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26Si(p, γ ) 27P direct proton capture by means of the asymptotic normalization
coefficients method for mirror nuclei
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The 26Si(p, γ ) 27P reaction might be relevant in understanding the 26Si depletion and 26Al production in stars.
The asymptotic normalization coefficients (ANC) for the 26Si(p, γ ) 27P reaction were extracted earlier from the
reanalysis of 26Mg(d, p) 27Mg and 26Mg(t, d ) 27Mg reactions, in which the deduced ANC’s show significant
discrepancies. In this work, a dedicated (d, p) measurement is presented: the ANC for the 27Mg → 26Mg + n
virtual decay is deduced from the 26Mg(d, p) 27Mg reaction populating the ground and the first excited state of
27Mg using the distorted wave Born approximation (DWBA). The charge symmetry properties for mirror nuclei
have been used to calculate the ANC for the direct capture 26Si + p→ 27P populating the ground state of 27P.
By means of the same formalism, the �p width for the first excited state has also been deduced. The reaction rate
is also updated using recent values for the �γ /�p ratio measured by [Sun et al., Phys. Rev. C 99, 064312 (2019);
Sun et al., Phys. Lett. B 802, 135213 (2020)].
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I. INTRODUCTION

The presence of 26Al along the galactic plane in the first
spectral images in γ -ray wavelength of our galaxy [1], has
caught the attention of many physicists. Its origin has been
heavily debated in the last 40 years. 26Al presence has been
detected using the 1.809 MeV γ -ray emission line from the
deexcitation of the first excited state of 26Mg, populated by the
β+ decay of 26Al (T1/2 = 0.72 Myrs). This emission has been
found in a large longitudinal range, with a major hot spot near
the center of our galaxy and several other local maxima along
the galactic plane [2,3]. The distribution of 26Al suggests the
hypothesis of its production in massive stars (see Ref. [4]
and references therein). Different possible scenarios for 26Al
have been proposed, such as core-collapse supernovae, Wolf-
Rayet objects, and AGB stars [5]. Also novae [6] and x-ray
bursts [7] have been appointed to be a possible source of
26Al. All those possible sites of production can enrich the
interstellar medium with elements coming from proton cap-
ture. The nucleosynthesis reaction chain that is supposed to
contribute the most to the 26Al production is represented by
the 24Mg(p, γ ) 25Al(β+) 25Mg(p, γ ) 26Al [8]. This scheme is
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complicated by the presence of the well-known, short-lived
isomeric state 26Alm (T1/2 = 6.34 sec), that can be produced
in the same stellar environment: the knowledge of the exact
ratio between 26Alg and 26Alm would be therefore important to
better understand the amount and distribution of 26Al through-
out the galactic plane [9].

26Al production can be bypassed by the competing
25Al(p, γ ) 26Si(β+) 26Alm reaction chain, in which 25Al cap-
tures a proton, ending up mostly in the isomeric state [10].
Furthermore, the 26Si produced in this way can also capture
a proton via the 26Si(p, γ ) 27P reaction, interfering with both
the 26Alm and 26Al productions.

The 26Si(p, γ ) 27P reaction has been already studied in the
past [11–16]. In particular, using the asymptotic normalization
coefficient (ANC) method on data coming from Meurders
and Van Der Steld [17] for the reaction 26Mg(d, p) 27Mg,
Guo et al. [18] were able to calculate the ANC’s for the
reaction 26Si(p, γ ) 27P, using the well-established procedure
for mirror nuclei [19–23]. The authors retrieved the ANC
for the ground, the first, and the second excited states of
the 26Mg + n→ 27Mg process, and deduced the ANC for the
proton capture to the ground state of 26Si + p→ 27P process,
and �p width for the first and second resonant states.

