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Indirect measurement of the 57.7 keV resonance strength for the astrophysical
γ-ray source of the 25Mg(p, γ ) 26Al reaction
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25Mg(p, γ ) 26Al is the most important reaction in the Mg-Al cycle in the hydrogen burning regions of stars.
Its cross sections at stellar energies are essential to understand the issues of radioactive 26Al in the galaxy and
meteorites. The 57.7 keV resonance dominate the 25Mg(p, γ ) 26Al astrophysical reaction rates at relative low
temperature, but it is very difficult to measure its resonance strength directly, and the indirect measurement
results deviate by a factor of about 2 by far. In this work, the angular distributions of 25Mg(7Li, 6He) 26Al leading
to 6.364 MeV and eleven low-lying states in 26Al have been measured by the Q3D magnetic spectrometer of the
HI-13 tandem accelerator. The spectroscopic factors were derived and used to deduce the proton width and
57.7 keV resonance strength. The astrophysical 25Mg(p, γ ) 26Al reaction rates at stellar energies have been
updated by using the present result.

DOI: 10.1103/PhysRevC.102.025804

I. INTRODUCTION

The origin of the long-lived radioactive nuclide 26Al in the
galaxy is a hot issue since the 1980s when the 1.809 MeV
γ ray was detected [1,2] by the NASA’s three High Energy
Astronomy Observations (HEAO-3) spacecraft with cooled
germanium detectors. Afterwards, observations were greatly
improved by the Imaging Compton Telescope (COMPTEL)
on board the Compton Gamma Ray Observatory (CGRO)
and the International Gamma-Ray Astrophysics Laboratory
(INTEGRAL) satellite. Subsequently, about 2.8 ± 0.8 Msun

total 26Al mass were derived from the flux of 1.809 MeV
γ ray [3] in our galaxy. The half-life of 26Al is about 0.72
Myr, comparing with the multiple 109 of years age of the
galaxy; this discovery provides a direct proof of the ongoing
nucleosynthesis in our galaxy. Due to its slow decay, individ-
ual events cannot be detectable, observational results are from
the cumulative yield of many events over the past 106 years.
However, the discovery of 26Al is the first detected γ -ray line
emitted by radioactive nuclei in interstellar galactic gas, it
established an important astronomical window of multimes-
senger studies.

Excesses of 26Mg from the decay of 26Al was also found
in the Allende meteorite [4] and presolar dust grains [5]. The
discoveries have two important meanings, one is that 26Al is
still alive at the time when the rocks were formed, it could
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constrain the time interval between the latest nucleosynthesis
event near the forming of our sun and give more information
about the birth of our solar system, another one is that energy
deposition from 26Al decay injects a lot of heat, which could
influence the forming of our earth.

However, there are some discrepancies between those
observations and model calculations about 26Al. First, the
abundance of 26Al in our early solar system is higher than
the results detected by the γ -ray line of the present interstellar
galactic gas. Second, the ratio of 26Al/60Fe in our early solar
system is also higher than the observations [6]. Both of the
discrepancies need more 26Al to be produced in the early solar
system. Therefore, it is important to study the 26Al from both
of model calculations and nuclear physics.

The 25Mg(p, γ ) 26Al astrophysical reaction rates are dom-
inated by 57.7, 92.2, 190, 304 keV resonances. Many studies
of the 25Mg(p, γ ) 26Al reaction have been carried out since
1970s [7–18], nevertheless, the direct measurements have
only reached down to the 92.2 keV in the Laboratory of
Underground Nuclear Astrophysics (LUNA) in 2012 [19,20].
Currently the 57.7 keV resonance can only be measured via
indirect method due to the small yields and big background
events in experiment. The 25Mg(3He, d ) 26Al reaction leading
to 6.364 MeV state have been performed at three different
energies [7,13,14], and reanalyzed by Iliadis et al. to study
57.7 keV resonance, the derived proton spectroscopic factors
agree with each other for the l = 2 components in measuring
error ranges, while the l = 0 components deviate by about a
factor of two, and the deduced resonant strength for 57.7 keV
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resonance are also deviate almost by a factor of two [16]. Thus
it is necessary to develop a new measurement to clarify this
discrepancy.

