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Thermonuclear 46Cr( p,γ )47Mn rate in type-I x-ray bursts
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The thermonuclear rate of the 46Cr(p,γ )47Mn reaction has been determined using a newly evaluated proton
separation energy of Sp(47Mn) = 380 ± 30 keV and nuclear structure information from the mirror nucleus 47Ti.
The astrophysical impact of this new rate and previously available rates has been investigated through one-zone
postprocessing type-I x-ray burst calculations. The present 46Cr(p,γ )47Mn rate leads to a mass fraction at A = 46
that is 60 times larger than that obtained using a statistical model rate. The new results constrain the calculated
maximum and minimum mass fractions at A = 46 and A = 48 to be within factors of 12 and 4, respectively.
Experimental studies of the level structure of 47Mn near the proton threshold are required to improve these model
predictions.
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I. INTRODUCTION

Type-I x-ray bursts (XRBs) arise from thermonuclear run-
aways within the accreted envelopes of neutron stars in close
binary systems [1,2]. About one hundred bursting systems
have been identified in the Galaxy, with light curves of about
10–100 s in duration, recurrence periods of approximately
hours to days, and peak luminosity Lpeak ≈104–105 L� (simi-
lar, e.g., to Lpeak of classical novae). During the thermonuclear
runaway, an accreted envelope enriched in H and He may be
transformed to matter strongly enriched in heavier species (up
to A ≈ 100 [3,4]) via the αp process and the rapid proton cap-
ture process (rp process) [5–7]. Current XRB models do not
predict the ejection of any appreciable amounts of synthesized
material during the burst. Nonetheless, calculations indicate
that radiative winds generated during some bursts may eject
material [8]. Studies are ongoing to examine the viability of
detecting any associated absorption features. For reviews on
aspects of type-I x-ray bursts, see, e.g., Refs. [9–11].

The rp process is largely characterized by localized
(p,γ )-(γ,p) equilibrium within particular isotonic chains near
the proton drip line. Slower β decays [followed by fast (p,γ )
reactions] connect these isotonic chains and set the timescale
for processing towards heavier nuclei. In such an equilibrium
situation the abundance distribution within an isotonic chain
depends exponentially on nuclear mass differences as the abun-
dance ratio Y(Z+1,N)/Y(Z,N) between two neighboring isotones
is proportional to exp[Sp(Z + 1,N )/kT ], where Sp(Z + 1,N )
is the proton separation energy of nuclide (Z + 1,N ), and T is
the temperature of the stellar environment. In particular, those
isotonic chains with sufficiently small Sp values (relative to
XRB temperatures: at 1 GK, kT ≈ 100 keV) need to be known
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with a precision better than 10–100 keV [6,12,13]. These
include, among others, Sp(26P), Sp(43V), Sp(46Mn), Sp(61Ga),
Sp(65As), and, of relevance to the present work, Sp(47Mn) [13].
As well, reliable nuclear physics input (including precise mass
values and nuclear structure information) is needed for those
nuclei along the rp-process path to calculate the thermonuclear
reaction rates required for XRB models. Model predictions
can then be compared with, e.g., observations of XRB light
curves to extract quantitative information about the stellar
environments [14].

The earlier thermonuclear 46Cr(p,γ )47Mn rate calculations
relied on those Sp values from the theoretical estimates or on
the extrapolations of the mass surface in the earlier atomic
mass evaluations. In 2013, the proton separation energy of
47Mn, Sp = 381 ± 38 [15], was experimentally determined for
the first time via atomic mass measurement of 47Mn at HIRFL-
CSR (Cooler-Storage Ring at the Heavy Ion Research Facility
in Lanzhou) [16] in an IMS (isochronous mass spectrometry)
mode. Before this work, the Atomic Mass Evaluation (AME)
group has evaluated the proton separation energy of 47Mn
several times in the past thirty years. The predicted values of
Sp(47Mn) were 467 ± 201 keV (AME85 [17]), 78 ± 161 keV
(AME93 [18], AME95 [19]), and 75 ± 161 keV (AME03
[20]), respectively. It shows that this experimental value
agrees well with the AME85 value, but is much higher than
values from the succeeding mass evaluations. Based on this
experimental value, the Sp(47Mn) values were reevaluated to
be 380 ± 40 keV (AME12 [21]) and 380 ± 30 keV (AME16
[22]), respectively.

