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Simultaneous measurement of B-delayed proton and y emission of 2°p for
the 2°Al(p, y) Si reaction rate

P. F. Liang (215 ®)®,"" L. J. Sun (Fh7.78),%3" J. Lee (FEHEH)," " S. Q. Hou (fEERH),* X. X. Xu (i &), 124+
C.J. Lin (M), 258 C. X. Yuan (Z2H%),0 1. J. He (faT#42),78 Z. H. Li (284,21, S. Wang (E&#Y),1048
D. X. Wang (F44E),2 H. Y. Wu (%0).° Y. Y. Yang (= 2),* Y. H. Lam (% Z.48),* P. Ma (/).

F. F. Duan (B{J575),!14 Z. H. Gao (5&53545),41" Q. Hu (B132),* Z. Bai (19 5),* J. B. Ma (B %25%) 4 J. G. Wang (F )4
F. P. Zhong (345 5),>° C. G. Wu (X/=%),° D. W. Luo (Fi15£),° Y. Jiang CE-#1),” Y. Liu (XI#¥),° D. S. Hou (&4 Ft),*8
R.Li (#2),%® N.R. Ma (SR 4ii),> W. H. Ma (H4E%), % G. Z. Shi (f1[E#E),* G. M. Yu (R ZJW]),* D. Patel,*

S. Y. Jin (&HF),*® Y. F. Wang (E4814),"34 Y. C. Yu (& 0E#),">* Q. W. Zhou (EiE £L),'* P. Wang (£ i), 44
L. Y. Hu (51 /170)," X. Wang (E##),” H. L. Zang (75%5),° P J. Li (), Q. Q. Zhao G H).!

H. M. Jia (394:),% L. Yang (#%7%),> P. W. Wen (Ja.#80),2 F. Yang (#1%),% G. L. Zhang (3K 1%),' M. Pan (i%4H0),'%?
X. Y. Wang (7£/)Nif),'® H. H. Sun (PME#),% Z. G. Hu (] 1E[H),* R. F. Chen (4547 5),* M. L. Liu (M1 R),*

W. Q. Yang (#4E7),* and Y. M. Zhao (i & )?

(RIBLL Collaboration)

' Department of Physics, The University of Hong Kong, Hong Kong, China
2Department of Nuclear Physics, China Institute of Atomic Energy, Beijing 102413, China
3School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China
*Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
3College of Physics and Technology, Guangxi Normal University, Guilin 541004, China
6Sino-French Institute of Nuclear Engineering and Technology, Sun Yat-Sen University, Zhuhai 519082, China
" College of Nuclear Science and Technology, Beijing Normal University, Beijing 100875, China
8University of Chinese Academy of Sciences, Beijing 100049, China
9State Key Laboratory of Nuclear Physics and Technology, School of Physics, Peking University, Beijing 100871, China
YSchool of Science, Huzhou University, Huzhou 313000, China
School of Nuclear Science and Technology, Lanzhou University, Lanzhou 730000, China
2 Institute of Modern Physics, Fudan University, Shanghai 200433, China
13School of Physics and Astronomy, Yunnan University, Kunming 650091, China
Y School of Physical Science and Technology, Southwest University, Chongqing 400044, China
15 Fundamental Science on Nuclear Safety and Simulation Technology Laboratory, Harbin Engineering University, Harbin 150001, China
16School of Physics and Nuclear Energy Engineering, Beihang University, Beijing 100191, China

® (Received 21 October 2019; accepted 13 January 2020; published 14 February 2020)

The B decay of 2P was used to populate the astrophysically important E, = 5929.4(8) keV, J™ = 37 state of
%68i. Both B-delayed protons at 418(8) keV and y rays at 1742(2) keV emitted from this state were measured
simultaneously for the first time, and the corresponding absolute intensities have been estimated as 11.1(12)%
and 0.59(44)%, respectively. The half-life of P has been determined to be 43.6(3) ms, which is in good
agreement with previous experimental results. Besides, shell-model calculations with weakly bound effects were
performed to investigate the decay properties of other resonant states and a spin-parity of 41 rather than 0" is
favored for the E, = 5945.9(40) keV state. Combining the experimental results and theoretical calculations, the
B Al(p, y) *Si reaction rate in explosive hydrogen burning environments was calculated. The new determined
total reaction rate is consistent with previous studies at 7 > 0.2 GK.

