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Astrophysical 22Mg(p, y)23Al reaction rates from asymptotic
normalization coefficient of *Ne—"’Ne+n"
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Abstract: The radionuclide *’Na generates the emission of a characteristic 1.275 MeV +y-ray. This is a potential astro-
nomical observable, whose occurrence is suspected in classical novae. The 2?Mg(p, y)>> Al reaction is relevant to the
nucleosynthesis of *Na in Ne-rich novae. In this study, employing the adiabatic distorted wave approximation and
continuum discretized coupled channel methods, the squared neutron asymptotic normalization coefficients (ANCs)
for the virtual decay of 2Ne — 22Ne + n were extracted, and determined as (0.483 +0.060) fm ' and (9.7 +2.3) fm '
for the ground state and the first excited state from the experimental angular distributions of >*Ne(d, p)**Ne populat-
ing the ground state and the first excited state of 2*Ne, respectively. Then, the squared proton ANC of 23Alg_s_ was ob-
tained as Cfls /2(23 Al) = (2.65+0.33)x 103 fm ' according to the charge symmetry of the strong interaction. The astro-
physical S-factors and reaction rates for the direct capture contribution in 2>Mg(p, y)>* Al were also presented. Fur-
thermore, the proton width of the first excited state of 23A] was derived to be (57 + 14) eV from the neutron ANC of
its mirror state in 2*Ne and used to compute the contribution from the first resonance of 23Al. This result demon-
strates that the direct capture dominates the 22Mg(p, y)** Al reaction at most temperatures of astrophysical relevance

for 0.33 < T9 < 0.64.
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1 Introduction

Classical novae are believed to be closed binary sys-
tems comprising a white dwarf and a main sequence or
red giant star. When the distance between the stars is be-
low the Roche limit, the white dwarf in the system ac-
cretes the H-rich matter from its companion. A classical
nova outburst takes place upon occurrence of a thermo-
nuclear runaway (TNR), driven by compression of the H-
rich matter [1]. Approximately 25-30% of the novae are
of the ONe type containing massive ONe dwarfs [2]. Ob-
servations of Ne lines [3] demonstrate the enrichment of
Ne in Neon novae. The NeNa and the MgAl cycles start
to produce heavier nuclei after the breakout of the hot
CNO cycles, as preexisting *Ne nuclei are present [4—7].
Novae observations provide evidence of productions of
elements, such as Si and P [8]. Furthermore, the Ne-E
meteoritic neon component enriched in “Ne may also ori-

ginate from the novae [2, 9].

*Na and *°Al are long-lived isotopes that may be ob-
served as y-ray sources by detectors if they do not %atrti—
cipate in any reactions before ejection [5, 10]. "Na,
whose half-life is 2.602 y, B*-decays to the first excited
state in ~°Ne, and subsequently de-excites with the emis-
sion of an accompanying 1.275 MeV y-ray [11]. Detec-
tions of the 1.275 MeV y-ray from a classical nova out-
burst found little evidence of the 1.275 MeV line and
only provided upper limits of the ejected *Na, either by
the SMM [12] or the COMPTEL and OSSE instruments
onboard the CGRO [13-16]. Several nuclear reaction net-
work studies have predicted the ejected abundances of
*Na in novae [17-20]; however, a large uncertainty still
remains [7, 21]. Moreover, some theoretical estimations
yielded abundances significantly higher than the upper
limits obtained by observation [15, 22].

2Na is mainly produced via a reaction chain,
ONe(p,y)*'Na(p,y)**Mg(B*v)**Na [4—7]. While the pro-
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ton capture reaction *’Na(p,y)>Mg is consrdered as the
main approach of the destruction of *Na [23, 24],
22Mg(p,y)**Al may also deplete Mg on the reaction
chain according to the temperature and density condi-
tions [25]. Thus far, there has been no direct measure-
ment of the reaction, mainly because of the unstable iso-
tope Mg with the half-life of 3.88 s [11] involved in the
entrance channel. To date, the ?>Mg(p,y)**Al reaction
was studied using a few indirect methods The excitation
energy of the first ex01ted state in Al was observed by
the “'Mg("Li,®He) Al reaction to be (460+60) keV for
the first time [25] and (550 +20) keV in a more accurate
measurement [26]. Resonant and direct capture rates were
deduced from the excitation energy values together with
spectroscopic factors from shell-model calculations [25,