These results were challenged by Timofeyuk et al. [24],
in which the authors deduced the ANC, using the same mirror
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nuclei procedure, reanalyzing the data for the 26Mg(t, d ) 27Mg
reaction [25]. The ANC values for the neutron cap-
ture populating the ground and first excited states of the
26Mg(n, γ ) 27Mg extracted in this way were lower than those
of Guo et al. [18]. The astrophysical S factor at zero energy
of the 26Si(p, γ ) 27P reaction to the ground state has been
also deduced, resulting in a value 1.7 times smaller than Guo
et al. [18]. Timofeyuk et al. [24] also estimated the possible
mirror symmetry breaking between 27Mg and 27P. More re-
cently, a ratio between the γ and proton channels has been
experimentally evaluated in �γ /�p = 1.35 ± 0.39 [26,27],
and the �p width has been extracted using the �γ value from
literature [28]. These values allowed for a new evaluation of
the reaction rate.

Aim and structure of the paper

The aim of the following paper is to address the discrep-
ancies in the ANC values with a dedicated (d, p) reaction
measurement: the 26Mg(d, p) 27Mg reaction has been used to
study the 26Mg(n, γ ) 27Mg by means of the ANC method. The
procedure for mirror nuclei has then been employed to gain
information on the 26Si(p, γ ) 27P direct capture. The experi-
ment has been performed using the 19.2 MeV deuteron beam
available at the U-120M isochronous cyclotron operated by
CANAM infrastructure project at the Nuclear Physics Insti-
tute of the Czech Academy of Science (Řež, Czech Republic).

After a presentation of the ANC method and its extension
for mirror nuclei, both the experimental apparatus and pro-
cedures will be explained in detail. The extracted differential
cross sections for the 26Mg + d and 26Mg + n processes will
be used to extract the optical model potential (OMP) parame-
ters using the FRESCO code [29] in the context of the distorted
wave Born approximation (DWBA). Finally, the results will
be discussed and compared with previous ones.

II. METHOD

The ANC method represents a useful tool to study direct
capture reactions of interest for astrophysics: in the case of a
reaction between charged particles, a precise measurement of
the cross section at low energy is in fact usually hampered by
the presence of the Coulomb barrier. The indirect methods can
overcome this problem.

Several of them were developed in the last decades to mea-
sure the cross sections of astrophysical interest at the so-called
Gamow energies [30]. Among the most used ones we refer to
the Coulomb dissociation method [31] and to the Trojan horse
method (THM) [32,33].

The ANC method allows one to obtain the cross section of
a peripheral direct capture reaction A(a, γ )B in terms of the
radial overlap integral of the X and B nuclei of the A(X, Y)B
transfer reaction (Fig. 1), where the nuclei X and A can
be considered as X = Y + a and B = A + a [34–36]. This
method has been widely used in the last 20 years to investigate
proton [37], neutron [38], and α [39] direct captures in stellar
environment.

The cross section for the A(X, Y)B process in the special
case of one nucleon transfer, can be parametrized—in dis-

FIG. 1. Sketch of a general transfer reaction.

torted wave Born approximation (DWBA)—in terms of the
product between the spectroscopic factors S for the initial and
final states, when they are associated with a specific nucleon
bound state [40]:

dσ

d�
=

∑
jB, jX

SAa,lB, jB SYa,lX , jX σ DWBA
lB, jB,lX , jX . (1)

Taking into account the vertex A + a → B of the reaction in
Fig. 1, the radial overlap function can be approximated by the
wave function of the bound state (B = A + a) [41]:

IB
Aa,lB, jB (rAa) = S1/2

Aa,lB, jB
φAa,lB, jB (rAa), (2)

φAa,lB, jB being the bound-state wave function of the relative
motion between A and a, and S1/2

Aa,lB, jB
the spectroscopic factor

of the (A + a) configuration with quantum numbers lB and jB
inside the nucleus B. On the other hand, the radial overlap
wave function in the asymptotic limit can be described as
follows [41]:

IB
Aa,lB,JB

rAa>Rn−−−→ CB
Aa,lB,JB

W−η,lAa+1/2(2kAarAa)

rAa
, (3)

while the asymptotic behavior of the bound-state wave func-
tion of the (B = A + a) final state can be expressed as

φB
Aa,lB,JB

rAa>Rn−−−→ bB
Aa,lB,JB

W−η,lAa+1/2(2kAarAa)

rAa
. (4)