DOLI: 10.1103/PhysRevC.101.024305

I. INTRODUCTION

As the half-life of 2°Al (Tj/, = 7.17 x 10° yr) is much
less than the age of the galaxy (*10!° yr), the observation
of 1809-keV y ray from B decay of 2°Al could directly
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prove that the stellar nucleosynthesis processes are currently

considered as co-first authors.

tileehc @hku.hk active in our galaxy. In previous satellite-based astronomical
xinxing@impcas.ac.cn observations, the mass of galactic 2°Al was estimated to
Scjlin@ciae.ac.cn be 2.7 + 0.7 solar masses (Mg) [1,2]. The primary sites of
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galactic 2°Al were suggested to be massive stars and core-
collapse supernovae concluded from the spatial distribution of
26 A1[3,4]. However, the observed ®Fe / 2641 y-ray flux ratio
[5,6] is smaller than theoretical predictions, which indicates
that there should be other important sources for galactic 2°Al
[7,8]. As one of the most frequent types of thermonuclear
stellar explosions in the galaxy, classical novae are expected
to contribute 0.1-0.4 My of galactic 26 A1 [9,10], or even
up to 0.6 My [11]. In outbursts of classical novae (typical
temperature of 0.1 GK < T < 0.4 GK), °Al is produced
by the reaction chain **Mg(p, y) PAl(B1) PMg(p, y) *°Al,
which, however, could be bypassed via the proton capture
reaction of >Al(p, y) 2°Si at high temperature (for example,
T > 0.27 GK [12]), because the isomeric state 2°Al" rather
than the ground state 2°Al® is predominantly populated by
the subsequent B decay of 26Si [12,13]. Thus, a reliable
measurement of the proton-capture reaction rate of 2>Al
is of great importance to better understand the origin of
galactic 2°Al.

Direct measurement of the 2>Al(p, y) 2°Si reaction cross
section may give the most reliable information on the reaction
rate, but current available beam intensity of 2>Al is not suffi-
cient to perform such a measurement. Indirect measurements
combined with theoretical calculations have been therefore
conducted. The spin-parity of the 23Al ground state is J™ =
§+ [14], and previous studies convinced us that there are
four important resonant states, namely, E, = 5676.2(3) keV,
J*=1%; E, =5890.1(3) keV, J” =0"; E, =5929.4(8)
keV, J* = 3T; and E, = 5945.9(40) keV, J* = (0T), which
lie within 500 keV above the proton threshold of 26Si
[S, = 5514.0(1) keV] [14,15], that could contribute to the
BAl(p, y) 2°Si reaction rate in explosive hydrogen burning
environments of classical novae [12,13,16-21]. In fact, crucial
resonance information including decay properties of the E, =
5929.4(8) keV state and the spin-parity assignment of the
E,. =5945.9(40) keV state are still under debate [21,22].
For the E, = 5929.4(8) keV state, the 8 decay of 20p was
measured to study the decay properties. In 2013, Bennett
et al. [11] observed the B-delayed y ray of 1742 keV emitted
from the E, = 5929.4(8) keV state with a By intensity of
[0.18 £ 0.05(stat.) £ 0.04(lit.)]%. Based on the experimen-
tally determined absolute Sp intensity of I, = 17.96(90)%
by Thomas et al. [23] and the proton-decay partial width of
I') = 2.9(10) eV by Peplowski et al. [13], the partial width of
y decay was derived to be I', =40 £ 11(stat.)ﬂ§(lit.) meV
from the relation of 1,/I, = I',/T",,. However, a recent study
[22], in which a background-free proton spectrum was ac-
quired using an optical time projection chamber, reported an
inconsistent value of I, between 10.4(9)% and 13.8(10)%
for Bp intensity. Because this state is expected to domi-
nate the total reaction rate in high-temperature environments
[12], further experimental investigations should be done to
determine the accurate decay information. For the E, =
5945.9(40) keV state, the spin-parity was reported to be 0"
based on the comparison between measured differential cross
sections and Hauser-Feshbach calculated cross sections in
the measurement of the >*Mg(>He, n) reaction [17]. Later
in Refs. [19,20], another state at E, = 5890.1(3) keV was
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FIG. 1. ToF-AE two-dimensional spectrum measured by the
plastic scintillators (T1 and T2) and one of the quadrant silicon
detectors (AE1). Heavy ions are marked with red (gray) circles and
the corresponding isotope symbols. The color scale represents the
number of ions.