26]. Simplified network calculations revealed that proton
capture rates of * Mg at those magnitudes only lead to
limited > Al and **Si productron [26]. The gamma width
of the first excited state in ~Al was determined to be
7.2x1077 eV using the coulomb- d1ssoc1at10n method in
RIKEN [27, 28]. The spin and parity of the ZAl ground
state was found to be J" = 5/2* by independent measure-
ments [29, 30]. New states in Al were observed, and the
reaction rates were reevaluated [31], adopting the experi-
mental value of the gamma width in Ref. [28]. As for the
direct capture contribution, the proton asymptotic normal-
ization coefficient (ANC) for the 2Al ground state was
experlmentally found to be C? % ,(PAD = (4.63+0.77)x
103 fm™~! from the *C(**Ne, 23Ne)12C transfer reaction in
the mirror nuclear system [32] and CJ;,(PAl)=
(3.90+0. 44) x 103 fm™! from the one-proton breakup reac-
tion of “Al [33]. The measurement with a new transfer
reaction will be helpful to independently verify the
former ANCs.

In this study, we aim to determine the astrophysical S-
factors and stellar rates of the >Mg(p,y)>*Al reaction
from the previous experimental angular distributions of
22Ne(d, p)**Ne [34, 35] based on the mirror symmetry of a
strong interaction. The relationships between the neutron
and proton ANCs or width in mirror nuclear systems
were previously established by Timofeyuk et al. [36], and
have been successfully applied in several studies [37-39].
The neutron ANCs of *Ne — ??Ne+n for the ground
state and the first excited state are derived from the angu-
lar distributions of 2’Ne(d, p)**Ne within the frame of the
adiabatic distorted wave approximation (ADWA) [40]
and continuum discretized coupled channel (CDCC) ana-
lysis [41]. The adiabatic approximation for the (d, p) reac-
tions was systematically investigated by Chazono et al.
[42]. In comparison with other incident particles, the deu-
teron exhibits a simpler structure that is better under-
stood.

We discuss the neutron ANCs for 2’ Ne — ?>Ne +n in
Section 2 and the proton ANC and width of the ZAl

ground state and the first excited state, respectively, in
Section 3. The astrophysical S-factors and reaction rates
are presented in Section 4. The conclusion is provided in
Section 5.

2 Neutron ANCs of ”Ne

In the case of peripheral transfer reactions, the neut-
ron ANCs for the virtual decay of >*Ne — *’Ne +n can be
obtained by

ot

do Oj1
—) =C%.(d)C?, (PNe # 1
( dQ)exp i, (C ; (“Ne) blzj ( d)bzf,', ®Ne) (1)
do .
where | —| and ‘Tl/ 1), are the experimental and theor-

etical differential cross-sections, respectively, C,zj (d) and
c; (23Ne) are the ANCs ford — p+nand >Ne — ’Ne +n,

respectlvely, and b2 (d) and b2 (23Ne) are the single-
particle ANCs of the deuteron and 2Ne, respectively.
The experimental angular distributions are assumed from
Refs. [34, 35].

The FRESCO code [43] was used to calculate theoret-
ical angular distributions. The optical potential paramet-
ers of the entrance channel were obtained from the neut-
ron-target and proton-target optical potentials within the
adiabatic approximation [40], considering the breakup ef-
fects of the deuteron. Additionally, the CDCC calcula-
tions [41] were also performed to understand the uncer-
tainty from the reaction models by comparison with the
ADWA results. The continuum states were discretized up
t0 kmax = 1 fm™!, with a step size of Ak =0.05fm™!. The
exit channel parameters are the proton-target optical po-
tential parameters at the corresponding outgoing energy.
C3,5(d) assumes the value of 0.76 fm” from Ref. [44].
The nucleon-target potential parameters were provided by
Varner et al. [45] and Koning et al. [46], as listed in
Table 1.