The (7Li, 6He) single proton transfer reaction is suitable to
measure the proton spectroscopic factors for the well-known
7Li proton spectroscopic factor [21,22], and the shapes of the
angular distributions can be well reproduced by the distorted
wave Born approximation (DWBA) [23,24]. Therefore, the
25Mg(7Li, 6He) 26Al reaction is chosen to solve this discrep-
ancy.

In this work, the angular distributions of 7Li elastic scat-
tering on 25Mg and 25Mg(7Li, 6He) 26Al transfer reactions
leading to 6.364 MeV and eleven low-lying states in 26Al
have been measured at E (7Li) = 31.5 MeV. The 26Al proton
spectroscopic factors for the measured states were derived
based on DWBA analysis by using the spectroscopic factor
ratio calculated from shell model. The proton width and reso-
nant strength of 57.7 keV resonance have been deduced, and
then applied to calculate the astrophysical 25Mg(p, γ ) 26Al
reaction rates at stellar energies.

II. MEASUREMENT

The experiment was carried out by using the Q3D magnetic
spectrometer [25] with a 31.5 MeV 7Li beam from the HI-13
tandem accelerator, Beijing. Similar to our previous experi-
ments [26–28], the 200 enA 7Li beam was impinged on a
75 μg/cm2 thick 25MgO target with a purity of 98.81%, which
was sputtered on a 40 μg/cm2 thick carbon foil. A 24MgO
target enriched to 99.85% in the same thickness was served
as the background measurement. The thickness of the target
was determined by an analytical balance with a precision of
1 μg. A removable Faraday cup at the down stream of the
target was used to collect the beam for θlab > 6◦ normaliza-
tion. A �E -E countertelescope was placed at 25◦ downstream
of the target served as the relative normalization of measure-
ments at angles of θlab � 6◦ to monitor the elastic scattering
events. The reaction products were focused and determined
by Q3D magnetic spectrometer with the accepted solid angle
of 0.88 mSr for a good angular resolution, and measured by
six X4 silicon detectors with each effective area of 75 mm
× 40 mm on the focal plane. The X4 silicon detectors are
composed of eight strips in the width of 5 mm with the 0.4 mm
position resolution (FWHM) in length, and in sequence with
the gaps of 55 mm on a high-precision motorized linear stages.
In this layout, the obtained spectra of two measurements with
the interval of 65 mm for the detector array position can be
jointed to a continuous one with the length of about 800 mm,
and the position distortion on the edge of the detectors can be
eliminated effectively by the overlaps between two adjacent
detecting areas.

The 25Mg(7Li, 6He) 26Al∗ 6.364 reaction has been measured
as the first aim in this experiment, the transfer reactions
leading to ground and first ten excited states have been
measured as well to deduce the direct capture component
of 25Mg(p, γ ) 26Al and verify the spectroscopic factor pro-
porations for different angular momentum components cal-
culated from shell model. To extract the optical potential
of the entrance channel, the 7Li elastic scattering on 25Mg

FIG. 1. The spectra of the (7Li, 6He) reaction for 25Mg and 24Mg
targets at θlab = 12◦, 0–10 represent the ground and first ten excited
states in 26Al.

has also been measured. The ratio of accumulated incident
7Li ions on 25Mg and 24Mg targets is 2:1, and the typical
spectra of the (7Li, 6He) reaction events for 25Mg and 24Mg
targets at θlab = 12◦ are shown in Fig. 1. Each states in 26Al
can be found clearly in the spectra, and the 17F events can
be used to verify the position of 6.364 MeV state in 26Al.
The measured 25Mg(7Li, 7Li) 25Mg elastic scattering angular
distribution is shown in Fig. 2 and the angular distributions
for the 25Mg(7Li, 6He) 26Al transfer reactions are shown in
Fig. 3.

FIG. 2. Angular distributions for present 25Mg(7Li, 7Li) 25Mg
at E (7Li) = 31.5 MeV and earlier 27Al(6Li, 6Li) 27Al at E (6Li) =
18 MeV [29] are donated as solid and open circles together with the
DWBA fitting results in different lines.
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FIG. 3. Measured angular distributions of 25Mg(7Li, 6He) 26Al
transfer reactions together with the DWBA calculations in using the
corresponding sets of optical potential parameters for the entrance
and exit channels, respectively.

