the intensity
of the y rays feeding this level from the intensity of the y
rays deexciting this level. The feeding of the first excited
state of 2> Al with J™ = 1/2% is consistent with its population
by By decay rather than directly by a second-forbidden S
transition. It is possible that there exist weak, unobserved y
feedings from high-lying states, and the apparent 8 feedings
for low-lying states are thus higher than the true S feedings
due to the pandemonium effect [74]. We have assessed the
extent of this effect based on the shell-model calculations,
and the unobserved y feedings from high-lying states to each
low-lying state are expected to be negligible (<10~*) due to
the dominance of proton emission. The S-feeding intensity to
a P Al unbound state is determined by adding up the inten-
sities of the proton and y-ray branches from this state. The
excitation energies and B-feeding intensities of all the >>Al
levels populated by >°Si B decay are tabulated in Table III.

F. Shell-model calculations

We have performed the theoretical calculations using the
shell-model code NUSHELLX [75] in the sd-shell-model space

involving the 7T0d5/2, 71'15']/2, JTOd3/2, U0d5/2, U1S1/2, and
v0d3/, valence orbits. Two modified universal sd Hamil-
tonians [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 '°0, 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 reported in Table V. In general, the characteristics
of the decay scheme measured in the present paper including
the excitation energies, f-feeding intensities, log ft, B(GT),
and y-ray and proton partial widths for the states of Al can
be reproduced well within the framework of the nuclear shell
model.

Low-lying states and the T = 3/2 IAS in Al have been
unambiguously identified and their excitation energies have
been well measured. Given that decay widths and intensities
are very sensitive to energies, we have applied a correction
to the theoretical B feedings, y-ray partial widths (I',), and
proton partial widths (I",)) based on the experimental energies.
The Ig = T/t is determined using the half-life of *Si, T,
and the individual partial half-life for each transition, ¢. The
latter is scaled from the theoretical ¢ by the phase-space factor
f using the experimental B-decay energy of °Si and the
excitation energy of each 2> Al state under the assumption of
constant f value. Each theoretical I', is calculated by using
the theoretical spectroscopic factor and the barrier-penetration
factor [78] corrected for the experimental resonance energy.
Each theoretical T', is obtained using the effective M1 and
E?2 transition operators from Ref. [79] and then scaled for the
Eﬁ"“ energy dependence, where L denotes the multipolarity
of the radiation.

G. Mirror asymmetry

With the -decay energy of 3Si Qpc(*Si) = 12743(10)
keV [80], the #Si half-life of 219.27{ ms, the excitation

energies of 2 Al states, and the S-feeding intensities to Al
states measured in the present paper, the corresponding log
ft values for each Al state can be calculated through the
LOGFT analysis program provided by the National Nuclear
Data Center website [81]. The corresponding Gamow-Teller
transition strengths, B(GT), are calculated from the fr values
using the following relation:

K

=GB + gBGT) ©

where K/g> = 614448 £3.70 s [82] and (ga/gv)’ =

(—=1.2756 £+ 0.0013)? [83], with gv and g4 being the free

vector and axial-vector coupling constants of the weak inter-

action. Our shell-model calculations predict that the Fermi

transition strengths B(F) are negligible for low-lying Al
states.

The degree of isospin-symmetry breaking can be quanti-

fied by the mirror-asymmetry parameter § = ft*/ft= — 1,

where the ft™ and ft~ values are associated with the B+
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T=3/2

25
ME = 3827(10)

5/2*

Tz =219.2"95 ms

Qec = 12743(10)

B
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2 3 snt T=321AS _o0n 13 4316)
+
e R 3 /2 7240 ~—1:3(5)
4238 2+$ XK
4123 7+
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o+ 2673 —6.8(15)
- . - Sp (SAl) = 2271.38(7)
+ 5/2* 1789 -—1.46(7)
Mg+p 12" 1612 —15.2(9)
ME = -13933.569(13) 3/2* 945 —22:6(7)
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5/2+ L8 0 —21:5(12)