Yan et al. [15] used a single-zone XRB model to examine
the role of uncertainties in Sp of 50,51Co, 46,47Mn, and 43V
and found that the impact of this subset of masses on
energy generation and the final composition of burst ashes
was negligible. This examination was limited, however, by
neglecting the dependence of forward (p,γ ) rates on the Sp

values adopted; only the respective photodisintegration (γ,p)
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TABLE I. Parameters for the present 46Cr(p,γ )47Mn resonant rate calculation. The listed resonances account for the calculated rate below
2 GK. Excitation energies, J π values, and half-lives for the mirror 47Ti nucleus are adopted from Ref. [32]. Resonance energies were calculated
using Er = Ex(47Ti) − Sp , with Sp = 380 ± 30 keV [22]. Resonance energy uncertainties are estimated to be ±107 keV, arising from the
uncertainty related to mirror level estimation (±103 keV) and that from the recent AME16 evaluated Sp(47Mn) value (±30 keV).

E
47Ti
x (keV) Er (keV) J π T1/2 (ps) � C2Sa �p (eV) �γ (eV)b ωγ (eV)

0.0 5/2− 3 0.002c

159.371(12) 7/2− 210(6) 3 0.547
1250.7(10)d 871 3/2− 1 0.002 1.16 × 10−2 5.84 × 10−5e 1.16 × 10−4

1252.09(4) 872 9/2− 0.140(13) 5 0.002 5.69 × 10−8 4.70 × 10−3 2.80 × 10−7

1444.25(4) 1064 11/2− 0.90(14) 5 0.001 4.30 × 10−7 7.31 × 10−4 2.58 × 10−6

1549.65(9) 1170 3/2− 1.5(4) 1 0.548 9.15 × 101 4.39 × 10−4 8.77 × 10−4

1793.80(16) 1414 1/2− 1.7(17) 1 0.316 3.46 × 102 3.87 × 10−4 3.87 × 10−4

1825.0(1) 1445 3/2+,5/2+ 2.1(19) 2 0.077 1.61 × 101 3.13 × 10−4 7.83 × 10−4f

2163.2(2) 1783 3/2− 0.0251(43) 1 0.027 2.28 × 102 2.63 × 10−2 5.26 × 10−2

2166.7(2) 1787 5/2 0.019(5) 2;3 0.001 1.48;0.13 3.46 × 10−2 9.18 × 10−2g

2259.5(2) 1880 5/2+ 0.54(12) 2 0.002 4.57 1.22 × 10−3 3.65 × 10−3

2297.1(2) 1917 5/2−,7/2− < 0.01 3 0.007 1.71 9.75 × 10−2h 3.23 × 10−1f

2364.9(2) 1985 1/2+ > 1.53 0 0.037 1.73 × 103 4.30 × 10−4i 4.30 × 10−4

2406.2(2) 2026 9/2− 0.023(7) 5 0.001 8.21 × 10−4 2.86 × 10−2 3.99 × 10−3

2416.3(2) 2036 1/2− to 7/2− 1.0(6) 1;3 0.001 23.5;0.43 6.58 × 10−4 1.64 × 10−3g

2525.8(2) 2146 3/2−,5/2− 0.094(19) 1;3 0.001 34.6;0.67 7.00 × 10−3 1.74 × 10−2g

2548.2(2) 2168 3/2− 0.0062(7) 1 0.074 2.76 × 103 1.06 × 10−1 2.12 × 10−1

2572.9(2) 2193 1/2+ 0.53(22) 0 0.032 3.02 × 103 1.24 × 10−3 1.24 × 10−3

2599.6(2) 2220 3/2−,5/2,7/2 1.3(5) 1;2;3 0.001 44.0;8.72;0.90 5.06 × 10−4 1.43 × 10−3g

