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VARIATION IN THE 64Ge(p, γ)65As REACTION RATES

N.T.T. Quyen

Faculty of Fundamental Sciences, Van Lang University
Ho Chi Minh City 700000, Vietnam

N.N. Duy†

Department of Physics, Sungkyunkwan University, Suwon 16419, South Korea

N.K. Uyen

Department of Physics, Sungkyunkwan University, Suwon 16419, South Korea

T.V. Nhan Hao

Faculty of Physics, University of Education, Hue University
34 Le Loi Street, Hue City 530000, Vietnam

(Received October 30, 2020; accepted March 25, 2021)

We report on the variation in the 64Ge(p, γ)65As reaction rates due to
uncertainties of either nuclear mass and level structure of the 65As isotope
or non-resonant reaction rates. The change in the reaction rates is from a
few factors to one order of magnitude due to the uncertainty of the non-
resonant rates, which were calculated using the astrophysical S-factor and
the statistical Hauser–Feshbach model. The mass uncertainty of the 65As
nucleus (∆m = 85 keV) results in a variation of a few factors in the reaction
rates at T9 = 1. At present, the estimated effective lifetimes of 64Ge in the
rp-process are ranging from 0.5 to 162 ms. The results indicate that the
resonance at Ex = 1.155 MeV and the Q-value of the reaction must be
precisely determined to improve the accuracy of rp-process simulations.
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1. Introduction

The thermonuclear explosion in X-ray bursts (XRBs) [1–4] is triggered
by the hot hydrogen burning in which the seed nuclei rapidly capture pro-
tons to synthesize heavier isotopes, namely the rp-process [4]. This process is
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believed to occur on accretion disks of neutron stars or black holes [5]. Dur-
ing the explosions, the reaction flows shift towards the proton dripline via the
proton captures. However, the process of proton addition has to overcome
the increased Coulomb barriers once it produces heavier isotopes. Subse-
quently, there is a competition between β+-decay, proton capture (p, γ),
and photodisintegration (γ, p) in the rp-process. If the reaction flow can-
not proceed further, the nucleosynthesis awaits the β+-decay at a long-lived
nucleus, so-called waiting point, and a (p, γ)–(γ, p) equilibrium can be estab-
lished. Since the waiting points have half-lives [6] compatible with the XRB
duration (10–100 s), the proton captures and photodisintegrations of these
isotopes and their neighbors are sensitive to the XRB calculations, such as
luminosity of the light curves or isotopic abundance [7–10].

The rp-process is thought to be extinguished around the Sn–Sb–Te cy-
cles [11, 12]. The evolution proceeds through the 64Ge (63.7 s), 68Se (35.5 s),
and 72Kr (17.2 s) [6] waiting points. The slow decay of these waiting points
temporarily impacts the XRB light curves with rapid proton captures dur-
ing their effective lifetimes. Once the (p, γ)–(γ, p) equilibrium is established,
these long lifetime waiting points can produce bottlenecks in the rp-process,
which slows down the proton captures. The waiting points can also be
bypassed by two-proton captures, which reduce the effective lifetime of
these nuclei [13]. Subsequently, the proton captures (and their reverse reac-
tions) play an important role in understanding the reaction paths proceeding
through these waiting points. For instance, the study by Parikh et al. [14]
reported that astrophysical rate variations in the 64Ge(p, γ)65As reactions
strongly affect the abundance of the isotopes in the range of A = 64–80,
which were calculated by ten XRB models. Besides, a series of studies by
Cyburt et al. [7] and Parikh et al. [8, 9, 14] stated that the proton capture
of the 64Ge isotope strongly impacts the XRB calculations.

Although the 64Ge(p, γ)65As reaction rates are important to evaluate
the evolution of the rp-process, its astrophysical rates are still uncertain.
The recent work by Lam et al. [15] investigated the reaction rates using five
resonances calculated using shell model and direct-capture rate based on
astrophysical S-factor. The mass uncertainty of 85 keV of 65As was taken
into account for the resonant rate calculations. However, comparing to the
level structure of the mirror nucleus (65Ge) [16], under stellar condition
of T9 = 0–2, which corresponds to the energy range of Ex = 0–1.5 MeV,
more resonances are expected to exist in the 65As nucleus. Besides, the
non-resonant rates of this reaction can also be determined using the statis-
tical Hauser–Feshbach model [17] if a continuing spectrum exists just above
the proton emission threshold (Q = −0.09 MeV) in 65As. Therefore, in
this study, we investigate the resonant rates by taking two resonances of
Ex = 1.155 and 1.215 MeV from the mirror nucleus [18] together with the
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five resonances taken from the shell model calculations in Ref. [15]. The
non-resonant rates estimated using the statistical Hauser–Feshbach model
are compared to those based on the direct-capture method obtained from
Ref. [15]. Subsequently, the variation in the 64Ge(p, γ)65As reaction rates
and the effective lifetime and strength of the waiting point at 64Ge are eval-
uated with new reaction rates.