The neutron ANCs were extracted by normalization
of the present ADWA and CDCC calculations to the ex-
perimental angular distributions via Eq. (1). The discrep-
ancies between the ADWA and CDCC results were found
to be 9% and 13% for the ANCs of the ground state and
the first excited state, which is in agreement with the con-
clusion of the previous systematic study by Chazono et
al. [42]. Figure 1 shows the normalized angular distribu-
tions of the 2’Ne(d, p)23Ne reactlon leading to the ground
and first excited states of ~Ne with the ADWA and CD-
CC approaches, together with the experimental data [34,
35]. Furthermore, the peripherality of the reaction should
be ensured when the ANC method is adopted. The de-
pendence of both the spectroscopic factors and the square
of the ANCs on the radius of the binding potential is cal-
culated, as shown in Fig. 2. The spectroscopic factors
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Table 1. Entrance and exit optical potential parameters, where V; are in MeV, rjy and g; are in units of fm. If i represents null, the parameters will be
real volume-central potentials. S/ depicts imaginary surface-central potentials, / depicts imaginary volume-central potentials, S O depicts real spin-or-
bit potentials, and C depicts the Coulomb potential.

Method Channel Potential V 40) a Vsi rs10 asy Vi 4 0) ap Vso rs00 aso rco

ADWA d+*2Ne Varner 96.64 1.17 0.72 14.03 1.18 0.69 1.82 1.55 0.46 5.90 0.91 0.63 1.28
Koning 99.42 1.16 0.71 14.46 1.30 0.57 0.97 1.55 0.46 5.66 0.95 0.57 1.36

p+3Ne Varner 51.64 1.17 0.69 8.26 1.18 0.69 1.35 1.18 0.69 5.90 0.92 0.63 1.28

Koning 53.77 1.16 0.67 8.77 1.30 0.53 1.25 1.16 0.67 5.47 0.96 0.59 1.35

CDCC p+22Ne Varner 53.72 1.17 0.69 8.37 1.18 0.69 0.84 1.18 0.69 5.90 0.91 0.63 1.28
Koning 56.58 1.16 0.68 7.72 1.30 0.53 0.51 1.16 0.68 5.66 0.95 0.59 1.36

n+2Ne Varner 49.90 1.17 0.69 5.79 1.18 0.69 1.10 1.18 0.69 5.90 0.91 0.63 1.28

Koning 50.32 1.16 0.68 6.86 1.30 0.54 0.59 1.16 0.68 5.60 0.95 0.59 1.36

p+3Ne Varner 51.64 1.17 0.69 8.26 1.18 0.69 1.35 1.18 0.69 5.90 0.92 0.63 1.28

Koning 53.77 1.16 0.67 8.77 1.30 0.53 1.25 1.16 0.67 5.47 0.96 0.59 1.35
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6., (deg) gp g
Fig. 1. (color online) Experimental and theoretical by the ADWA analysis of the data from Lutz et al. [34] us-

22Ne(d, p)*Ne differential cross-sections for the ground ing potentials from Varner ef al. [45].

state and first excited state of 2>Ne with an incident energy
of 12.1 MeV. The red dots and black squares refer to the
experimental angular distributions from Lutz et al. [34] and

vary considerably, whereas the neutron ANCs are more
stable, which indicates the peripherality of this reaction at

Howard et al. [35], respectively. The curves denote the the present energy. The uncertainties of 2% and 5% were
present ADWA and CDCC calculations with the OMP derived for the ANCs of the ground state and the first ex-
parameters listed in Table 1. cited state, respectively.
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The square of the ANCs C3; ,(*’Ne) = (0.483 +0.060)
fm' and c /2(23Ne) =(9.7+2.3)fm™!. The uncertainty
arises from the statistics (4% for the ground state and
18% for the first excited state), different sets of the exper-
imental data (1% for the ground state), two sets of optic-
al model potentials (7% for both states), discrepancy
between the ADWA and CDCC methods (9% for the
ground state and 13% for the first excited state), and
breakdown of peripherality (2% for the ground state and
5% for the first excited state).