2619.4(2) 2239 7/2− 0.029(8) 3 0.152 1.47 × 102 2.27 × 10−2 9.07 × 10−2

aAveraged values from the (d,p) experiments [36–39], otherwise using an assumed value of 0.001.
b�γ values are calculated from the half-life T1/2, except as noted.
cPresent value calculated here by the OXBASH code [40] within a pf model space. An upper limit of 0.03 was set for this state in the (d,t)
experiment [44].
dWatson et al. [43] suggested this state may be a doublet; see text for details.
e�γ value is adopted from calculations by Fisker et al. [29].
fThe statistical factor ω is averaged by the two adopted spin values.
gAverage value based on the different � values listed.
hThis state has a half-life of < 0.01 ps, and hence �γ > 6.85 × 10−2 eV. Here, we adopt the calculated value of 9.75 × 10−2 eV by Fisker et al.
[29].
iThis state has a half-life of > 1.53 fs, and hence �γ < 4.30 × 10−4 eV. Even with this maximum �γ value, this resonance contributes negligibly
to the reaction rate.

rates were recalculated using detailed balance. The impact
of not consistently calculating forward and reverse reactions
using the same Sp value has not been well studied in general
(but see Parikh et al. [13]). In addition, different burst models
and assumptions may lead to dramatically different predictions
of observable quantities [7,11,23–25]. To explore these issues,
we revisit the 46Cr(p,γ )47Mn rate, estimate its uncertainty, and
examine the effects of using different rates (in which forward
and reverse rates are calculated with consistent Sp values) in
a type-I XRB model.

The level structure of 47Mn is not experimentally known.
As such, previous determinations of the 46Cr(p,γ )47Mn rate
have used properties of the mirror nucleus 47Ti [26], statistical
model calculations [27,28], and shell model calculations
[29]. Hereafter we refer to these previous rates using the
nomenclature adopted in the JINA REACLIB database [30].
That is, laur refers to the rate of Wormer et al. [26], with
Sp(47Mn) = 470 keV (AME85 [17]); rath refers to the rate
of Rauscher and Thielemann [27], with Sp(47Mn) = 324 keV

(finite-range droplet macroscopic model FRDM [31]); ths8
refers to the rate from Ref. [28], with Sp(47Mn) = 477 keV; and
nfis refers to the revised rate of Fisker et al. [29] in REACLIB,
with Sp(47Mn) = 477 keV. The latter two calculations used the
same Sp value of 477 keV, which is close to that of AME85.

In this work, the thermonuclear rate of the 46Cr(p,γ )47Mn
reaction has been evaluated using the experimental Sp (47Mn)
value [22] along with nuclear structure information from the
mirror nucleus 47Ti. The astrophysical impact of our new
rate and previous rates has been examined through one-zone
postprocessing x-ray burst calculations.

II. NEW RATE CALCULATION

A. Resonant rate

We have calculated the resonant component of the
46Cr(p,γ )47Mn rate using level energies, half-lives and single-
particle spectroscopic factors from the mirror nucleus 47Ti
[32]. The resonant rate, in units of cm3s−1mol−1, is determined
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using the well-known narrow resonance formalism [33–35],

NA〈σv〉res = 1.54 × 1011(μT9)−3/2

×
∑

i

ωγiexp

(
− 11.605Ei

r

T9

)
cm3s−1mol−1,

(1)

where resonant energy Ei
r and strength ωγi are in units of MeV

for the ith resonance, μ is the reduced mass of the 46Cr + p
system in atomic mass units, and T9 is the temperature in GK.
The resonance strength ωγ is defined by

ωγ = 2J + 1

2(2JT + 1)

�p × �γ

�tot
, (2)

where JT = 0 is the spin of the ground-state of 46Cr and J is
the spin of a 46Cr + p resonance. �p and �γ are the proton
and γ -ray partial widths of a resonance, respectively. In the
excitation energy range considered in this work, other decay
channels are closed [20], so the total width of a level is just
�tot ≈ �p + �γ .

γ -ray partial widths of the unbound states in 47Mn were
estimated using the lifetimes τ of the corresponding bound
states in the mirror 47Ti via �γ = h̄/τ . Proton partial widths
were calculated using the expression

�p = 3h̄2

μR2
P�(E)C2Sp (3)

where R = 1.26 × (1 + 46
1
3 ) fm is the nuclear channel radius

[26], P� is the Coulomb penetrability factor, and C2Sp is the
proton spectroscopic factor of the resonance. When available,
we have adopted spectroscopic factors C2Sn determined in
46Ti(d,p)47Ti measurements [36–39] and assumed C2Sp =
C2Sn according to charge symmetry.