2. Theoretical framework

Proton-capture rates of an isotope in the rp-process are considered as a
sum of resonant (r) and non-resonant (nr) rates. The numerical calculation
for resonant rates (NA〈σν〉r) of the 64Ge(p, γ)65As reaction is given by [19]

NA〈σν〉r=11.54×1011(µT9)
−3/2∑ωγi×exp

(
−11.605Ei

T9

)[
cm3s−1mol−1

]
,

(1)
where µ (in amu), T9 (in GigaKelvin — GK), and ωγi are the reduced mass
of the entrance channel, the temperature of the stellar environment, and
the resonant strength of resonance Ei (in MeV) of the compound nucleus,
respectively. The energy of resonance is simply determined as Ei = Ex −Q
with Ex and Q being excitation energy and Q-value of the reaction. Obvi-
ously, the resonant rates are very sensitive to the Q-value (or nuclear mass)
of the reaction.

While the resonant rates are calculated using resonances of the compound
nucleus that the reaction proceeds through, the non-resonant rates can be
estimated using the statistical Hauser–Feshbach model or the astrophysical
S-factor at the Gamow energy E0. For the latter (direct-capture) method,
the non-resonant rates are calculated by [20]

NA〈σν〉nr=7.83×109
(
Zt

µT 2
9

)1/3
S(E0)exp

[
−4.249

(
Z2
t µ

T9

)1/3] [
cm3s−1mol−1

]
,

(2)
where Zt is the atomic number of the target (64Ge). The astrophysical
S-factor reads

S(E0) = S(0)

[
1 +

5

12

(
Z2
t µ/T9

)1/3
4.2487

]
[MeV b] , (3)

where S(0) is the astrophysical S-factor at zero energy, which is calcu-
lated using RADCAP [21]. If the level density above the proton-emission
threshold (Sp = −0.09 MeV) in the compound nucleus (65As) is high (i.e.,
5–10 levels/MeV), the non-resonant rates can be estimated using the
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statistical Hauser–Feshbach model [17]. Hence, we also employed the NON-
SMOKER code [17] to compute the (statistical) non-resonant rates. Finally,
the total proton-capture rates can be determined by NA〈σν〉 = NA〈σν〉r +
NA〈σν〉nr.

Taking the reaction rates, the proton-capture effective lifetime of 64Ge
in the rp-process can be estimated by [20]

1

τpγ
=

1

τr
+

1

τnr
= ρχpNA〈σν〉r + ρχpNA〈σν〉nr

[
s−1
]
, (4)

where τpγ , τr, and τnr are the proton-capture lifetime of reaction target, the
lifetimes associated with the resonant, and non-resonant rates, respectively;
ρ and χp are the stellar matter density (in g/cm3) and the hydrogen fraction
in such stellar matter, respectively. Obviously, variations in non-resonant
and/or resonant rates will impact the effective lifetime.

The variation in the resonant rates is mainly due to the uncertainty of
the Q-value of the (p, γ) reaction. An uncertainty ∆Q of the Q-value will
result in a change of ∆Ei = ∆Q, leading to a large variation in the resonant
rates. Taking Eqs. (1) and (4), the variation in the resonant-capture effective
lifetime is given by

τ∗r = exp

(
±11.605∆Q

T9

)
τr , (5)

where τ∗r = 1/[ρχpN
∗
A〈σν〉r] with N∗A〈σν〉r being the resonant rates associ-

ated with Q∗ = Q+ ∆Q or Q∗ = Q−∆Q.
In this work, the Q-value of the 64Ge(p, γ)65As reaction and its uncer-

tainty are calculated using the recent updated mass database, AME2016 [22].
Subsequently, the variations in the reaction rates and effective lifetime of
64Ge, due to uncertainties of Q-value (or mass) or non-resonant rates, are
determined. Furthermore, the competition between the proton capture
and the β+-decay at 64Ge is evaluated using τpγ and β+-decay lifetime
τβ+ = T1/2/ln 2 with T1/2 = 63.7 s [6] to determine the strength of the
rp-process waiting point at this isotope.