III. DWBA ANALYSIS

DWBA code FRESCO [30] was used to analyze the exper-
imental angular distributions with the Woods-Saxon volume
form factors for the potential [31],

U (r) = −
[

UV

1 + exp
( r−RR

aR

) + iWV

1 + exp
( r−RI

aI

)
]
. (1)

UV and WV are the depths of the real and imaginary potentials,
Ri = ri(A1/3

p + A1/3
t ), Ap, and At are the mass numbers of

the projectile and target, ri and ai are the reduced radii and
diffuseness of the potentials, and i can be either R or I for the
real and imaginary parts of the potentials, respectively.

The Woods-Saxon optical potential parameters for the en-
trance channel were extracted from the 25Mg(7Li, 7Li) 25Mg
angular distribution, which are listed in Table I as Sets I and
II. No experimental data exist for the 6He elastic scattering
on 26Al, then the potential derived by fitting the angular
distributions of the 27Al(6Li, 6Li) 27Al at E (6Li) = 18 MeV

TABLE I. Woods-Saxon potential parameters for the calculation
of 25Mg(7Li, 6He) 26Al, Sets I, II, and III are extracted by fitting
the 25Mg(7Li, 7Li) 25Mg and 27Al(6Li, 6Li) 27Al elastic scattering
angular distributions, respectively. Sets IV and V are the global
optical potentials for the exit channel 6He + 26Al and core-core 6He
+ 25Mg from Ref. [32], E is the corresponding laboratory energy of
6He in MeV. The depths and geometrical parameters are in MeV and
fm, respectively.

Set UV rR aR WV rI aI rC

I 85.6 0.799 0.845 10.4 1.260 0.831 1.0
II 233.0 0.612 0.850 16.5 1.140 0.880 1.0
III 162.0 0.878 0.832 11.6 1.372 0.487 1.2
IV 119.3 + 0.65E 0.9 0.7 8.1–0.15E 1.5 0.7 1.2
V 118.7 + 0.65E 0.9 0.7 8.0–0.15E 1.5 0.7 1.2

[29] and a 6He global optical potential [32] were adopted for
the exit channels and the parameters are listed in Table I as
Sets III and IV, and the 6He global optical potential also used
for the core-core (6He + 25Mg) interaction in the calculations
listed as Set V. As shown in Fig. 2, the angular distributions
of elastic scattering were well fitted with their corresponding
potential parameters.

For calculating the wave functions of the bound states,
the Woods-Saxon potentials with the standard geometrical
parameters r0 = 1.25 fm and a = 0.65 fm were adopted, and
the potential depths were adjusted automatically to reproduce
the proton binding energies of the bound states in 26Al.
Then the transfer reactions have been calculated by using
above optical potential parameters. Since the unbound state
cannot be handled, the angular distributions of Jπ = 3+ states
with the excitation energies for a bound state ranges from
6.0 to 6.3 MeV in an energy step of 50 keV have been calcu-
lated. As shown in Fig. 4, the shape of these angular distribu-
tions did not show noticeably change and the differential cross
sections decreased linearly with the increase of excitation en-
ergy at forward angles. Then the differential cross sections of

FIG. 4. Calculated angular distributions of 25Mg(7Li, 6He) 26Al
leading to Jπ = 3+ states with the excitation energies range from 6.0
to 6.3 MeV in energy step of 50 keV.

025804-3



Y. J. LI et al. PHYSICAL REVIEW C 102, 025804 (2020)

TABLE II. Proton spectroscopic factors for the relevant states in 26Al. Ex is the excited energy for each states, C2Sth and C2Sexp are the
calculated and experimental spectroscopic factors for the 2s1/2, 1d3/2, and 1d5/2 orbits.

C2Sth C2Sexp

Ex (MeV) Jπ 2s1/2 1d3/2 1d5/2 2s1/2 1d3/2 1d5/2

0.0 5+ 0.521 0.60 ± 0.07
0.2283 0+ 1.235 1.51 ± 0.17
0.4169 3+ 0.317 0.013 0.018 0.29 ± 0.04 0.012 ± 0.001 0.017 ± 0.002
1.0577 1+ 0.007 0.703 0.009 ± 0.001 0.86 ± 0.10
1.7590 2+ 0.139 0.190 0.018 0.15 ± 0.02 0.20 ± 0.03 0.019 ± 0.003
1.8506 1+ 0.121 0.17 ± 0.02
2.0689 4+ 0.012 0.016 ± 0.002
2.0695 2+ 0.017 0.008 0.174 0.023 ± 0.003 0.011 ± 0.001 0.24 ± 0.03
2.0716 1+ 0.021 0.029 ± 0.004
2.3652 3+ 0.112 0.015 0.20 ± 0.02 0.026 ± 0.003
2.5454 3+ 0.016 0.085 0.066 0.015 ± 0.002 0.078 ± 0.009 0.061 ± 0.007
6.3640 3+ 0.071 0.140 0.024 0.082 ± 0.012 0.16 ± 0.02 0.028 ± 0.004