In both Eqs. (3) and (4), the W−η,lAa+1/2 stands for the
Whittaker function that describes the asymptotic behavior of
the bound-state wave function for two charged interacting
particles, η being the Sommerfeld parameter. The CB

Aa,lB,JB

coefficient of Eq. (3) is the ANC, while b in Eq. (4) is the
so-called SPANC (single-particle ANC) and represents the
normalization constant of the radial single-particle bound-
state wave function tail. This quantity is therefore strongly tied
to the single-particle potential used to reproduce the bound
states of the nuclear system B = A + a (usually a Woods-
Saxon potential).

The same is valid for the other vertex of the sketch shown
in Fig. 1, and using Eqs. (3) and (4) in Eq. (2), the cross section
[Eq. (1)] can finally be modeled as follows:

dσ

d�
=

∑
jB, jX

(
CB

Aa,lB, jB

)2(
CX

Ya,lX , jX

)2 σ DWBA
lB, jB,lX , jX

b2
Aa,lB, jB

b2
Ya,lX , jX

=
∑
jB, jX

(
CB

Aa,lB, jB

)2(
CX

Ya,lX , jX

)2 × RlB, jB,lX , jX , (5)

015806-2



26SI(p, γ ) 27P DIRECT PROTON CAPTURE … PHYSICAL REVIEW C 103, 015806 (2021)

where the σ DWBA
lB, jB,lX , jX

stands for the model cross section used to
reproduce the angular distribution in DWBA.

In the case of proton (p) and neutron (n) transfer, the proton
ANC (CA+p

p ) for the process A + p→ B can be derived from
a suitable mirror partner D + n→ E–where D and E have
inverted number of protons and neutrons with respect to A
and B–using the relation [19–23]:

(
CA+p

p

)2 = Rmirr
(
CD+n

n

)2
. (6)

The CD+n
n coefficient is the neutron ANC of the mirror process

and Rmirr is equal to

Rmirr =
∣∣∣∣ Fl (ikpRN )

kpRN jl (iknRN )

∣∣∣∣
2

, (7)

Fl (ikpRN ) being the regular Coulomb function at imaginary
momentum ikp, jl (iknRN ) the spherical Bessel function of the
lth order at imaginary momentum ikn, and RN = 1.3 × A1/3

fm (with A the atomic mass number of the A nucleus) the
radius of the strong interaction between the proton and the
A core. Varying the coefficient in RN by 10%, the variation
of Rmirr is less than 4%. The quantities kp and kn are related
to the proton and neutron separation energies–εp and εn, re-
spectively, via the relation kp(n) = √

2μp(n)εp(n)/h̄, where μp

and μn are the reduced mass of the A + p or D + n systems,
respectively. The quantity Rmirr can be also calculated in a less
general way using the spectroscopic factors Sp and Sn: the
ANC values for both the proton and neutron channels can be
written as Cp(n) = √

Sp(n)bp(n), and assuming—for both the p
and n mirror states—that both single-particle wave functions
are the same in the nuclear interior, the quantity Rmirr can be
extracted from the relation [42]

Rmirr =
∣∣∣∣bp(n)

bn(p)

∣∣∣∣
2

. (8)

In this way the ratio in Eq. (8) will also be weakly de-
pendent on the chosen potentials. Using this theoretical
framework, the 26Si(p, γ ) 27P reaction will be studied from
the 26Mg(n, γ ) 27Mg mirror pair. The 27Mg-27P mirror pair,
however, has been suggested as a possible case of symmetry
breaking [24], leading to different values of Sp and Sn. To
verify this, a direct measurement on the 26Si(p, γ ) 27P would
be needed.