3. Results and discussion

The resonant rates of the 64Ge(p, γ)65As reaction were calculated using
the resonances in 65As predicted using the shell model calculations [15] and
the information of the mirror nucleus (65Ge) [18]. Table I is a summary of
seven resonant states of interest, which ranges from Ei = 0 to 1.2 MeV cor-
responding to the Gamow windows at stellar temperatures of T9 = 0.01–2.
Using the formalism in Eq. (1), we determined the astrophysical rates of
each resonance, which are listed in Table II.
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TABLE I

Summary of resonances in the 64Ge(p, γ)65As reaction, which were taken from
Refs. [15, 18]. The resonant energy, Ei, was calculated using the recent proton
separation energy Q = −0.09 MeV adopted from AME2016 database [22]. (a) and
(b) denote excitation energies that were measured by Obertelli et al. [23] and taken
from Ref. [18], respectively.

ID Ex [MeV] Ei [MeV] Jπ ωγ [eV]

1 0.187 0.277 5/2− 2.46× 10−16 (a)

2 0.501 0.591 5/2− 1.13× 10−9

3 0.863 0.953 5/2− 4.89× 10−6

4 0.947 1.037 7/2− 4.88× 10−5

5 1.070 1.160 7/2− 3.27× 10−5

6 1.155 1.245 7/2− 1.30× 10−3 (b)

7 1.215 1.305 9/2− 1.90× 10−6 (b)

TABLE II

Resonant rates (in cm3s−1mol−1) calculated using seven resonances from Table I
at different stellar temperatures.

T9 (GK) Ei = 0.277 0.591 0.953 1.037 1.160 1.245 1.305 [MeV]

0.1 1.34E-23 9.21E-33 2.27E-47 1.32E-50 5.60E-57 1.16E-59 1.60E-65
0.2 4.54E-17 2.55E-18 8.31E-24 6.34E-25 3.38E-28 9.68E-29 4.35E-33
0.3 5.24E-15 1.28E-13 4.58E-16 1.77E-16 1.02E-18 1.51E-18 2.17E-22
0.4 4.96E-14 2.52E-11 2.99E-12 2.61E-12 4.93E-14 1.67E-13 4.27E-17
0.5 1.77E-13 5.56E-10 5.40E-10 7.67E-10 2.96E-11 1.64E-10 5.94E-14
0.6 3.93E-13 4.16E-09 1.64E-08 3.22E-08 2.00E-09 1.54E-08 7.03E-12
0.7 6.71E-13 1.69E-08 1.81E-07 4.49E-07 3.91E-08 3.80E-07 2.05E-10
0.8 9.75E-13 4.71E-08 1.07E-06 3.15E-06 3.54E-07 4.11E-06 2.51E-09
0.9 1.28E-12 1.02E-07 4.16E-06 1.40E-05 1.93E-06 2.56E-05 1.73E-08
1 1.56E-12 1.87E-07 1.21E-05 4.57E-05 7.34E-06 1.09E-04 7.93E-08

1.5 2.48E-12 1.00E-06 2.63E-04 1.37E-03 3.55E-04 7.32E-03 6.72E-06
2 2.75E-12 2.04E-06 1.08E-03 6.63E-03 2.17E-03 5.28E-02 5.45E-05

To evaluate the key resonances that the 64Ge(p, γ)65As reaction pro-
ceeds through, the contributions of each state i to the total resonant rates
(NA〈σν〉7resr ) were estimated by the ratio of N i

A〈σν〉r/NA〈σν〉7resr . The vi-
sual results of the contributions are shown in Fig. 1 (a). In the range of
T9 > 0.3, the contributions of the resonances at Ex = 0.187 and 1.070 MeV
can be negligible, whereas the state at Ex = 0.187 MeV significantly con-
tributes to the rates. The 1.215-MeV state mostly does not impact the rates
in the whole range of stellar temperature. However, the reaction strongly
proceeds through the sixth level, Ex = 1.155 MeV, when temperatures ex-
ceed 0.5 GK. When T9 < 0.5, the second resonance takes an important part
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(a) (b)