6.364 MeV state were extrapolated with the variation of
excitation energies.

The 26Al proton spectroscopic factor C2S
lp jp
26Al can be derived

by normalizing the DWBA calculations to the experimental
data according to the expression(

dσ

d�

)
exp

=
∑
lp jp

C2S7LiC
2S

lp jp
26Al

(
dσ

d�

)lp jp

DWBA

, (2)

where (dσ/d�)exp and (dσ/d�)DWBA are the measured and
calculated differential cross sections, respectively. The proton
spectroscopic factor of 7Li has been determined as 0.42 based
on Refs. [21,22].

The proton spectroscopic factors of 26Al were analyzed
with the shell model code NUSHELL@MSU [33] by using
usdbpn Hamiltonian [34] in the sdpn model space, and the cal-
culated results for the 2s1/2, 1d3/2, and 1d5/2 orbits are listed
in Table II. Then the ratios of the calculated spectroscopic
factors for each component were adopted in the calculation
of the transfer reactions, and the results are also shown in
Fig. 3 together with the experimental data. One can see that
the angular distributions of the 25Mg(7Li, 6He) 26Al transfer
reaction leading to 12 states in 26Al are well reproduced with
Jπ from 0+ to 5+ and the varied proportion of 2s1/2, 1d3/2,
and 1d5/2 components. Then the derived spectroscopic factors
of each components for all the measured states are listed in
Table II, the proton spectroscopic factors of the 6.364 MeV
state in 26Al are 0.082 ± 0.012, 0.162 ± 0.024, and 0.028 ±
0.004 for the 2s1/2, 1d3/2, and 1d5/2 orbits, respectively, the
uncertainties are mainly come from the divergence of optical
potential parameters (9%), the error of the measurement (5%)
and 7Li spectroscopic factor (10%) [21].

Angular distributions of the 25Mg(3He, d ) 26Al∗ 6.364 re-
action at three energies [7,13,14] have also been reanalyzed
as the above procedure. For the convenience of the calcula-
tions, the DWBA calculation code TWOFNR [35] have been
adopted since the proton spectroscopic factor of 3He has been
embedded and one set of the optical potential parameters
for the entrance channel from Ref. [36] and three sets for
the exit channel from Refs. [36,37] were included in the

code. The calculations together with the experimental data
are shown in Fig. 5, three (3He, d) angular distributions
are all well reproduced with the calculated spectroscopic
factor proportions of 2s1/2, 1d3/2, and 1d5/2 components for
6.364 MeV state. The ratio of the experimental and calculated
spectroscopic factors C2Sexp/C2Sth for the present (3He, d)
reanalysis is obtained to be 1.33 ± 0.20, it is in agreement
with the present 25Mg(7Li, 6He) 26Al∗ 6.364 result 1.16 ± 0.17
within the uncertainty.

IV. REACTION RATES

The reaction rate for a narrow and isolated resonance is
given by

NA〈σν〉 =
∑

i

NA

(
2π

μkT

)3/2

h̄2e−Ei
R/kT fiωγi, (3)

FIG. 5. Angular distributions of 25Mg(3He, d ) 26Al∗ 6.364 at three
energies [7,13,14] together with corresponding DWBA calculations.
Three types of the lines are the angular distributions calculated with
one set of the optical potential parameters for the entrance channel
and three sets for the exit channel included in TWOFNR code.
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where NA and k denote the Avogadro’s and Boltzmann’s
constant, μ is the reduced mass, T is the stellar temperature,
Ei

R is the resonant energy of the ith resonance, fi is the
ground-state feeding probability and the resonance strength
ωγi for the (p, γ ) reaction is expressed as:

ωγi = (2Ji + 1)

(2 jp + 1)(2 jt + 1)
· 
p
γ


tot
, (4)

where Ji, jp, and jt are the spins of ith resonance, proton, and
target, respectively. 
, 
p, 
γ are the total energetic width,
the proton partial energetic width and γ width, respectively.