unambiguously identified with the spin-parity of 0% by y-y
angular correlation measurements. However, the existence
of two 0T states within this resonance energy region was
not supported by either shell-model calculations or mirror-
symmetry analysis. In a recent compilation [21], Chipps gave
a detailed discussion for this puzzle and pointed out that the
0" assignment for both states was possible if one is due
to particles being excited into a different shell. This spec-
ulation inspired us to perform shell-model calculations with
and without taking into account the cross-shell excitations to
explore the spin-parity assignment and decay properties of the
E. =5945.9(40) keV state.

In the present work, the 8 decay of 2P is used to study
the decay properties of the E, = 5929.4(8) keV state. The
Bp and By intensities are measured simultaneously to reduce
the uncertainties caused by different experimental setups.
Besides, shell-model calculations with weakly bound effects
are also performed to study the spin-parity assignment of the
E, = 5945.9(40) keV state and the decay information of other
resonant states. Combining the experimental results and the
theoretical calculations, the proton-capture reaction rate of
BAl(p, y) %Si is investigated and compared with previous
studies.

II. EXPERIMENTAL TECHNIQUES

The experiment was carried out at the Heavy Ion Reaction
Facility in Lanzhou (HIRFL) [24]. A 80.6 MeV /nucleon
32816+ primary beam was produced by the K69 Sector Fo-
cus Cyclotron and the K450 Separate Sector Cyclotron and
then impinged upon a 1581-um-thick °Be target to produce
the secondary radioactive ions that were in-flight separated
and purified by the Radioactive Ion Beam Line in Lanzhou
(RIBLL1) [25]. Heavy ions were identified by the time-of-
flight (ToF) and energy loss method event-by-event under a
certain magnet rigidity. Figure 1 shows the particle identifi-
cation two-dimensional spectrum obtained by the two plastic
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FIG. 2. Schematic layout of the detection setup.

scintillators (T1 and T2 in Fig. 2) and one of the quadrant
silicon detectors (AE1 in Fig. 2). Different heavy ions are
marked with red circles and the corresponding isotope sym-
bols, and 2°P heavy ions are clearly distinguished from the
contaminations. During the total beam time of about 95.3 h,
an average intensity of about one particle per second of 2°p
ions was delivered to the detection system.

As shown in Fig. 2, a detection system, including three
double-sided silicon strip detectors (DSSDs), five Clover-type
high-purity germanium (HPGe) detectors, and five quadrant
silicon detectors (QSDs), was placed at the last focal plane
(T2) of RIBLLI1 for the heavy-ion implantation and the mea-
surement of the subsequent decay. The basic techniques of
the detection system are described in Refs. [26-28]. Charged
particles emitted in the decay of 2°P, such as protons and f
particles, were measured by the time and position correlations
between implantation and decay signals [26-34] with three
W1-type DSSDs of different thicknesses (DSSD1 of 142 um,
DSSD2 of 40 um, and DSSD3 of 304 um) that were produced
by Micron Semiconductor Ltd. For each DSSD, there were
16 vertical and horizontal strips on each side and the width
of each strip was 3.1 mm. The thinnest silicon detector,
DSSD2, which was installed between DSSD1 and DSSD3,
was mainly used to detect low-energy protons for reducing
the proton peak shifts due to the S-summing effect [35,36].
The thicker ones, DSSD1 and DSSD3, were employed for the
measurement of high-energy protons and S particles. At the
upstream of the DSSD array, two of the QSDs (AE'1 and AE?2
in Fig. 2) with thicknesses of 309 and 300 pm, respectively,
were applied to detect the energy loss of the heavy ions for
particle identification. At the downstream of the DSSD array,
another three QSDs (QSD1, QSD2, and QSD3 in Fig. 2) with
the corresponding thicknesses of 1546, 300, and 300 um were
installed to detect S particles and light contaminations in the
beam, such as 'H, He, and “He, for background reduction.
The active area of all the QSDs was 5 cm x 5 cm. Around the
DSSD array, five HPGe detectors were used to measure the y
rays during the B decay of 2°P. In addition to the detectors
mentioned, nine movable aluminum degraders with different
thicknesses were assembled to reduce the beam energy. In the
experiment, the total thickness of the aluminum degraders was
set to be 220 pm, which ensured that most of the 2P heavy
ions could be stopped by the DSSDs. Totally, about 3.0 x 10°
26p jons were implanted into the DSSD array with proportions
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FIG. 3. The decay-time spectrum of 2°P was obtained by the
time differences between the implantation of 2°P and all the subse-
quent decay events within a time window of 500 ms. An exponential
decay component (blue short-dashed line) and a constant background
component (green long-dashed line) are applied in the fitting to
determine the half-life and estimate the background.