Fig. 1. (Color online) (a) Contributions of resonances to the total resonant rate of
the 64Ge(p, γ)65As reaction in the temperature range of T9 = 0.1–2. The contri-
bution of the level at Ex = 1.215 MeV (black curve (2)) cannot be seen because it
is approximately equal to zero. (b) Ratios for comparisons of proton-capture rates
(non-resonant and resonant). Notice that NA〈σν〉statnr : non-resonant rates of sta-
tistical Hauser–Feshbach model (NON-SMOKER code); NA〈σν〉Snr: non-resonant
rates based on S-factor; NA〈σν〉7resr : total resonant rates; NA〈σν〉S 7 (thick red
curve (3)): NA〈σν〉Snr + NA〈σν〉7resr rates; and Lam2016: total rates calculated in
Ref. [15].

in the rate contribution. The first state only significantly contributes to the
rates under the condition of T9 < 0.3. In the range of T9 = 0.4–1.5, the main
contributions are observed for the resonances at Ex = 0.863 and 0.947 MeV.
In general, the results indicate that the 64Ge(p, γ)65As reaction mainly pro-
ceeds through only five resonances at Ex = 0.187, 0.501, 0.863, 0.947, and
1.155 MeV under typical XRB temperature of T9 = 0.5–1. It should be
noted that although high-energy resonances, in principle, are less important
than low-energy ones as shown in the relationship of Eq. (1), the 1.155-MeV
level has a strong contribution to the rates compared to lower levels (i.e.,
Ex = 0.863, 0.947 MeV). This result can be explained by the power of its
resonant strength (ωγ), which is about 2 orders of magnitude stronger than
those of the other resonances. Hence, both the resonant strength and res-
onant energy must be precisely determined at the same time for improving
the accuracy of the resonant rate estimations.

Table III presents the total resonant rates, including their variations due
to the mass uncertainty and non-resonant rates, which were computed using
the statistical Hauser–Feshbach model and the direct-capture method. For
the non-resonant rates calculated using the latter approach, the S-factor at
zero energy of about S(0) = 35 MeVb, which is similar to that obtained in
Ref. [15], was reproduced using the RADCAP code [21]. Hence, the direct-
capture non-resonant rates in the present study are equivalent to those in the
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TABLE III

Total resonant rates contributed by seven resonances and non-resonant rates calcu-
lated using the statistical Hauser–Feshbach model and the direct-capture method.
Notice that all the rates are in the unit of cm3s−1mol−1. Lower and Upper denote
the variations in the total resonant rates due to Q-value changes of Q∗ = Q+85 keV
and Q∗ = Q− 85 keV, respectively.

T9 [GK] Lower NA〈σν〉7resr Upper NA〈σν〉Snr NA〈σν〉statnr

0.1 6.98E-28 1.34E-23 2.58E-19 5.54E-28 2.02E-23
0.2 3.45E-19 4.79E-17 6.64E-15 5.85E-20 2.38E-15
0.3 4.99E-15 1.34E-13 3.58E-12 4.46E-16 1.81E-11
0.4 2.64E-12 3.10E-11 3.66E-10 1.24E-13 4.67E-09
0.5 2.86E-10 2.06E-09 1.48E-08 6.75E-12 2.16E-07
0.6 1.35E-08 7.01E-08 3.63E-07 1.42E-10 3.60E-06
0.7 2.61E-07 1.07E-06 4.36E-06 1.60E-09 3.13E-05
0.8 2.54E-06 8.73E-06 3.00E-05 1.19E-08 1.75E-04
0.9 1.53E-05 4.58E-05 1.37E-04 6.41E-08 7.13E-04
1 6.50E-05 1.74E-04 4.67E-04 2.74E-07 2.31E-03
1.5 4.83E-03 9.31E-03 1.80E-02 4.57E-05 1.09E-01
2 3.83E-02 6.27E-02 1.03E-01 1.13E-03 9.80E-01