III. EXPERIMENT

The experimental setup consisted of five �E − E tele-
scopes, each of them consisting of a thin (250 μm) and a thick
(5000 μm) silicon detector. Three of those telescopes, placed
on one side of the beam axis (Fig. 2) and fixed to a rotating
plate, had a 1 × 3 mm2 collimator in front of them and were
placed at a distance of 183 mm from the target, with a 10◦
step between each other. Thanks to the rotating plate, those
detectors covered the angular range between 7◦ to 60◦ at steps
of 2◦. By means of these telescopes it was possible to retrieve
the angular distributions of the outgoing deuterons from the
elastic scattering and the protons related to the ground and first

FIG. 2. Experimental setup.

excited state of 27Mg. The other two detectors were mounted
on a fixed plate and placed on the other side of the beam at
17◦ and 37◦, respectively. These served as monitors to check
the beam purity and alignment during calibration and data
acquisition phases.

The deuteron beam (E = 19.2 MeV, I ≈ 14 enA) impinged
on a 26MgO target (70 μg/cm2) evaporated on a carbon
backing (32 μg/cm2) provided by the target laboratory of the
Laboratori Nazionali del Sud - Istituto Nazionale di Fisica
Nucleare (LNS–INFN). The energy resolution for the �E − E
telescopes has been deduced from elastic scattering on pure
12C and from standard α source, and has been found to be
around 0.3%, while to estimate angular resolution the in-
trinsic precision of the rotating plate step and the kinematic
straggling have been used (≈0.25◦ considering both the con-
tributions).

The elastic scatterings of deuterons from other species (the
oxygen contained in the target and the carbon backing) have
small energy difference at low angles (�15◦) with respect
to the 26Mg + d elastic scattering (0.02 MeV and 0.08 MeV
at 12◦, respectively). To separate the different contributions,
several measurements have been conducted, delivering the
same beam on solid targets made of 12C and Mylar (to eval-
uate the elastic scattering on carbon), and a on a gas target
filled with oxygen (isotopic purity ≈99%, pressure 150 mbar).
Normalizing the yields of the elastic scattering of deuterons
for the four different targets it was possible to subtract the con-
tribution of C and O elastic scattering from the pure 26Mg + d
one. As it can be seen in Fig. 3, the measurement of the elastic
scattering 16O + d has a worse resolution than the other two.
This occurs because of the gas cell used as oxygen target
(5.2 cm radius). The angular and energy straggling of the out-
going deuterons had larger overall uncertainty, and the error
over the scattering peak results to be circa 1.6 times higher.
Nonetheless, the measurement still allowed us to estimate
the oxygen contribution to the total elastic scattering cross
section. Furthermore, the elastic scattering on oxygen coming
from a Mylar target has also been used, in order match the
information of the gas target thickness.
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FIG. 3. Comparison between the contributions to elastic scatter-
ing from the 26MgO +C (black line), pure 12C (dark gray triangles),
and 16O gas target (gray circles) at 27◦. The contribution from carbon
and oxygen can be subtracted to obtain the pure magnesium one.

IV. DATA ANALYSIS AND ANC EXTRACTION

A. DWBA analysis

Among direct transfer reactions, many one-step particle
transfer processes can be successfully described in terms of
finite-range DWBA. The direct reaction mechanism can be
used as a first approximation to describe the angular distribu-
tions and the total cross section. To retrieve the OMP of both
the entrance and exit channels, the code FRESCO [29] has been
used, and the results have been checked using DWUCK-5 [43].
The parameters for the entrance channel were extracted by
fitting the elastic scattering angular distributions, while the
exit ones have been deduced fitting the proton angular dis-
tributions for the ground and first excited states of 27Mg. The
selected optical model is

U = Vc(rc) − V0 f (x0) −
[
W f (xw ) − 4WD

d

dr
f (xD)

]

+ h̄2

mπc
VLS (Lσ )

1

r

d

dr
f (xLS ). (9)

In the equation above Vc(rc) is the Coulomb potential, V0 and
VLS are the depth of the real volume and spin-orbit potentials,
while W and WD are the depth of volume and surface terms for
the imaginary part of the potential, respectively. The function
f (xi ) represents the radial form of the Woods-Saxon potential,
which can be written as f (xi ) = (1 − exi )−1, xi being equal
to (r − riA1/3)/ai, with ri and ai the radius and diffuseness
parameters respectively, and A the atomic mass number. The
function f (xi ) is used as the radial part of the different po-
tential terms, and the subscript i indicates each of the various
contribution terms: 0 for the real volume, LS for the spin orbit,
D for the surface and w for the volume term of the imaginary
potential.