Parameters for the present 46Cr(p,γ )47Mn resonant rate
calculation over temperatures relevant to XRBs (T � 2 GK)
are summarized in Table I. The resonant rate at these tem-
peratures is dominated by contributions from five resonances
at Er = 871, 1170, 1783, 1787, and 1917 keV, with the
resonance at 871 keV being the single dominant contributor
for T < 1 GK (see Fig. 1). All of these resonances satisfy
the relation �p � �γ or ωγ ≈ ω�γ . Note, however, that the
levels at Er = 871 and 1917 keV (Ex = 1251 and 2297 keV)
do not have definite measured half-lives. As such, for these
two levels we have adopted the �γ values predicted by Fisker
et al. [29] for 3/2− and 7/2− levels at Ex = 1222 and
2199 keV, respectively. In addition, for the 871-keV resonance,
we have determined a value of C2S ≈ 0.3 using OXBASH [40]
with a pf model space and the kb3 [41] and kb3g [42]
interactions. This value is significantly larger than the value
of C2S = 0.002 from Refs. [32,43]. Given that �γ � �p (and
hence ωγ ≈ ω�γ ) for either choice of C2S, we have simply
adopted the value of 0.002 for this level in Table I. Furthermore,
an experimental spectroscopic factor is unavailable for the
level at Er = 1787 keV and we have assumed a value of
C2S = 0.001. The listed strength of this resonance would not
change if C2S > 0.001 (as �γ � �p); if C2S < 0.001, the
total rate would decrease by no more that 23% at 2 GK (see
Fig. 1), which is well within our estimated rate uncertainty
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FIG. 1. Percentage contributions of dominant resonances con-
tributing more than 5% to the 46Cr(p,γ )47Mn resonant rate up to
T = 2 GK. See text for details.

(a factor of ≈3 at 2 GK, see Table II). Finally, the five
resonances at Er = 1064, 2026, 2036, 2146, and 2220 keV
also do not have experimental spectroscopic factors, but also
do not contribute significantly to the resonant rate for any
value of C2Sp < 1. We have simply assumed C2Sp = 0.001
for these levels. It should be noted that four levels in 47Ti
[32] (i.e., Ex = 1670, 2344, 2499.4, and 2520 keV) were not
included in Table I due to the lack of experimental information
and their questionable existence.

The uncertainty in the resonant rate was estimated using
uncertainties in resonance energies and strengths. The un-
certainties in Er (±107 keV) arise from the experimental
Sp(47Mn) value (±30 keV [22]) and the uncertainty in the
Ex values adopted from the mirror 47Ti, which is assumed to
be ±103 keV though a survey of neighboring mirror pairs in
the pf -shell region [32,45]. Figure 2 shows energy differences
between Tz = 1/2 and Tz = 1 levels of different mirror pairs,
up to excitation energy around 5 MeV. We find the rms
energy differences between corresponding levels to be 103
and 87 keV for Tz = 1/2 and Tz = 1 pairs, respectively. For
Tz = 3/2, to which the 47Mn–47Ti pair belongs, only two
mirror pairs, 49Fe–49V and 53Mn–53Ni, have experimental
data, and then for only the first and second excited states.
The rms energy difference between corresponding levels for
this case is ≈ 30 keV. For Tz = 2, only one pair, 52Cr–52Ni,
has experimental data, for three excited states. The rms energy
difference between corresponding states is ∼ 80 keV. With
this information, we assumed a value of ±103 keV for the
average energy difference between levels of the 47Mn–47Ti
pair. The uncertainties in ωγ are mainly dominated by those
of �γ (i.e., the uncertainty in the half-lives listed in Tables I
and II) since �γ is usually � �p. An uncertainty of a factor
of 2 was assumed for the �γ values adopted from Ref. [29]
for the Er = 871 and 1917 keV levels. Uncertainties in �p

have been considered through the energy dependence of the
penetrability factor P� [see Eq. (3)].

As shown in Fig. 1, the Er = 871 keV (Ex = 1251 keV,
3/2−) resonance is a major contributor to the rate up to 1.5 GK.
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TABLE II. Rates for the 46Cr(p,γ )47Mn reaction in units of cm3mol−1s−1.