25A1

ME = -8915.97(6)

FIG. 7. Simplified decay scheme of »>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 paper. The y -ray energies and the excitation
energies deduced from these y-ray energies are rounded to the nearest keV. Each y-ray transition is denoted by a vertical arrow followed by its
y-ray energy, and the corresponding y-ray transition intensity is denoted by the thicknesses of the arrow. Each B-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 y-ray emissions. The newly observed 724-keV proton is emitted from the 7240-keV *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
I Al states. All the energies and masses are given in units of keV. See Table III for details.

decay of #3Si and the B~ decay of *Na, respectively. § = 0
denotes perfect isospin symmetry. The log ft and B(GT)
values for each f-decay transition and the corresponding
mirror-asymmetry parameter are summarized in Table V.
Limited by the Qs = 3835.0(12) keV, only five Mg states
were observed to be populated by »Na g decay [34-36],
and each one of them can be matched with a specific 2°Al
state measured in our paper. Thomas et al. [18] compared
four transitions between the mirror nuclei 2Si and ®Na,
and their mirror-asymmetry parameters for three bound states
are consistent with but less precise than our values. We did
not observe mirror asymmetry between the transitions to the
second 3/2% state. We observed some small but significant
asymmetries for the other four low-lying states. The theoret-
ical B(GT) values for 2°Si decay are in agreement with our
experimental values considering the theoretical uncertainties.
Our shell-model calculations somewhat underestimated the
B(GT) value for the 7/27 state but slightly overestimated that
for the second 3/27 state compared with *Na f-decay mea-
surements [34-36], suggesting that a more careful theoretical
treatment is needed, e.g., using the shell model in conjunc-
tion 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. %Al 2673-keV state

The f feeding of the 2673-keV state of > Al is measured to
be Iz = 6.8(15)% by the sum of the intensities of the four 8-
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
B feeding of the 2673-keV state is in agreement with the
previous measured values of Iy = 6.93(76)% [16] and Iy =
8.2(15)% [17]. Thomas et al. reported a smaller Iy = 4.8(3)%
[18], in which the 2673-keV state was assumed to decay
only via proton emission. The ratio I, /1, is equal to the ra-
tio I'y, /T",. We determine an experimental value of I, /", =
0.11(3), in agreement with the I", /T", = 0.143(16) derived
from a 2*Mg(p, y) > Al reaction measurement [84].

Another **Mg(p, y)®Al reaction measurement deter-
mined the resonance strength of the 2673-keV state to be
wy = 41.6(26) meV [69]. The total decay width 'y is the
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TABLE V. Comparison of the mirror transitions in >Si and Na B decays. Column 1 lists the excitation energies of each *>Al state.
Columns 2 and 3 report the log ft and B(GT) values for the each 2>Si 8 transition. Column 4 shows the J* assignments [43]. Columns 5-7 list
the results of the mirror Na B-decay transitions. The mirror-asymmetry parameters 8 are reported in the last column. The USDC and USDI
shell-model calculated results for both 2°Si and »’Na decays are shown for comparison.

38i — 2 Al Present experiment

BNa — Mg [35,36]

BALE, (keV) log ft B(GT) J7 [43] BMg E, (keV) log ft B(GT) B

0 5.306(25) 0.0187(11) 5/2+ 0 5.251(15) 0.0212(7) 0.14(8)
944.9(5) 5.109(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(8) 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)

BSi — BA1USDC Na — Mg USDC

BALE, (keV) log ft B(GT) BMg E, (keV) log ft B(GT) F)

0 5314 0.0183 5/2+ 0 5312 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

BSi — B Al USDI Na — Mg USDI

BALE, (keV) log ft B(GT) BMg E, (keV) log ft B(GT) )