TABLE I. OMP parameters used in DWBA calculation. The D
column refers to the entrance channel. The P1 and P2 columns refer
to the two different potentials for the exit channel. As shown in Fig. 4
the two potentials describe both the ground and first excited states.
As seed parameters for our calculations, we used P1 and P2 sets of
potentials from Guo et al. [18].

Set D P1 P2

V0 [MeV] 88.500 48.140 48.140
rr [fm] 1.085 1.058 1.010
ar [fm] 0.850 0.650 0.750
WD [MeV] 13.250 7.850 27.850
rD [fm] 1.300 1.250 1.350
aD [fm] 0.650 0.650 0.500
VLS [MeV] 6.200 6.200
rLS [fm] 1.010 1.010
aLS [fm] 0.750 0.750
rc [fm] 1.300 1.300 1.300

The adopted OMP parameters are reported in Table I and
the fitted curves obtained for the elastic channel 26Mg + d
and for the ground (Ex = 0 MeV, Jπ = 1

2
+

) and first excited

states (Ex = 0.984 MeV, Jπ = 3
2

+
) are shown in Fig. 4, along

with the experimental data. The spectroscopic factors were
calculated using standard geometrical parameters r0 = 1.25
fm and a = 0.65 fm. The transitions to the ground and first
excited states are well described within the experimental er-
rors, especially around the first maxima.

B. Results and discussions

The peripheral character of the 26Mg(d, p) 27Mg reaction
must be ascertained in order to apply the ANC method.

The peripheral property of the reaction used is documented
by the weak dependence of the C2 value from the geometry
of the Woods-Saxon potential. If the reaction is peripheral,
then the product Sexp · b2 = C2 (where Sexp is the experimen-
tal spectroscopic factor) should have low sensibility while
varying the b parameter, which would not be the case for
S [44–48]. Using the OMP parameters P1 of Table I and
varying the geometry of the Woods-Saxon well (r0 and a),
we found that while the spectroscopic factor varies by ≈55%,
the C2

exp varies only ≈13% (Fig. 5). The reaction can therefore
be considered peripheral.

As it has been stated in Sec. II the expression for the
26Mg(d, p) 27Mg reaction contains also the ANC for the vir-
tual decay decay d → p + n. Its value C2

pn= 0.77 fm−1 was
deduced from the Reid soft core potential [49], and used in
other works [38,50,51].

The spectroscopic factors and ANC’s retrieved from our
experimental data are presented in Table II, where the er-
rors are estimated taking into account the uncertainties of R
[Eq. (5)] related to the statistical error of the experimental data
and to the fitting procedure used to retrieve the OMP (15%):
our ANC value is in agreement with Timofeyuk et al. [24],
while not with Guo et al. [18].

To calculate the mirror ANC for the ground state of the
27P → 26Si + p, we applied Eqs. (6) and (7): the ANC for the
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FIG. 4. Angular distributions for the (a) 26Mg +d elastic scatter-
ing normalized to Rutherford scattering, for the (b) 26Mg(d, p) 27Mg
reaction ground state (Ex = 0 MeV, Jπ = 1

2

+
), and for (c) first ex-

cited state (Ex = 0.984 MeV, Jπ = 3
2

+
) and the DWBA calculations.

All curves are compared with the current experimental data. The
solid line is extracted using the potential D in Table I, while the
dashed and dotted lines are calculated using P1 and P2, respectively.

capture in the ground state is then equal to |C1/2+
exp |2 = 1420 ±

255 fm−1, value that is higher than the 1058 ± 273 fm−1 from
Timofeyuk et al. [24] and lower than the 1840 ± 240 fm−1

FIG. 5. (a) Spectroscopic factors and (b) ANC values extracted
for the ground state of 27Mg versus the value of the SPANC b. The
calculations have been done using the optical potential P1.