of 2.1%, 45.5%, and 52.4% in DSSD1, DSSD2, and DSSD3,
respectively.

III. ANALYSIS AND RESULTS
A. Half-life of 2°p

As mentioned in Sec. II, each of the three DSSDs could
be divided into 256 pixels by the vertical and horizontal
strips. For all 256 x 3 pixels, the time differences between the
implantation of 2°P and all the subsequent $-delayed charged-
particle decay events in the same pixel were measured as the
cumulated decay-spectrum shown in Fig. 3. The true corre-
lated implantation and decay events follow an exponential
decay curve while the randomly correlated events contribute
to a constant background in the spectrum. As a result, the
decay-time spectrum can be fitted with an exponential decay
component to determine the half-life of °P and a constant
component to estimate the background. Anticoincidence from
the QSDs at the downstream of the DSSD array is also applied
to reduce the background from light nuclei in the beam. In the
present work, the half-life of 2°P is measured to be Tj/, =
43.6(3) ms, which is in good agreement with literature value
of 43.7(6) ms given by Thomas et al. [23]. The uncertainty of
our result is directly derived from the fitting of the decay-time
spectrum.

B. Bp and By intensities

In the experiment, remarkably similar implantation dis-
tributions of >Si and 2P in the DSSDs were found and
Monte Carlo simulation showed that the systematic un-
certainty associated with this difference was expected to
be negligible. As a result, the energy calibration and the
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FIG. 4. Low-energy part of the cumulative B-delayed charged-
particle spectrum from the 8 decay of 2°P. Proton peaks are labeled
as p; to ps with the corresponding center-of-mass energy in keV. The
B pile-up effects are strongly suppressed by the anticoincidence of 8
signals from QSDI.

detection efficiency calibration of the DSSD array could
be performed by an inner-source method with the well-
studied B-delayed protons from the decay of 2°Si [23]. The
adopted energy and corresponding absolute intensity of proton
peaks are 401(1) keV [4.75(32%)], 943(2) keV [1.63(20)%],
1804(8) keV [0.58(13)%], 1917(2) keV [2.24(21)%], 2162(4)
keV [1.73(22)%], 2307(4) keV [1.57(21)%], 3463(3) keV
[2.68(26)%], 4252(2) keV [9.54(66)%], and 5624(3) keV
[2.39(20)%] [23]. Figure 4 displays the low-energy part of
the cumulative charged-particle spectrum, as the peak labeled
as p represents the S-delayed protons emitted from the E, =
5929.4(8) keV state of 2°Si to the ground state of 2 Al which
can be used to calculate the resonance energy and the partial
width. The g particle in QSD1 is applied as anticoincidence
to suppress the g pile-up effects, thus improving the energy
resolution of the proton peaks. The center-of-mass energy of
the first proton peak is determined to be p; = 418(8) keV,
which is consistent with literature values of 412(2) keV [23]
and 426(30) keV [22] and the derived value of 415.4(8) keV
from the databases [14,15]. The uncertainty of the proton

peak energy includes the statistical uncertainty of 0.33 keV
from the fitting of spectra and the systematic uncertainty of
7.25 keV that is attributed to calibration.