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 5/2+ 2020 6.173 0.0025 —0.18
2761 5.139 0.0274 3/2+ 2854 5.147 0.0269 —0.02

sum of the I', and I',, since they represent the only two open
decay channels for the 402-keV resonance in > Al. The 'y
and wy are related by the following expression:

_ 2J,+ 1 r,xr,
QL+ DI+ 1) T

where J, = 3/2 is the spin of the 402-keV resonance, J, =
1/2 is the spin of the proton, and J;y = 0 is the spin of the
ground state of >*Mg. The lifetime of the 2673-keV 2>Al
state was previously measured to be T = 6.11“31:5 fs using the
Doppler shift attenuation method [84]. This value was con-
verted to a half-life of 4(3) fs and adopted by the evaluation
[43]. The lifetime is inversely proportional to the decay width
by © = /T, where 7 is the Planck constant. Combining the
branching ratio I', /", measured in this paper with the litera-
ture wy value yields a lifetime for the 2673-keV state of 2.9(7)
fs, which is consistent with, as well as more precise than, the
previously measured lifetime [84]. The decay properties of the
2673-keV state in > 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.

wy , (6)

L ZAI T = 3/2 IAS at 7902 keV

The proton partial width of the lowest T = 3/2 IAS in
Al was determined to be T', = 155(50) eV [85,86] and
105(18) eV [87], respectively, in two proton scattering mea-

surements with polarized-proton beams. These two results
agree, and a weighted average I', is deduced to be 111(17)
eV. The y-ray partial width of the IAS was previously deter-
mined to be ', = 2.0(10) eV in a *Mg(p, y)* Al reaction
yield measurement [88] by adopting a proton branching ratio
1,0/t = 0.17 from the **Si B-delayed proton measurement
[12]. I, is the intensity of the proton emission from the
IAS proceeding to the ground state of >*Mg. Lo 1s the total
intensity of the proton branches of the IAS. However, another
2Mg(p, y) > Al reaction study [70] reported a much smaller
I'y = 0.50(13) eV based on the measured resonance strength
wy = 0.25(6) eV and the proton branching ratio Ipo /Iy =
0.168(13) from another >Si S-delayed proton measurement
[13]. The ratio of the y-ray partial width to the proton partial
width is deduced to be either I', /", = 0.018(9) by adopting

TABLE VI. Decay properties of the 2673-keV 3/2* state in 2 Al.

Reference r, (meV) I'y(meV) TI,/T', wy (meV) 1 (fs)
Refs. [69,84] 23.8(15) 166(16) 0.143(16) 41.6(26) 6.lf§:§
usSDC 20.6 173 0.119 36.8 34
USDI 21.2 173 0.123 37.7 34
Present 23(8)* 202(48)* 0.11(3) 41.6(26)° 2.9(7)

“Deduced from the wy measured by Refs. [69,84] and the I, and [,
measured in the present paper.
b Adopted from Refs. [69,84].
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TABLE VII. Decay properties of the 7902-keV 5/2%, T =3/2
IAS in * AL

Reference Iy, (eV) ') (eV) r,/r, wy (eV)
Ref. [88] 2.0(10) 111(17)* 0.018(9) 1.0(5)
Ref. [70] 0.50(13) 111(17)* 0.0045(13) 0.25(6)
usSDC 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)

*Weighted average of I, reported in Refs. [85-87].

the I', of Ref. [88] or T, /", = 0.0045(13) by adopting the
'), of Ref. [70].

The decay properties of the IAS obtained in the present
paper are shown in Table VII. The sum of the intensities for
the 7902- and 6289-keV B-delayed y rays through the IAS
is measured to be I, = 0.20(3)%. The shell model predicts
a 19.3(13)% branch for unobserved weak y rays, so we ob-
tain a corrected I, = 0.24(3)%. Based on the relative proton
branching ratios measured in previous 2Si decay experiments
[13,16-18] and normalized to our 25Si(,B pY) 24Mg intensities,
we have determined an [, = 13.1(16)% for the IAS. Adding
I, and I, yields the total g feeding intensity Iz = 13.4(16)%
for the TAS, corresponding to a log ft value of 3.23(6). The
USDC and USDI shell-model calculations predicted the log
St =3.31 and 3.39, respectively. The agreement between the
measured and calculated values is good considering the theo-
retical uncertainties.