In Table 2, we list the present ANCs of *Ne along
with the previous results. The new neutron ANCs for the

ground and first excited states are smaller than those from
the ( ’c, C) reaction by a factor of ~2 [32].

Table 2.

mental results.

Present ANCs of *’Ne in comparison with previous experi-

ANC’/fin™
EX/MSV Jir 3 12
(°C, "O)[32] Present
0 5/2* 0.86+0.14 0.483 £0.060
1.017 1/2* 18.2+4.2 9.7+23

3 Proton ANC and width of > Al

The ground states of 23A] and 2*Ne are mirror pairs.
The proton ANC of 23Alg.s_ can be extracted from the
neutron ANC of »Ne, as a result of charge symmetry.
The spin and parity of »Al,, were measured to be 5/2*
[30, 33], which is the same as its mirror nucleus. The re-
lationship is described as

C3s /2(23A1) R C3s /2(23Ne) )

where R is the ratio.
The relationship of the ANCs for mirror pairs was es-
tablished as [36, 47]

_|_Filik,Ry) P2

3)

where F; is the regular Coulomb wave function, j; is the
Bessel function, Ry is the radius of the nuclear interior,
and k, and k, are the wave numbers of the proton and
neutron related to the separation energies, respectively.
The ratio R was derived to be 5,440 when Ry = 1.3xA!/3
fm. Furthermore, we investigated the dependence of R on
Ry by changing the Ry values from 1.1 xA!'/3 to 1.5x A!/3

fm, and found that the deviation was less than 1%.

In contrast, based on the assumption that the differ-
ence in the spectroscopic factors for the mirror pairs can
be ignored, R can also be obtained by

_ bispPAD

d5/2(23N e)’

4)

where b2, /2(23Al) and b’ /2(23Ne) refer to the respective
single-particle ANCs. The single-particle ANCs were cal-
culated with the same geometry parameters ry and a, and
the same spin-orbit interaction. The depth of the central
potential was adjusted to reproduce the latest experiment-
al proton binding energy 0.143 MeV in A1 [30].

The ratios inferred from Eq. (3) and Eq. (4) were
5.44x10% and 5.47x 10, respectively. The average was
used for the following calculation, and their difference
was included in the total uncertainty. The proton ANC of
3Algs was found to be Cd5/2(23A1)—(2 65+0. 33)><103
fm ' In Table 3, we list the present proton ANCs of PAl
along with the previous results. The present proton ANC
is significantly smaller than the previous expenmental
value of (4.63+0.77)x10° fm~! from the ( C C) reac-
tlon [32]. This is because the present neutron ANC of

*Ne from the (d p) reaction is approximately half that
from the ( ’c, C) reaction.

Regarding the first excited state of 23Al, the proton
width T, of the resonance can also be deduced from the
neutron ANC of its mirror state in >>Ne by

T, =R*xC2 ,(PNe), (5)
where Rres is given by both [36, 48]
2
RS = h kl’ Fl(kI’RN) 2 (6)
u
and
ry
RIS = P , (7)
b, /2(23Ne)
where T} represents the single particle width. The aver-

age of the ratios from Eq. (6) and Eq. (7) was used to cal-
culate the proton width of the 23A]1 first excited state,
which was determined to be I', = (57 +14) eV. The new
width is in approximate agreement with the value of
(32+5) eV frorn the measurement of the resonant proton
scattering of’ Mg+p by He et al. [31].

Table 3. Present ANC or width of Al in comparison with previous experimental results.
ANC?/fm” for the ground state, T,/eV for the 0.550 MeV state
E,/MeV Jr » 13, 12
p("Mg, p)[31] (°C, “O)[32] Breakup[33] Present
0 5/2* (4.63+0.77)x 103 (3.90 +0.44) x 103 (2.65+0.33)x 10°
0.550 1/2* 32+5 57+14
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4 Astrophysical S-factors and reaction rates
of Mg (p, )" Al

The ANC can describe the tail of the overlap func-
tion of the bound state wave functions of the projectile,
target, and residual nucleus. Then, the cross-section of the
peripheral direct capture can be determined along with
the scattering wave function in the entrance channel [49].