from Guo et al. [18]. The discrepancies in the mirror ANC
value retrieved in this work with the one from Timofeyuk
et al. [24] is equally due to the difference between the ANC’s
for the 26Mg + n→ 27Mg1/2+

process and to the different
Rmirr parameters used (13% in both cases). This second issue
derives from the different separation energy for the proton
used in the calculations, which in our case has been taken
from a recent publication [26] and is equal to S(p) = 0.807
MeV instead of 0.859 MeV [19,24]. Using this new value,

the |C1/2+
exp |2 from Timofeyuk et al. [24] would shift to

TABLE II. Values of the spectroscopic factors for the
26Mg(d, p) 27Mg reaction and the ANC’s for the 26Mg(n, γ ) 27Mg
capture—for the ground and first exited states—calculated with the
present experimental data (data from literature also reported). The
nl j values used in the calculations are the same as reported in
literature [10]. The spectroscopic factor used for the ground state is
the same for P1 and P2 potentials. For the first excited state, is taken
as the average of S = 0.51 (P1) and S = 0.58 (P2).

g.s. 0.984 MeV

nl j 1s1/2 0d3/2

Jπ 1/2+ 3/2+

Spectroscopic factor 0.62 0.55
C2

exp [fm−1] [18] 44.00 ± 5.30 3.40 ± 0.32
C2

exp [fm−1] [24] 24.50 ± 4.90 1.10 ± 0.15
C2

exp [fm−1] (this work) 28.26 ± 4.24 1.41 ± 0.25
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TABLE III. Comparison between the total widths �p in the case
when symmetry breaking is considered or not. The apexes (a) and (b)
refer to the case with and without symmetry breaking, respectively.
The resonance is at ER = 0.318 MeV [26,27].

This work Ref. [24]

(5.23 ± 1.05) × 10−9 (a) (4.04 ± 0.77) × 10−9

�p [MeV]
(6.38 ± 1.27) × 10−9 (b)

1230 ± 317 fm−1, leading to a fair agreement between the
central values.

The first excited state of 27P is unbound, so the width �p

for the 27P3/2+
resonance (ER = 0.318 MeV) can be extracted

using a relation similar to Eq. (7) [42]:

R� = �p

|Cn|2
� Rres

0 = h̄2kp

μ

∣∣∣∣ Fl (kpRN )

kpRN jl (iknRN )

∣∣∣∣
2

. (10)

As pointed out by Timofeyuk et al. [24] the nuclei 27Mg3/2+
—

27P3/2+
have been addressed as a candidate for mirror

symmetry breaking. Using the microscopic cluster model the
authors have estimated a possible realistic value of Sp/Sn,
assuming that the full sd shell model spectroscopic factor
for 27Mg3/2+

is not influenced by threshold effects. They
also estimated the ratio R�/Rres

0 using the correlation between
R�/Rres

0 and Cn. This estimations suggests that the symmetry
breaking in the mirror spectroscopic factors is about 18% [24].
The relation between R� and Rres

0 will therefore be R� =
(0.82 ± 0.05) × Rres

0 . For this reason the �p for the first ex-
cited state calculated in this work from the extracted Cn has
been evaluated in both cases, with and without symmetry
breaking, using the relation given in Ref. [24].

The results of these calculations are reported in Table III
with and without symmetry breaking, along with the one from
Timofeyuk et al. [24].

With the above results it is possible to calculate the reaction
rate for the 26Si + p→ 27P + γ . In the following, the value of
�p = 5.23 × 10−9 MeV will be used for the first excited state.
In general, the reaction rate can be calculated as [52]:

NA〈σv〉 =
√

8

πμ

NA

(kT )3/2

∫ ∞

0
e−2πηS(E )e−E/kT dE , (11)

where μ is the reduced mass of the interacting particles,
NA the Avogadro number, k the Boltzmann constant, T the
temperature, η the Sommerfeld parameter, and S(E ) the as-
trophysical S factor. This last quantity has been determined
using the RADCAP code [53], employing a potential model
for the Woods-Saxon well of the 26Si + p compound sys-
tem. The potential is adjusted to match the ANC value, the
energy of the first excited state and the deduced �p. This
calculation shows that the S(E ) is roughly constant—S(E ) =
S(0) = 68 ± 12 keV × b—in the energy range between 0
and 1.4 MeV. This energy range was chosen considering the
Gamow windows (�EG) and Gamow energies (EG) for the
process at the temperatures reported in Ref. [5] (T ≈ 1 ×
109 K, EG = 0.7 MeV, �EG = 0.57 MeV), and in Ref. [7]
(T ≈ 3 × 108 K, EG = 0.31 MeV �EG = 0.2 MeV) for the
proposed astrophysical scenarios. Since the S(E ) is almost
constant, Eq. (11) can be approximated using the relation [52]

NA〈σv〉DC = 7.8327 × 109

(
ZSiZp

μT 2
9

)1/3

Seff

× exp

[
−4.2487

(
Z2

SiZ
2
pμ

T9

)1/3] [
cm3

mol × sec

]
(12)

TABLE IV. The 26Si(p, γ ) 27P reaction rate (in cm3

mol×sec ) for the ground-state direct capture and the first excited state resonant contribution,
extracted using Eqs. (12)–(14). The present data are compared with the ones coming from [26], derived in the same way but using the different
�γ , �p, and S(0).

Reaction rate ground state (this work) Reaction rate first excited state (this work)

T9 Lower Limit Value Upper Limit Ref. [26] Lower Limit Value Upper Limit Ref. [26]

0.1 8.48 × 10−14 9.57 × 10−14 1.25 × 10−13 6.68 × 10−14 2.09 × 10−12 2.91 × 10−12 3.84 × 10−12 1.41×10−12

0.2 2.71 × 10−09 3.06 × 10−09 4.01 × 10−09 2.13 × 10−09 7.63 × 10−05 1.06 × 10−04 1.40 × 10−04 5.15×10−05

0.3 4.02 × 10−07 4.53 × 10−07 5.94 × 10−07 3.17 × 10−07 1.94 × 10−02 2.71 × 10−02 3.58 × 10−02 1.32×10−02

0.4 9.28 × 10−06 1.05 × 10−05 1.37 × 10−05 7.31 × 10−06 2.74 × 10−01 3.81 × 10−01 5.03 × 10−01 1.85×10−01

0.5 8.57 × 10−05 9.66 × 10−05 1.27 × 10−04 6.75 × 10−05 1.24 1.72 2.28 8.38×10−01

0.6 4.64 × 10−04 5.24 × 10−04 6.86 × 10−04 3.66 × 10−04 3.23 4.49 5.93 2.18
0.7 1.78 × 10−03 2.01 × 10−03 2.63 × 10−03 1.40 × 10−04 6.17 8.58 1.13 × 10+01 4.17
0.8 5.39 × 10−03 6.08 × 10−03 7.96 × 10−03 4.25 × 10−03 9.76 1.36 × 10+01 1.79 × 10+01 6.60
0.9 1.37 × 10−02 1.54 × 10−02 2.02 × 10−02 1.08 × 10−02 1.37 × 10+01 1.90 × 10+01 2.51 × 10+01 9.23
1.0 3.05 × 10−02 3.44 × 10−02 4.51 × 10−02 2.40 × 10−02 1.76 × 10+01 2.44 × 10+01 3.23 × 10+01 1.19×10+01

1.2 1.14 × 10−01 1.28 × 10−01 1.68 × 10−02 8.97 × 10−02 2.47 × 10+01 3.44 × 10+01 4.54 × 10+01 1.67×10+01

1.4 3.24 × 10−01 3.66 × 10−01 4.79 × 10−01 2.56 × 10−01 3.04 × 10+01 4.23 × 10+01 5.59 × 10+01 2.06×10+01

1.6 7.67 × 10−01 8.65 × 10−01 1.13 6.04 × 10−01 3.47 × 10+01 4.82 × 10+01 6.36 × 10+01 2.34×10+01