previous work [15]. In Fig. 1 (b), we show comparisons of the non-resonant
rates calculated using the statistical Hauser–Feshbach model (NA〈σν〉statnr )
to those computed using the direct-capture method (NA〈σν〉Snr) and the non-
resonant rates to the total resonant rates (NA〈σν〉7resr ). Notice that there
are two sets of total reaction rates, which were determined by NA〈σν〉stat7 =
NA〈σν〉statnr +NA〈σν〉7resr and NA〈σν〉S 7 = NA〈σν〉Snr +NA〈σν〉7resr . The to-
tal rates of NA〈σν〉S 7 were also compared to those estimated in Ref. [15].
The results indicate that there is a large, more than 3 orders of magni-
tude, discrepancy between NA〈σν〉statnr and NA〈σν〉Snr. In addition, the sta-
tistical Hauser–Feshbach model overestimates the resonant rates by a fac-
tor of 10–100, while the direct-capture method underestimates the reso-
nant rates by 2–3 orders of magnitude. Therefore, the total rates are ap-
proximately equal to the statistical (or resonant) rates if the non-resonant
rates are considered by the statistical Hauser–Feshbach model (or the direct-
capture method). In other words, we have NA〈σν〉stat7 ≈ NA〈σν〉statnr and
NA〈σν〉S 7 ≈ NA〈σν〉7resr . Moreover, the total rates (NA〈σν〉S 7) calculated
in the present study are from a few factors to one order of magnitude higher
than those obtained in Ref. [15]. This discrepancy is mainly due to the
contribution of the resonance at Ex = 1.155 MeV, which was ignored in the
previous study by Lam et al. [15]. As a consequence, this level must be
confirmed for better predictions of the resonant rates of the 64Ge(p, γ)65As
reaction.
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Obviously, the total rates of the 64Ge(p, γ)65As reaction are very un-
certain owing to the uncertainties in the estimations of non-resonant rates
and ambiguity of the 1.155-MeV state. Therefore, measurements for nuclear
structure above the proton-emission threshold (Q = −0.09 MeV) of the
65As nucleus are highly demanded. Since the statistical Hauser–Feshbach
model and the direct-capture method strongly depend on the level density
and the interaction potential of a colliding system, respectively, the level
scheme of 65As and interaction parameters (i.e., nuclear central potential,
depth of spin-orbit potential, interacting radius, etc., which are in models
for cross-section calculations [21, 24]) of the 64Ge+p system must be pre-
cisely determined. For instance, the mentioned parameters in the optical
potential model [24] can be deduced by fitting theoretical calculations to
measured cross sections of reactions. At present, it is difficult to conclude
if the statistical Hauser–Feshbach model or the direct-capture method can
be well applied to the calculations due to the lack of level scheme of the
65As nucleus. If 65As has high-level density in the energy range of interest
(Ex = 0–1.2 MeV), the statistical Hauser–Feshbach model is reliable for esti-
mating the non-resonant rates, otherwise, the direct-capture method should
be utilized.

(a)

(b)

Fig. 2. (Color online) (a) Reaction rates calculated using different methods. Notice
that NA〈σν〉stat7 = NA〈σν〉statnr + NA〈σν〉7resr (thin blue curve (3)) ≈ NA〈σν〉statnr

(pink dashed curve (4)) because NA〈σν〉statnr � NA〈σν〉7resr . (b) Effective lifetimes
(in seconds) of 64Ge in the rp-process were calculated using reaction rates shown
in the right panel of Fig. 1 (b) under the typical XRB condition of ρ = 106 g/cm3

and χp = 0.75. The shaded areas indicate the rate and lifetime variations due to
mass uncertainty of the 65As isotope.

We found that the variations in the 64Ge(p, γ)65As reaction rates are
caused by the uncertainties not only in the non-resonant rate calculations
and the missing resonances but also in the nuclear mass of 65As. With the
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65As mass uncertainty of ∆m = 85 keV, the resonant rates change by a
few and 1–2 orders of magnitude at temperatures in the range of T9 < 0.5
and T9 = 0.5–2, respectively, as indicated by the shaded area in Fig. 2 (a).
By considering the reaction rates associated with Q∗ = Q − 85 keV (upper
rates of the shaded area), the resonant rates (NA〈σν〉7resr ) underestimate the
statistical ones (NA〈σν〉statnr ) with T9 > 0.25, and vice versa with T9 < 0.25.
For the Q-value of Q∗ = Q + 85 keV (lower rates of the shaded area), the
resonant rates are almost similar to the non-resonant rates calculated using
S-factor.