T9 Resonant DC Total Lower limit Upper limit

0.01 2.29 × 10−61 2.29 × 10−61 4.57 × 10−62 1.14 × 10−60

0.02 2.48 × 10−216 6.19 × 10−47 6.19 × 10−47 1.24 × 10−47 3.10 × 10−46

0.03 1.86 × 10−143 6.19 × 10−40 6.19 × 10−40 1.24 × 10−40 3.10 × 10−39

0.04 4.48 × 10−107 1.61 × 10−35 1.61 × 10−35 3.21 × 10−36 8.03 × 10−35

0.05 2.80 × 10−85 2.21 × 10−32 2.21 × 10−32 4.42 × 10−33 1.10 × 10−31

0.06 9.06 × 10−71 5.46 × 10−30 5.46 × 10−30 1.09 × 10−30 2.73 × 10−29

0.07 2.02 × 10−60 4.45 × 10−28 4.45 × 10−28 8.90 × 10−29 2.22 × 10−27

0.08 1.13 × 10−52 1.67 × 10−26 1.67 × 10−26 3.35 × 10−27 8.37 × 10−26

0.09 1.18 × 10−46 3.59 × 10−25 3.59 × 10−25 7.18 × 10−26 1.80 × 10−24

0.10 7.58 × 10−42 5.03 × 10−24 5.03 × 10−24 1.01 × 10−24 2.52 × 10−23

0.15 1.75 × 10−27 5.58 × 10−20 5.58 × 10−20 1.12 × 10−20 2.79 × 10−19

0.20 2.34 × 10−20 1.97 × 10−17 1.97 × 10−17 3.93 × 10−18 1.22 × 10−16

0.25 4.10 × 10−16 1.27 × 10−15 1.68 × 10−15 2.55 × 10−16 1.24 × 10−13

0.30 2.63 × 10−13 3.02 × 10−14 2.93 × 10−13 8.18 × 10−15 3.31 × 10−11

0.35 2.56 × 10−11 3.79 × 10−13 2.60 × 10−11 4.53 × 10−13 1.78 × 10−09

0.40 7.76 × 10−10 3.05 × 10−12 7.79 × 10−10 1.84 × 10−11 3.45 × 10−08

0.50 8.73 × 10−08 8.07 × 10−11 8.74 × 10−08 3.76 × 10−09 2.08 × 10−06

0.60 1.96 × 10−06 9.77 × 10−10 1.96 × 10−06 1.29 × 10−07 3.07 × 10−05

0.70 1.78 × 10−05 7.12 × 10−09 1.78 × 10−05 1.60 × 10−06 2.05 × 10−04

0.80 9.26 × 10−05 3.66 × 10−08 9.26 × 10−05 1.06 × 10−05 8.46 × 10−04

0.90 3.37 × 10−04 1.46 × 10−07 3.38 × 10−04 4.68 × 10−05 2.55 × 10−03

1.00 9.72 × 10−04 4.78 × 10−07 9.73 × 10−04 1.59 × 10−04 6.26 × 10−03

1.50 4.61 × 10−02 3.12 × 10−05 4.61 × 10−02 1.23 × 10−02 1.80 × 10−01

2.00 6.94 × 10−01 4.29 × 10−04 6.94 × 10−01 2.21 × 10−01 2.21

We have followed the available compilation [32] (see also
Watson et al. [43]) and assumed a doublet structure around this
energy, with one member being 9/2− and the other being either
1/2− or 3/2−. For the present calculation we have assumed
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FIG. 2. Energy differences between (a) Tz = 1/2 and (b) Tz = 1
levels of mirror pairs over A = 41–74 [45]. EZ<
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excitation energies for the members of the pair with lower and higher
Z. Here, the rms energy differences are 103 and 87 keV (shown as
the solid lines) for Tz = 1/2 and 1 pairs, respectively.

the lower spin level to be 3/2− given that Fisker et al. [29]
predicted a 3/2−, Ex = 1221.8 keV level with the shell model
and calculated the associated �γ (see Table I). Note, however,
that if this doublet of states is actually only a single 9/2− level,
the total resonant rate will be reduced by up to three orders of
magnitude, a factor of 4, and 25% at T < 0.4, T = 1.0, and
T = 1.5 GK, respectively. Therefore, the nuclear structure of
47Ti around Ex = 1250 keV needs to be confirmed through a
high-resolution measurement.