In the present work, the absolute intensity of p; is mea-
sured to be I,; = 11.1(12)%, which is in good agreement
with a recent study between 10.4(9)% and 13.8(10)% [22],
but inconsistent with the value of 17.96(90)% in Ref. [23] as
shown in the second column of Table 1. The uncertainty here
is mainly caused by the statistical uncertainty of 0.15% and
the systematic uncertainties of 1.14% from the calibration.
Other proton peaks at p, = 787(8) keV, p3; = 870(8) keV,
pa = 1256(8) keV, and ps = 1507(9) keV are all observed
clearly with corresponding absolute intensities of 0.74(17)%,
1.44(30)%, 1.45(21)%, and 0.80(18)%, respectively.

For HPGe detectors, the energy calibration and the intrinsic
detection efficiency calibration were performed with four
standard sources: 2Eu, '¥Ba, °Co, and '*’Cs. Because
22 Al was also studied with the same detection configurations
in the experiment, the absolute detection efficiency could
be deduced by the S-delayed y-ray transitions with known
energies and absolute intensities of 988 keV [5.7(3)%] and
1796 keV [58(3)%] from 2P [37]; 452 keV [18.4(42)%],
493 keV [15.3(34)%], 945 keV [10.4(23)%], and 1612 keV
[15.2(32)%] from 23Si [23]; and 1248.5 keV [38.2(69)%],
1985.6 keV [31.1(54)%]), and 2062.3 keV [34.1(58)%] from
22 A1[38]. Figure 5(a) shows the low-background y-ray spec-
trum measured by the HPGe detectors in coincidence with
the B signals of 2°P in DSSD3. Strong y-ray transitions at
987 keV (25 — 2{) and 1797 keV [2] — 0] (g.s.)] and also
the y-ray transitions with weak intensities, such as 968 keV
(37 = 27), 1400 keV (35 — 27), 1329 keV (4] — 3)),
and 1532 keV (47 — 37), can be observed clearly in the
spectrum. The zoomed-in spectrum with the energy region
from 1720 to 1780 keV is shown in Fig. 5(b). y; is the
transition from the 3] [E, = 5929.4(8) keV] state to the 37
state and the energy is measured to be y; = 1742(2) keV
in this work. Here the uncertainty is the quadratic sum of
statistical uncertainty of 1.1 keV from the peak and sys-
tematical uncertainties of 1.5 keV from the calibration. A
constant flat background is estimated for the spectrum and the
intensity of y; is determined to be I,,, = 0.59(44)%, where the
uncertainty is the quadratic sum of statistical uncertainty of
0.43% from the counts and systematic uncertainties of 0.09%
from the calibration. The present result is consistent with
previous studies of [,, = [0.18 £ 0.05(stat) & 0.04(lit.)]% in

TABLE 1. Decay properties of the E, = 5929.4(8) keV 3™ state of 2°Si from this work and previous studies.

Reference 1,1(%) [418(8) keV] L1 (%) [1742(2) keV] r, (V) I, (eV)
This work 11.1(12) 0.59(44) 2.9(10) 6.0473% x 1072°
Thomas et al. [23] 17.96(90)
Janiak et al. [22] 10.4(9)-13.8(10)

[0.18 & 0.05 (stat.) [4.0 + 1.1 (stat.)
Bennett et al. [11] 2.9(10)

Pérez-Loureiro [37]

£0.04 (lit.)]

Hadit)] x 1072
0.15(5)

?Adopted value in Ref. [13].

>The error-weighted mean value of I,; = 0.16(4)% was used here to determine I',,.

024305-4



SIMULTANEOUS MEASUREMENT OF g-DELAYED ...

PHYSICAL REVIEW C 101, 024305 (2020)

50||||

L ]() T T T T I.
- (a) Y, 1759 1
I 8 ]
40 | | Y, 1742 ]
> I ]
o]
M I 41 1
- [ ]
— 30 ]
» : 2t (qu (HP11797*- ]
o L 0 ) J
42 20' 1730 1740 1750 1760 1770 1780 ]
é I 1368(**Mg) 1§32
b 1329 | 1400
10 \ §
MWWWMMW il ok

1000 1200 1400

Energy (keV)

1600 1800

FIG. 5. (a) The cumulative y-ray spectrum measured by HPGe
detectors that are gated by the B particles in DSSD3. (b) y-ray
spectrum from 1720 to 1780 keV.