The RADCAP code [50] was utilized to calculate the
cross-section and the astrophysical S-factor of the direct
capture reaction. The depth of the proton binding poten-
tial was adjusted to reproduce the binding energy 0.143
MeV [30], with the same geometry parameters ry and a as
the ones used when calculating the neutron ANC of
23Neg.. This direct capture reaction is mainly dominated
by the E1 transition from the incoming p wave at low en-
ergies of astrophysical interest. The S-factors for direct
capture are shown in Fig. 3. The direct S-factor at zero
energy was found to be Sg4;(0)=(0.53+0.07) keV b,
whereas the values in previous studies were (0.96+0.11)
keV b [32] and (0.73+0.10) keV b [33]. The difference
was mainly caused by different ANCs.

The S-factor of the resonance through the 1/2* state of
2 Al can be deduced by the Breit-Wigner formula [51, 52]

K2 2J+1
SwlB) = I DeL+ 1)
[, (B, (E) Eg\'/?
(E—ER)2+(rtm/2>2‘3’Xp(F) > ®

where J, Ji, and J, depict the spins of 23A], the proton,
and Mg, respectively; I',, I', and T, represent the pro-
ton, gamma, and total widths, respectively; Er and Eg de-
pict the resonance and Gamow energies, respectively.
The energy dependence of the widths is given by [53, 54]

[~(Ea/E)"2]
LB FP(ER)ei);—(EGG/ER)”Z] ©)

and

(Q+E)21+l
(Q+ER)21+1 >

where Q represents the reaction Q value, and / represents
the multipolarity of the gamma transition. The S .5 factors
are also shown in Fig. 3. This resonance was dominated
by the E2 transition, and thus does not interfere with the
direct capture dominated by the E1 transition.

The reaction rate of the capture reactions can be in-
tegrated by

8 1/2 1 3/2
N =Na|l—] =
asov= A(ﬂu) (kT)

oo E  (Eg\?
xfo S(E)exp(—k—T—(F) )dE, (a1

where Ny and £ refer to Avogadro's and Boltzmann's con-

Iy(E) =T'y(Er) (10)

10 T T
6 ! .
10°F | Direct 3
| — — Resonant
10° r I
104 { 1
2
300 ]
~10°f !
? ! 1
or [ 22 23 |
\
10°F /’ \ Mg(p, ’Y)_él_ 3
107§ / T 1
/
10-2 L 1 1
0.0 0.5 1.0 1.5
E. . (MeV)
Fig. 3. (color online) Astrophysical S-factors of

22Mg(p,y)23Al direct capture (red solid curve) and reson-
ant capture through the first excited state of 23A] (black
dashed curve) at different center-of-mass energies.

stant, u is the reduced mass, and 7' is the temperature.

The reaction rates of the direct and resonant captures
at different temperatures are shown in Fig. 4. The result
shows that the direct capture dominates the 2?Mg(p,y)** Al
reaction at most temperatures of astrophysical relevance
within the range 0.33 < Ty < 0.64. The present numerical
rates are listed in Table 4, along with the previous results.
The differences with respect to other studies are mainly
due to different values of the proton ANC of 2 Al ad-
opted, as discussed in Sections 2 and 3.

With REACLIB's standard formula [55, 56], the total
reaction rate is fitted as

Na < v >=exp[3.65959 - 0.00604581T5 " —24.04057; '
+17.244T3° —2.48044T5 +0.1815377,°
—4.69873In(T5)] +exp[115.723 + 3461447
~267.374T;' +97.5552T4/ + 68.1136T5

~24.91897," - 144.28In(To)], (12)
10° T T
10°F
10 - e
z w0t PMg(p,v) Al ]
[<] -6
£ 10 i ]
e 10°f .
E r ]
A 107 i 7]
5 10" .
V< e 7]
z 107 Direct ]
10"} - = ‘Resonant
107 I A Total ]
102 C ) N
0.01 0.1 1 10
T9
Fig. 4. (color online) Direct capture (red solid curve), reson-

ant capture through first excited state of 23 Al (black dashed
curve), and total (blue dotted curve) astrophysical reaction
rates of 2>Mg(p,y)** Al as a function of temperature.