To evaluate the impact of the reaction rate variation on the existing time
of 64Ge in the rp-process, the proton-capture lifetime (in seconds) of this
isotope was calculated under the typical XRB conditions of ρ = 106g/cm3

and χp = 0.75. As shown in Fig. 2 (b), the variation in the reaction rates
leads to a significant change in the effective lifetime of the 64Ge nucleus.
Subsequently, it is difficult to determine the dominant between the proton
capture and β+-decay at 64Ge. The upper and lower rates of the shaded
area correspond to the lower and upper lifetimes estimated with the mass
uncertainties of Q∗ = Q − 85 keV and Q∗ = Q + 85 keV, respectively.
We found that the balance between the proton capture and the decay is
established at T9 = 0.6 for Q∗ = Q + 85 keV, but at T9 = 0.45 for Q∗ =
Q− 85 keV. As a consequence, the balance point shifts by 150 MK, leading
to uncertainty in determination of the branching at 64Ge in the reaction
flow. In addition, the variations in the non-resonant rates also result in an
uncertainty of 200 MK in determination of the temperature point at which
the balance is established.

Taking the total reaction rates based on seven resonances and S-factor
(NA〈σν〉S 7) together with the 65As mass uncertainty of 85 keV, the proton-
capture effective lifetime of 64Ge at T9 = 1 is about τpγ = 3–20 ms, whereas
it is 62–182 ms and 0.5 ms if the reaction rates obtained from Ref. [15] and
total rates NA〈σν〉stat7 are, respectively, taken into account. The proton-
capture lifetime of 64Ge is also about 4 orders of magnitude shorter than the
β-decay lifetime when T9 = 1. In such a scenario, if the proton capture of
64Ge can compete with its reverse reaction, 65As(γ, p)64Ge, the reaction flow
can proceed through 64Ge via the 64Ge(p, γ)65As(p, γ)66Se reaction, leading
to a weak waiting point of 64Ge when T9 ≥ 1. In addition, the lifetime based
on NA〈σν〉S 7 at T9 = 1 in the present study is about 3 orders of magnitude
shorter than those determined using 2p-proton-capture rates of 64Ge [25]
and using calculations of proton separation energy of 65As [26]. Since the
XRB light curves strongly depend on the effective lifetimes of waiting points,
reductions of 64Ge lifetime uncertainty are also desirable.
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The analyses above indicate that the variations in the 64Ge(p, γ)65As
rates due to uncertainties of 65As mass and non-resonant rates strongly
impact determinations of the effective lifetime and the strength of the 64Ge
waiting point in the rp-process. Therefore, precise masses and level structure
of 65As are very important to narrow the uncertainties in XRB simulations.
Notice that with the β+-decay half-life of about 170 ms [6], measurements
for 65As are mostly possible at present accelerator facilities. For instance,
with an accuracy level of 0.1 part-per-million and a measuring timescale
of about 10 milliseconds, the Multiple-Reflection Time-of-Flight (MR-TOF)
technique [27, 28] is reasonable to be employed for such measurements. Re-
cently, MR-TOF systems have become available in modern accelerator fa-
cilities, such as BigRIPS [27], RAON [29], and TITAN [30]. We strongly
suggest a precise mass measurement for the 65As isotope. Moreover, studies
of the nuclear structure above the proton threshold of 65As can be feasible
due to developments of radioactive ion beams at the recent facilities.

4. Conclusion

In this work, we investigated the variations in the resonant and non-
resonant rates of the 64Ge(p, γ)65As reaction in the rp-process. The reso-
nant rates in the present study are about one order of magnitude higher than
those estimated in the previous work [15] due to the strong contribution of
the resonance at Ex = 1.155 MeV. The non-resonant rates calculated using
the statistical Hauser–Feshbach model are about 3–4 orders of magnitude
higher than those estimated using the direct-capture method with the astro-
physical S-factor. As a consequence, the astrophysical rates of the studied
reaction vary by 1–2 orders of magnitude, leading to a large uncertainty in
the effective lifetime of 64Ge, which is from a few to tens of milliseconds.
The pγ lifetime determined in the present study indicates that 64Ge is not
a significant waiting point in the rp-process under typical XRB conditions.
In addition, the establishment of the (p, γ)–β+-decay balance at 64Ge also
shifts by 150–200 MK. The results show that measurements for both the
precise mass and level structure of 65As are highly desirable to reduce the
variation in the 64Ge(p, γ)65As reaction rates. Finally, this study provides
useful information for further studies on the properties of X-ray bursts and
nucleosynthesis in stars.
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