Ref. [11] and I,, = 0.15(5)% in Ref. [37] as presented in the
third column of Table I. The peak labeled as y, represents
the transition from the 4] state to the 37 state, and the
energy and intensity are determined to be y, = 1759(2) keV
and /,, = 0.86(51)%, respectively. Another peak at around
1730 keV is the double-escape peak of **Mg, which was also
observed in Refs. [11,37]. The partial y-decay branch of the
1742(2) keV y ray from the E, = 5929.4(8) keV, J* = 37
level was expected to be 71713% based on the mirror transition
of Mg [11,16]. Adopting this assumption and using the
error-weighted mean value of 1,,; = 0.16(4)% from this work
and Refs. [11,37], the total By intensity for all primary y
rays from this state is determined to be I, = 0.23700%%.
Together with the Bp intensity of /,; = 11.1(12)% and the ex-
perimentally determined proton-decay partial width of I', =
2.9(10) eV in Ref. [13], the y-decay partial width is derived
tobe ', = 6.0473% eV using the relation /,/I, = I',/T,.

C. Shell-model calculation

The spin-parity of the E, = 5945.9(40) keV state was
reported to be 0" by Parpottas et al. [17], which was con-
cluded from the comparison of experimental cross sections
with Hauser-Feshbach calculations. But it was under debate
as only one 0" state was expected in this resonant energy
region based on the mirror nuclei analysis and shell-model
calculations [19-21]. In Ref. [21], Chipps suggested that a
0" assignment for both states is possible if one is due to
cross-shell excitations. Therefore, the present work performed
shell-model calculations in both the sd region and cross-shell
excitations to investigate the spin-parity assignment of the
E, = 5945.9(40) keV state.

The USD family including USD [39,40], USDA, and
USDB [41] are successful Hamiltonians in the sd region, but
they are developed for the structure of neutron-rich nuclei.

If proton-rich nuclei are considered, such as 268 and P Al,
the weakly bound effect of the proton 1s;,, orbit should be
included [42]. USD*, USDA*, and USDB* Hamiltonians that
incorporate such an effect reasonably reproduce the mirror-
energy differences in the sd region [42]. Recent observations
on the B decay of 2*Si and 2’S show that the weakly bound
effect is important to explain the decay properties and the
levels of corresponding daughter nuclei [27,30]. In our calcu-
lation, all three Hamiltonians in the sd region, USD*, USDA*,
and USDB*, give similar results for the structure of 2684,
which also reproduces the experimental energy and the spin-
parity of the presently considered states [14]: 5676.2(3) keV
(17), 5890.1(3) keV (07), and 5929.4(8) keV (3}). However,
other than the Oj( state, all three Hamiltonians predict that
the 05+ state locates at E, > 7.9 MeV. Further shell-model
calculations, in which the p to sd and sd to pf cross-shell
excitations through the psd Hamiltonian YSOX [43] and the
sdpf Hamiltonian sdpf-m [44] are considered, are performed
to attempt to explain the possibility of a low-lying 05+ state.
However, the results show that the cross-shell excitation could
not reduce the excitation energy of the 07 state to be lower
than E, = 7.7 MeV. Indeed, all three Hamiltonians, USD#*,
USDA*, and USDB*, predict a 4 state around E, = 5.8
MeV that is consistent with the mirror-nuclei analysis [45].
Therefore, our calculations refute the existence of another 0
state within the interested resonance energy region, but they
favor a 41 assignment for the 5945.9(40) keV state.

Except for the decay properties of the E, = 5929.4(8) keV
state, proton- and y-decay partial widths of other resonant
states are all calculated with the abovementioned shell model
with the USD* Hamiltonian in the sd region. Combining
the observed decay energies and the shell-model B(E2) and
B(M1) values, the y-decay partial widths of the 5676.2(3),
5890.1(3), and 5945.9(40) keV states are calculated to be
1.17 x 1071, 7.71 x 1073, and 2.54 x 1072 eV, respectively.
To calculate the proton-decay partial width, Eq. (1) [46] can
be used:

I, =CS,Ty, (1

where C2S, is the single-particle spectroscopic factor cal-
culated by shell model and I'y, is the single-particle partial
width. In the present work, the adopted proton-decay partial
widths of 5676.2(3), 5890.1(3), and 5945.9(40) keV states
are calculated to be 1.24 x 1078, 3.86 x 1073, and 7.80 x
1073 eV, respectively.