Proton partial width 
p can be calculated based on the
relation [38]


p =
∑

l

2
h̄2

μa2
c

C2Sl · Pl · θ2
sp, (5)

where the channel radius ac is defined as r0(A1/3
T + A1/3

p ), in
this place, AT and Ap is the atomic mass number of 25Mg and
proton, C2Sl is the proton spectroscopic factor and Pl is calcu-
lated penetration factor with the orbital angular momentum l ,
and the single-particle reduced width θ2

sp = acφ
2
l (ac)/2 [39].

The θ2
sp also have been calculated with the excitation energies

for a bound state ranges from 6.0 to 6.3 MeV in energy step
of 50 keV, and its value vary only 0.4% and 3% for l = 0 and
2. Then the single-particle reduced widths of 6.364 MeV state
were extrapolated with the variation of excitation energies.

For the 57.7 keV resonance, P0 = 3.33 × 10−18 much
bigger than P2 = 2.32 × 10−20, therefore the proton partial
width is dominated by l = 0 component and computed to
be (5.03 ± 0.74) × 10−13 eV based on the present (7Li, 6He)
result. The γ width is estimated to be 0.03 eV much bigger
than the proton width, and the total width approximately equal
to the gamma width, the resonance strength will only be relate
to proton width according to Eq. (4). In addition, in order to
study the influence of the bound-state form factor on the reso-
nance strength, r0 and a are varied in the ranges of 1.15–1.35
and 0.55–0.75, the divergences of the resonance strength are
3.7% and 8.4% for one σ confidence intervals, respectively.
Then the resonance strength of 57.7 keV resonance is derived
to be (2.93 ± 0.50) × 10−13 eV.

To calculate the total reaction rates, our updated data for
57.7 keV resonance and the parameters adopted in Ref. [20]
for the rest resonances have been used as shown in Table III.
For the resonant strength derived from the direct measure-
ment, electron screening effect enhancement factor fes should
be adopted as the approximation of exp(πηUe/Er ) [45], where
η is the Sommerfeld parameter and Ue is the screening poten-
tial with a value of 1.14 keV [46].

The uncertainty of ±1σ confidence intervals have been
determined via the Monte Carlo method by generating the
Gaussian random of ωγi and fes with the corresponding values
and errors, where 30% of the difference between value and
unity of electron screening factors was assigned as uncertainty
to account for the theoretical ambiguity. The Gaussian ran-
doms of feeding probability fi have also been generated for
calculating the reaction rates of the ground state, and (1 − fi )
have been used for the isomeric state.

TABLE III. Parameters have been used in the present calculation
of the 25Mg(p, γ ) 26Al reaction rates, and for the resonances not
listed here were taken from Ref. [40].

ER
a (keV) ωγ (eV) f0 fes

37.0 (4.5 ± 1.8) × 10−22b 0.79 ± 0.05c

57.7 (2.9 ± 0.5) × 10−13 0.81 ± 0.05c

92.2 (2.9 ± 0.6) × 10−10d 0.6+0.2
−0.1

d 1.25 ± 0.08
189.5 (9.0 ± 0.6) × 10−7d 0.75 ± 0.02d 1.08 ± 0.03
304.0 (3.08 ± 0.13) × 10−2e 0.878 ± 0.010e 1.04 ± 0.01

aAccording to the latest adopted level data of 26Al [41].
bFrom Ref. [42].
cFrom Ref. [12].
dFrom Ref. [19].
eFrom Ref. [43].

The direct capture of 25Mg(p, γ ) 26Al is also calculated
based on the present measured spectroscopic factors for the
low-lying states and the calculated spectroscopic factors for
all the rest bound states in 26Al. Then the derived reaction
rates for the ground state, isomeric state, and the total are
listed in Table IV, and the total reaction rates and each com-
ponents are shown in Fig. 6. The contributions of individual
resonances have also been calculated via the Monte Carlo
method and shown in Fig. 6 as well. The direct capture
component can be omitted since the proportion less than 10−3

in the total reaction rates at most of the temperature range of
astrophysical interest. The 57.7 keV resonance dominates the
25Mg(p, γ ) 26Al reaction rates at 0.012 � T9 � 0.05, which

FIG. 6. The present total astrophysical reaction rates and major
components of 25Mg(p, γ ) 26Al in ±1σ confidence intervals, to-
gether with the corresponding proportions of these resonances in the
total.
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TABLE IV. The present reaction rates for 25Mg(p, γ ) 26Al (in
10Expt.cm3 mol−1 s−1).