1.8 1.58 1.78 2.34 1.25 3.75 × 10+01 5.22 × 10+01 6.89 × 10+01 2.53×10+01

2.0 2.95 3.32 4.36 2.32 3.93 × 10+01 5.47 × 10+01 7.22 × 10+01 2.66×10+01
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ZSi and Zp being the atomic numbers of 26Si and the proton,
and T9 the temperature in units of [GK]. The quantity Seff is
equal to [52]

Seff ≈ S(0)

[
1 + 0.09807

(
T9

Z2
SiZ

2
pμ

)1/3]
. (13)

The proton resonance width �p (ER = 0.318 MeV) is small
enough to be considered narrow and it is also isolated. The
reaction rate will therefore be equal to [52]

NA〈σv〉R = 1.5394 × 1011

(μT9)3/2 × 2JR + 1

(2Jp + 1)(2JSi + 1)

�p�γ

�p + �γ

× exp

(
−11.605ER

T9

) [
cm3

mol × sec

]
, (14)

where JR = 3/2 is the spin of the resonance, ER its energy,
Jp = 1/2 is the spin of the proton, JSi = 0 is the spin of
the ground state of 26Si, �p is the proton width extracted
previously (considering the case with symmetry breaking, see
Table III), and �γ is the γ resonance width. Regarding the
latter, in Sun et al. [26] the authors were able to experimen-
tally extract the ratio between the γ -ray and proton branches,
Iγ /Ip = �γ /�p = 1.35 ± 0.39. Using our value of �p, the �γ

is therefore �γ = (7.06 ± 1.4) × 10−9 MeV.
The reaction rates for both the direct capture in the ground

state and the first excited state resonant contributions calcu-
lated using Eqs. (12)–(14), with the S(0), �p and �γ retrieved
in this work, are reported in Table IV (with upper and lower
limits). Values of both contributions to the reaction rate re-
ported in Sun et al. [26] are also reported in Table IV.

A comparison between the values of the reaction rate ex-
tracted in this work and the one from Sun et al. [26] show an
increase of the reaction rate for the 26Si(p, γ ) 27P of a factor
1.4 for the ground state and 2.2 for the first excited state,
respectively.

V. CONCLUSIONS

We determined the values of the ANC’s for the 26Mg +
n→ 27Mg neutron capture reaction populating the ground

and the first excited states of 27Mg from the 26Mg(d, p) 27Mg
reaction. Also, the ANC for the direct capture in the ground
state and the width �p for the first excited state of 27P pop-
ulated by means of the 26Si(p, γ ) 27P reaction have been
extracted, using the well-established procedure for mirror
nuclei [19–23]. The symmetry breaking effect for the first
excited state suggested by Timofeyuk et al. [24] is included
in the present calculation. The observed effect is within our
experimental errors (see Table III). More experimental data
regarding the 26Si + p→ 27P reaction—either using direct
or indirect methods—directly involving 26Si in the entrance
channel would shed a light on the problem. Such experiments
nonetheless are challenging, because of the short half-life
of 26Si (2.24 sec). The presented measurement of the ANC
values of the 26Mg(n, γ ) 27Mg reaction turned out to be higher
than those reported in Timofeyuk et al. [24]. This could be due
to the well-known sensitivity of (d, p) reactions to high n-p
momenta [54]. Therefore, improved calculations performed
using adiabatic distorted wave approximation and continuum-
discretized coupled-channel approaches on our experimental
data would be very useful. The reaction rate for the direct
capture to the ground state and the first excited state resonant
contribution have been also deduced. The former has been
calculated using our experimentally extracted ANC for the
26Si + p→ 27P. The latter was calculated using our indepen-
dently measured �p and the new experimentally measured
ratio �γ /�p [26,27]. Higher values in both quantities have
been obtained (see Table IV). An evaluation of the impact
of this augmented reaction rate in the stellar scenarios is of
interest.
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Piskoř, S. Romano, M. L. Sergi, C. Spitaleri, and R. E. Tribble,
Phys. Rev. C 84, 024616 (2011).

[39] G. G. Kiss, M. La Cognata, C. Spitaleri, R. Yarmukhamedov,
I. Wiedenhöver, L. T. Baby, S. Cherubini, A. Cvetinović, G.
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