D. Astrophysical reaction rate

The total reaction rate for 2> Al(p, ¥ )*°Si can be expressed
as the sum of all resonant and nonresonant capture contribu-
tions. For the resonant part, the reaction rate can be calculated
by the well-known narrow resonance formalism [47,48]

11.605E,)

Naov), = 1.5394 x 10" (uTo) "2 (wy ) exp (— -
9
)

where u = A7 /(1 + Ar) is the reduced mass in atomic mass
units, and Ay = 25 is the mass number of Al Ty is the
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TABLEII. Present »Al(p, y)*Si resonance parameters.

Jr E, (keV)* wy (V)

I 162.2(3) 3.09 x 10~
0+ 376.1(3) 2.14 x 107
3t 412.4(19)° 3457170 x 1072
4 431.9(40) 4.48 x 1073

2Derived from databases [14,15].
Error-weighted mean value from this work and Refs. [22,23].

temperature in units of GK and E, is the resonance energy in
MeV. wy is the resonance strength in MeV, which is described
as

_ 2J,+1 r,r,
S @+ D@+ 1) T

wy 3

where J, is the spin of resonance, J, = % is the spin of the
proton, and J; = % is the spin of the ground state of Z3Al.
', and T', are the proton and y-ray partial widths of the
resonance, respectively, and ' is the total width defined as
[t =T’ +T',,. The adopted values of resonance strength in
this work are shown in the last column of Table II.

The resonance energy E, plays an important role in the
calculation of the resonant capture reaction rate because it is
exponentially related in the narrow resonance formalism [see
Eq. (2)]. For the E, = 5929.4(8) keV state, the center-of-mass
proton energy is measured to be 418(8) keV in this work.
Combining previous measurements in Refs. [22,23], an error-
weighted mean value of 412.4(19) keV is adopted here for
the resonance energy. For other states, the resonance energy
can be derived by the excitation energy and the reaction Q
value with the relation of E, = E; — Q,,. Because Q,, can
be derived precisely from the database AME2016 [15] now,
the uncertainties of the resonance energy are dominated by the
errors in the excitation energy E,. Here we adopt the excitation
energies from the latest database [14], which are evaluated
from the previous measurements, to derive the resonance
energies as shown in the second column of Table II.

The nonresonant part of the >>Al(p, y)?°Si reaction rate
can be estimated using the expression [47-49]

1
Zr \3
Na(ov)y = 7.8327 x 109<M—TT92) Seit

1
ZZ 3
X exp [—4.2487(%“) } “
9

where p is the reduced mass in atomic mass units and
Zr = 13 is the atomic number of Al Setr 18 the effective
astrophysical S factor that can be expressed by

|: T 1/3

Setr ~ S0)| 1 + 0.098O7<2—) ], 5)
Zij

where S(0) is the S factor at zero energy [47,48,50]. In

previous works, both Iliadis et al. [12] and Matic et al. [51]

calculated the S factor with the value of 27 keV-b and 28 ke V-

b, respectively. As the Q value adopted in Matic’s calculation

10°[ ]
PN 10-1 C /’."—~ ’-"._,:
E E A ]
-, 10°f [l ]
“ C 7ot i
R 4 Total ]
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FIG. 6. Proton-capture reaction rates of 2>Al(p, y)*Si. The red
(gray) shadow area is the upper and lower limits of the total reac-
tion rate. Nonresonant and resonant reaction rates are presented in
different colored lines.

was much closer to the derived value of 0, = 5514.0(1) keV
by AME2016 [15], we adopt S(0) = 28 keV-b in Matic’s work
for the calculation of the nonresonant capture reaction rate. A
30% uncertainty of the nonresonant capture reaction rate is
used here to estimate the upper and lower limits following
Ref. [52].