T9 Total Ground state Isomeric state Expt.

0.010 1.35 ± 0.52 1.06 ± 0.41 0.28 ± 0.13 −32
0.011 7.22 ± 2.28 5.73 ± 1.83 1.48 ± 0.58 −31
0.012 3.42 ± 0.63 2.74 ± 0.52 0.68 ± 0.18 −29
0.013 1.55 ± 0.24 1.25 ± 0.20 0.30 ± 0.08 −27
0.014 5.01 ± 0.82 4.05 ± 0.69 0.95 ± 0.29 −26

0.015 1.07 ± 0.18 0.87 ± 0.15 0.20 ± 0.06 −24

0.016 1.57 ± 0.27 1.27 ± 0.22 0.30 ± 0.09 −23

0.018 1.37 ± 0.23 1.11 ± 0.20 0.26 ± 0.08 −21

0.020 4.82 ± 0.82 3.91 ± 0.69 0.91 ± 0.29 −20

0.025 2.79 ± 0.47 2.26 ± 0.40 0.53 ± 0.17 −17

0.03 1.85 ± 0.31 1.50 ± 0.26 0.35 ± 0.11 −15

0.04 3.29 ± 0.54 2.64 ± 0.46 0.65 ± 0.19 −13

0.05 8.17 ± 1.16 6.26 +1.01
−0.97 1.91 +0.45

−0.54 −12

0.06 9.20 ± 1.27 6.48 +1.29
−1.01 2.72 +0.68

−1.05 −11

0.07 6.49 ± 1.06 4.27 +1.15
−0.81 2.22 +0.64

−1.03 −10

0.08 3.10 ± 0.57 1.96 +0.62
−0.43 1.14 +0.35

−0.57 −9

0.09 1.08 ± 0.21 0.67 +0.23
−0.16 0.41 +0.13

−0.21 −8

0.10 3.03 ± 0.58 1.88 +0.65
−0.44 1.15 +0.36

−0.59 −8

0.11 7.46 ± 1.34 4.69 +1.48
−1.02 2.76 +0.83

−1.35 −8

0.12 1.83 ± 0.27 1.22 +0.29
−0.20 0.61 +0.16

−0.27 −7

0.13 5.21 ± 0.48 3.80 +0.52
−0.37 1.41 +0.29

−0.47 −7

0.14 1.79 ± 0.09 1.43 +0.10
−0.07 0.37 +0.05

−0.08 −6

0.15 6.62 ± 0.26 5.52 +0.24
−0.22 1.09 +0.09

−0.13 −6

0.16 2.32 ± 0.09 1.98 ± 0.08 0.34 ± 0.03 −5

0.18 2.08 ± 0.08 1.80 ± 0.08 0.28 ± 0.02 −4

0.20 1.25 ± 0.05 1.08 ± 0.05 0.16 ± 0.01 −3

0.25 3.16 ± 0.13 2.72 ± 0.11 0.43 ± 0.03 −2

0.30 2.73 ± 0.10 2.33 ± 0.09 0.40 ± 0.03 −1

0.35 1.28 ± 0.05 1.08 ± 0.04 0.20 ± 0.01 0

0.40 4.10 ± 0.14 3.43 ± 0.13 0.67 ± 0.04 0

0.45 1.02 ± 0.03 0.85 ± 0.03 0.18 ± 0.01 1
0.50 2.15 ± 0.07 1.77 ± 0.07 0.39 ± 0.02 1
0.60 6.71 ± 0.22 5.40 ± 0.21 1.32 ± 0.07 1
0.70 1.55 ± 0.05 1.22 ± 0.05 0.33 ± 0.02 2
0.80 2.94 ± 0.10 2.28 ± 0.09 0.66 ± 0.04 2
0.90 4.89 ± 0.18 3.73 ± 0.16 1.16 ± 0.07 2
1.00 7.41 ± 0.30 5.57 ± 0.24 1.84 ± 0.11 2
1.25 1.60 ± 0.07 1.17 ± 0.05 0.43 ± 0.03 3
1.50 2.73 ± 0.13 1.95 ± 0.09 0.78 ± 0.05 3
1.75 4.07 ± 0.19 2.86 ± 0.13 1.21 ± 0.07 3
2.0 5.57 ± 0.25 3.86 ± 0.17 1.70 ± 0.09 3
2.5 8.59 ± 0.35 5.81 ± 0.23 2.75 ± 0.13 3
3.0 1.19 ± 0.04 0.80 ± 0.03 0.39 ± 0.02 4
3.5 1.52 ± 0.05 1.02 ± 0.03 0.49 ± 0.02 4
4.0 1.82 ± 0.05 1.22 ± 0.04 0.58 ± 0.02 4
5.0 2.31 ± 0.06 1.55 ± 0.05 0.72 ± 0.02 4
6.0 2.66 ± 0.06 1.79 ± 0.05 0.81 ± 0.03 4
7.0 2.90 ± 0.07 1.93 ± 0.06 0.86 ± 0.03 4
8.0 3.04 ± 0.07 2.01 ± 0.07 0.88 ± 0.03 4
9.0 3.13 ± 0.07 2.04 ± 0.08 0.88 ± 0.03 4
10.0 3.17 ± 0.07 2.04 ± 0.09 0.87 ± 0.03 4

TABLE V. Fitting parameters for the astrophysical reaction rates
of the 57.7 keV resonance.

a0 a1 a2 a3 a4 a5 a6

−16.86 −0.6697 0.006 −0.016 0.0 0.0 −1.495

plays an important role for the massive stars in convective
core H-burning region [47]. As the temperature increase at