B. Direct capture rate

We have estimated the direct capture (DC) component of
the 46Cr(p,γ )47Mn rate using the expression [33,35]

NA〈σv〉dc = 7.83 × 109

(
ZT

μ

)1/3

T
−2/3

9 Sdc(E0)

× exp

[
− 4.2487

(
Z2

T μ

T9

)1/3]
cm3s−1mol−1,

(4)

where ZT = 24 is the atomic number of 46Cr. The effective
astrophysical S factor at the Gamow energy E0, Sdc(E0) (in
units of MeV b), can be expressed by [35,46],

Sdc(E0) = S(0)

(
1 + 5

12τ

)
, (5)

where S(0) is the S factor at zero energy. The dimensionless
parameter τ is given numerically by τ = 4.2487(Z2

T μ/T9)1/3

for proton capture.
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FIG. 3. The presently calculated 46Cr(p,γ )47Mn reaction rates
(in units of cm3mol−1s−1). Here, the grey band indicates the upper
and lower limits of the present total rate.

In this work, we have considered direct capture into the
ground and first-excited states (predicted at Ex = 135.5 keV
[29]) of 47Mn. The associated S(0) values were found using the
code RADCAP [47,48] based on a Woods-Saxon nuclear poten-
tial (central + spin orbit) and a Coulomb potential of a uniform
charge distribution, with the nuclear potential parameters
determined by matching the bound-state energy. Spectroscopic
factors of C2S = 0.002 and 0.547 (see Table I) were adopted
for the ground and the first-excited states, respectively. With
the parameter set of Huang et al. [48] (radius r0 = 1.26 fm,
diffuseness a = 0.65 fm, Vs.o. = −10 MeV [33]), we find
S(0) = 3.98 × 104 and 92.5 eV b for direct capture to the
first-excited and ground states of 47Mn, respectively.

The uncertainty of the direct capture component was
examined by using different optical-model parameter sets to
calculate the S(0) values. Reasonable variations of the radius
and diffuseness parameters lead to variations in the DC rate
by up to factors of 4% and 30%, respectively. In addition,
the uncertainty of Sp(47Mn) contributes an uncertainty of only
about 3% to the DC rate. Thus, we adopt an uncertainty of a
factor of 5 for the direct capture component of the reaction rate.

Previous estimates of the DC component were made by
Wormer et al. [26] and Fisker et al. [29]. We have reanalyzed
the parametrized reaction rate in Ref. [26] together with the
JINA REACLIB laur rate, and find that Wormer et al. adopted
a total S(0) = 3.03 × 104 eV b, which agrees well with the
present results. On the other hand, a value of S(0) = 3.079 ×
102 eV b was listed in Table I of Ref. [29]. Two issues arise
with regard to this value. First, we find that the tabulated
DC component of Ref. [29] requires an S(0) value about 30
times larger than their tabulated S(0) value. Second, since
Ref. [29] assumed Sp(47Mn) = 85 keV, only direct capture to
the ground state could be considered given their prediction of
Ex = 135.5 keV for the first-excited state; as discussed above,
we find that the DC component is dominated by capture to the
first-excited state. As such, we do not consider the S(0) value
of Ref. [29] further in this work.

C. Total reaction rate

The total thermonuclear proton capture reaction rate is
the sum of resonant- and direct-capture components on the
ground state and thermally excited states of the target nucleus,
weighted with their individual population factors [35]. The
probability of populating the ith- excited state (Ei , Ji) of the
target nucleus 46Cr can be expressed as

P = (2Ji + 1)e−Ei/kT

1 + ∑
n(2Jn + 1)e−En/kT

, (6)

where n is the nth-excited state of 46Cr with corresponding
En and Jn. The first two excited states in 46Cr are at
Ex = 0.892 MeV (2+) and 1.987 MeV (4+). According to
Eq. (6), thermal excitations to these 46Cr levels can be entirely
neglected at temperatures relevant to XRBs. This is consistent
with stellar enhancement factor (SEF) calculations [27] which
find that thermal effects can be neglected below 7 GK.