074001-5



Chinese Physics C  Vol. 44, No. 7 (2020) 074001

Table 4. Total astrophysical reaction rates of 2>Mg(p,y)*> Al capture reaction in comparison with previous results.

Present Wiescher et al. [25] Caggiano et al. [26] He et al. [31] Al-Abdullah et al. [32]
To Na 3< av > Na 3< ov> ratio Na j ov> ratio Na 3< av > ratio Na j ov> ratio
/(cm’/mol s) /(cm’/mol s) /(cm”/mol s) /(cm”/mol s) /(cm”/mol s)

0.10 1.38x 10713 5.03x10714 0.36 1.70x 10713 1.23 1.67x 10713 1.21 2.62x10713 1.90
0.20 1.63x107° 5.70x 10710 0.35 1.89x107° 1.16 1.96x107° 1.20 3.19x107° 1.96
0.30 2.45x1077 8.42x 1078 0.34 2.08x 1077 0.85 2.83x 1077 L.15 5.14x 1077 2.10
0.40 5.87x107° 2.00x107° 0.34 4.42x107° 0.75 6.58x107° 1.12 1.12x107° 1.91
0.50 4.43%x107° 1.50x107° 0.34 3.43%x107° 0.77 4.49%x107° 1.01 7.94%107° 1.79
0.60 1.80x 107 5.98x107° 0.33 1.49x 107 0.83 2.03x 107 1.12 3.15x 107 1.75
0.70 5.23x107 1.69x 1074 0.32 4.58x107* 0.88 5.94x107 1.14 9.17x 107 1.75
0.80 1.24x1073 3.88x 1074 0.31 1.14x 1073 0.92 1.43x1073 1.15 223x1073 1.80
0.90 2.59x1073 7.85x 107 0.30 2.48x1073 0.96 3.03x 1073 1.17 4.83x1073 1.86
1.00 4.95x1073 1.45x1073 0.29 4.86x 1073 0.98 5.86x1073 1.18 9.58x1073 1.94
1.50 5.54x1072 1.42x 1072 0.26 5.41x1072 0.98 6.85x1072 1.24 1.27x107! 229
2.00 2.62x107! 6.45x 1072 0.25 2.54x107! 0.97 3.50x 107! 1.34 7.24x107! 2.77

with fitting errors being less than 5% at the temperatures
from 0.02 GK to 10 GK. The present rate with this for-
mula can be conveniently used in stellar modeling.

In the nova models adopted in Ref. [21], the peak
temperatures range from 0.145 GK to 0.418 GK If the
proton capture dominates over the B-decay of > Mg, the
required hydrogen density values at those typical peak
temperatures are larger than the corresponding peak density
values in the models by at least one order of magnitude.

5 Summary and conclusion

We extracted the neutron ANCs for the ground state
and the first excited state of ~’Ne from the experimental
differential cross-sections of the 2’Ne(d, p)>>Ne reaction
through the ADWA and CDCC analysis. Then, the pro-

ton ANC for the ground state and the proton width of the
first excited state of 2 A1 were deduced according to the
charge symmetry of the mirror nuclei. The astrophysical
S-factors and reaction rates of the direct capture to the
ground state and the resonant capture to the first excited
state in the 2?Mg(p,y)*3Al reaction were extracted from
the present ANC and proton width. The present total re-
action rates are approximately half that of the most Je-
cent values obtained from the measurement of the ( ’C,

C) reactlon [32]. This is because the present neutron
ANC of Ne from the (d p) reaction is approximately
half that from the ( ’c, C) reaction. It is highly desir-
able to understand such a large dlfference between the
results from the (d, p) reaction and the ( ’C, C) reaction
in the future. Our result supports the claim that the direct
capture dominates the >>Mg(p, y)>>Al reaction at most as-
trophysical temperatures.
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