Figure 6 presents the 2Al(p, y)?°Si reaction rates as a
function of the stellar temperature 7 in units of GK. The
shadow area colored in red (gray) displays the upper and
lower limits of the total reaction rate. The nonresonant part
makes the largest contribution to the total reaction rate when
T < 0.05 GK. Then the E, = 5676.2(3) keV, J* = 1" res-
onance becomes the main component of the total rate until
T ~ 0.18 GK. In temperature range of 7 > 0.18 GK, the total
reaction rate is dominated by the E, = 5929.4(8) keV, J* =
37" resonance. The recently confirmed E, = 5890.1(3) keV,
J™ = 0" resonance makes a non-negligible contribution to
the total rate as temperature increases. When 7 > 0.22 GK,
the E, = 5945.9(40) keV state, of which the spin-parity is as-
signed to be 47 in the discussion above, makes the secondary
contribution to the total reaction rate.

Figure 7 shows the ratios of the present total reaction rate
to the recommended literature values in the JINA REACLIB
database [53]. The shadow parts are marked as the upper and
lower limits of the total reaction rate from the present work.
In high-temperature environments where the E, = 5929.4(8)
keV, J7 = 3% resonance dominates the >>Al(p, y)*°Si re-
action as shown in Fig. 6, the total reaction rate in this
work is consistent within uncertainties with the literature
values when T > 0.20 GK. At the temperature range of
0.05 GK < T < 0.18 GK, our result is slightly larger than
previous calculations because a relatively larger resonance
strength of wy = 3.09 x 10~ eV is adopted for the E, =
5676.2(3) keV, J™ =17 resonance here. At temperatures
below 0.05 GK, the present work shows a consistent result
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FIG. 7. Ratios of the present total 2> Al(p, y)*®Si reaction rate to
the literature values [12,16,17,51] in the JINA REACLIB database
[53]. The red (gray) shadow area shows the upper and lower limits in
this work.

with previous ones. It should be noticed that the present
total reaction rate could not be matched to the result in
Iliadis et al.’s estimation [12] at temperatures where the
E, =5676.2(3) keV, J* = 1T resonance dominates the total
reaction rate, because a much more accurate resonance energy
of E, =162.2(3) keV from the latest databases [14,15] is
adopted here rather than the E, = 44(28) keV in the work of
Iliadis et al. [12].

IV. CONCLUSIONS

In the present work, we performed the first simultaneous
measurement of the B-delayed protons at 418(8) keV and
y rays at 1742(2) keV emitted from the astrophysically im-
portant E, = 5929.4(8) keV, J™ = 3% state of 2°Si which
dominates the proton-capture reaction rate of >>Al(p, y)*°Si
and further influences the nucleosynthesis of galactic 2°Al.
The corresponding Sp and Sy intensities are measured to

be I,; = 11.1(12)% and I,,; = 0.59(44)%, respectively, with
a detector system consisting of a silicon array and five
clover-type HPGe detectors. This simultaneous measurement
could reduce the uncertainties caused by the differences in
experimental setups, thus providing more reliable decay in-
formation of the E, = 5929.4(8) keV state. Moreover, shell
models with weakly bound effects in the sd shell region
were used to investigate the resonances of 2°Si and suc-
cessfully reproduced the energy level and the spin-parity of
experimental determined states at 5676.2(3) keV, J™ =17,
5890.1(3) keV, J™ = 0T; and 5929.4(8) keV, J” = 3*. On the
other hand, shell-model calculations with three Hamiltonians,
USD*, USDA*, and USDB¥*, in both the sd shell region and
cross-shell excitations could not reproduce a 07 state with
the excitation energy lower than E, = 7.7 MeV. Indeed a 4™
state at around E, = 5.8 MeV was predicted, suggesting a 4"
spin-parity assignment for the £, = 5945.9(40) keV state. By
combining experimental results and shell-model calculations
with USD* Hamiltonians in the sd region, we calculate the
total reaction rate of *>Al(p, )?°Si in explosive hydrogen
burning environments. Compared with literature values in
the JINA REACLIB database, our result is consistent with
previous studies at 7 > 0.2 GK.
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