0.05 � T9 � 0.1, the proportion of the 57.7 keV resonance
decrease from 79.3% ± 4.5% to 6.0% ± 1.4% in the total
reaction rates.

The updated reaction rate of the 57.7 keV resonance have
been fitted with the expression used in the REACLIB [48],

NA〈σν〉 = exp
(
a0 + a1T −1

9 + a2T −1/3
9 + a3T 1/3

9 + a4T9

+ a5T 5/3
9 + a6 ln T9

)
. (6)

The values of fit parameters a0∼6 are listed in Table V, and
the fitting errors are less than 1% in the temperature range of
0.01 < T9 < 10.

The present reaction rates are compared with the results of
NACRE [44], Iliadis et al. [42], and Straniero et al. [20] as
shown in Fig. 7. The present results keep consistent with the
previous data at stellar temperature with T9 � 0.1, the present
center values are about 15% larger than NACRE and about
5% larger than the other two results at key temperature of
57.7 keV resonance and the uncertainty of ±1σ confidence
intervals are much reduced for the total and the ground state.
According to the model calculations of convective core H

FIG. 7. Comparison between the present recommended reaction
rates of 25Mg(p, γ ) 26Al and those reported by NACRE [44], Iliadis
et al. [42] and Straniero et al. [20] in dashed and dotted lines,
respectively. The grid, dotted, shaded, and slash areas represent the
corresponding ±1σ uncertainties of the present and the other works,
respectively.
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burning [47], the present enhancement of 57.7 keV resonance
impact on the production of 26Al within 20%, and the present
smaller uncertainty also can help to understand the contribu-
tion of 26Al production in binary star systems [49].

V. SUMMARY

The angular distributions of 25Mg(7Li, 6He) 26Al leading
to the ground state, first ten, and 6.364 MeV excited states in
26Al have been measured by the Q3D magnetic spectrometer
at 31.5 MeV. Based on the shell model calculated proportion
of each components in the spectroscopic factors, the proton
spectroscopic factors of measured states in 26Al have been de-
rived, then the proton width and resonant strength of 57.7 keV
resonance in the 25Mg(p, γ ) 26Al reaction have been deduced,
and following the astrophysical 25Mg(p, γ ) 26Al reaction rates
have been updated. The present results provide independent
examinations to the 26Al∗ 6.364 proton spectroscopic factors

and 57.7 keV resonance strength, the 25Mg(p, γ ) 26Al reac-
tion rates increased about 5% at key temperature of 57.7 keV
resonance and the uncertainty are much reduced. This result
also lay out a good basement for planned direct measurement
of 25Mg(p, γ ) 26Al reaction in Jinping Underground Labora-
tory [50].
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