We extract the ratio of I'), /T, = 0.019(3) from the /,, and
I, values. Combining our I',, /T",, ratio with the literature 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 I,0/lpot =
0.17(5), deduced from the intensities of proton emission from
the IAS (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 estimate
the I'), to be 2.98 and 2.45 eV, respectively, in agreement
with the I', = 2.1(5) eV derived from our I, /I",, ratio and
the I', from Refs. [85-87]. The shell model also indicates
that ', of the IAS depends on the mixing with a pre-
dicted nearby 5/2%, T = 1/2 state that has a I',, of 50 keV.
Unfortunately, this state has not yet been identified experi-
mentally. 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 pre-
dict a B(GT) =~ 0.1 for the IAS. The summed B(F) should
fulfill the sum rule Y  B(F) = 3, suggesting that the Fermi
strength is mainly concentrated on the IAS. The fragmenta-
tion 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 IAS, respec-
tively, but there is an uncertainty of about 150 keV for the
predicted energy of each state. It has been shown that this

N
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FIG. 8. T, for the T =3/2 IAS in Al and its neighboring
T = 1/2 state as a function of the energy difference between the two
states (Ey3/2 — Ey1,2) calculated by the (a) USDC and (b) USDI shell
models. The decay width for the state dominated by the 7 = 3/2IAS
is shown by the solid red line, and decay width for the state domi-
nated by the T = 1/2 state is shown by the dashed black line. The
solid blue band corresponds to the uncertainty of the experimental
'), value for the T = 3/2 IAS [85-87].

energy uncertainty leads to uncertainties of about an order of
magnitude for the proton and neutron decay width of IAS in
the sd shell [93]. In order to assess the results for 2 Al, we
move the relative location of the 7 = 3/2 and 1/2 states by
adding bT? to the Hamiltonian, where 7" is the isospin oper-
ator. For states with good isospin, bT?|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 7 = 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', value [85-87]. This is equivalent
to moving the 7 = 1/2 state up a few keV. An empirical
two-state mixing formalism [90] predicts that the unperturbed
and observed level spacings of the two states differ by less
than 1 keV in this case. The USDC and USDI shell model
predicts that the 7 = 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 7 =1/2
state.

V. CONCLUSION

By using the GADGET system at NSCL, simultaneous
measurements of 2°>Si -delayed protons and y decays were
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carried out. We have reported the most precise half-life of
23Si to date. Eight new f-delayed y-ray transitions were de-
tected, leading to the population of three 2> Al states that have
not been previously observed via °Si B-delayed y decay. A
total of 14 B-delayed proton branches have been identified,
including a new proton peak at 724 keV. We have confirmed
the placement of protons in the decay scheme of 23Si reported
by previous literature [17,18] using both Doppler broadening
line-shape analysis and proton-y-ray coincidence analysis.
We have reevaluated the energies and intensities for 34 2°Si
B-delayed proton emissions. A more precise lifetime for the
25A1 2673-keV state has been extracted, and the discrepancy
involving the y-ray partial width of the 7902-keV T = 3/2
IAS in 2 Al in the literature has been resolved, which demon-
strates the potential of utilizing complementary experimental
approaches. The mirror-asymmetry parameters have been de-
duced for five transitions in the mirror 8 decays of *°Si and
25Na, which will contribute to the systematic understanding of
the nature of mirror-symmetry breaking. Shell-model calcula-

tions 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 IAS. It is desirable for future experiments
with higher statistics to explore the fine structure near the
IAS and search for the hypothetical T = 1/2 Al state that
exhibits weak isospin mixing with the IAS.
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