In this work, the total 46Cr(p,γ )47Mn reaction rate has
been calculated by simply summing the resonant and DC
contributions. Here, the DC rate only makes a dominant
contribution in the temperature region below ∼0.25 GK. The
present resonant, DC and total rates are shown in Fig. 3 and
summarized in Table II, where the lower and upper limits have
been determined using the uncertainties in the resonant and
DC components as discussed above.

For 0.01 � T � 2 GK, relevant for XRBs, the present total
rate can be parametrized (in units of cm3mol−1s−1) as [27]

NA〈σv〉 = exp(814.499 + 3.79T −1
9 − 120.966T

−1/3
9 − 849.986T

1/3
9 + 171.156T9 − 25.505T

5/3
9 + 128.157 ln T9)

+ exp(9222.44 − 14.508T −1
9 + 2400.8T

−1/3
9 − 14211.1T

1/3
9 + 3486.06T9 − 899.31T

5/3
9 + 3491.56 ln T9)

+ exp(2337.62 − 3.727T −1
9 + 559.548T

−1/3
9 − 3591.74T

1/3
9 + 932.636T9 − 243.78T

5/3
9 + 860.089 ln T9).

with fit error less than 2.4%.
Figure 4 shows the present total rate, the associated lower

and upper rate limits, and four other 46Cr(p,γ )47Mn rates
compiled in JINA REACLIB (rath, ths8, nfis, laur). The
present rate uncertainty below 0.25 GK is dominated by the

uncertainty of the DC component as discussed above. Between
0.3 and 1 GK, the largest contributor to the rate uncertainty
is the assumed ±103 keV uncertainty of the excitation energy
for the 871-keV resonance. The statistical-model rath and ths8
rates deviate from the present rate by orders of magnitude for
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FIG. 4. Ratios between the total 46Cr(p,γ )47Mn reaction rate
from the present work and other rates available in JINA REACLIB
[28]. The grey band indicates the upper and lower limits of the present
rate.

T < 2 GK (e.g., at 0.01 GK, the present rate is a factor of 1051

larger than rath, and a factor of 108 smaller than ths8), but are
roughly consistent with the present rate at higher temperatures.
This suggests that using the statistical model for this reaction
rate at low temperatures is not ideal due to the low density of
low-lying excited states in 47Mn. Below 0.03 GK, the present
rate is significantly larger than the nfis rate. This is likely due
to differences in the calculated DC components, as discussed
above. For 0.03 < T < 2 GK, the present and nfis rates are
in rough agreement, except for the large deviation between
0.2–0.3 GK. The present rate is similar to the laur rate below
0.2 GK due to the similar S(0) value and the dominant DC
component at lower temperatures. For 0.2 < T < 2 GK, the
present rate is smaller than the laur rate because the latter
assumed a doublet of states at Ex = 1.25 MeV with spins of
3/2− and 1/2−, in contrast to the assumption here of 3/2− and
9/2− [32]. However, these two rates are roughly consistent
within the present uncertainties.

III. ASTROPHYSICAL IMPLICATIONS

The impact of our new 46Cr(p,γ )47Mn rate has been
examined within the framework of one-zone XRB postpro-
cessing calculations using the K04 (Tpeak = 1.4 GK) model
[13,49]. No significant differences (i.e., greater than 5%) in the
calculated nuclear energy generation rate were observed when
comparing results using the present rate (and the upper and
lower limits listed in Table II) and rates determined in previous
works (laur, rath, nfis, ths8). Nucleosynthesis predictions
were also broadly consistent between calculations using these
different rates, except at A = 46 and 48. As shown in Fig. 5, the
abundance at A = 46 (shown as a mass fraction, summed over
mass number) using the present rate is 60 times larger than
that obtained using the ths8 rate. As well, the abundance at
A = 48 using the present rate is a factor of ≈ 2 lower than that

FIG. 5. Selected abundances (as mass fractions summed over
mass number) following one-zone XRB calculations with the
present and laur [26], nfis [30], rath [27], and ths8 [30] rates of
46Cr(p,γ )47Mn. Abundances using lower and upper limits to the
present rate (see Table II) are indicated as error bars on the abundances
using the present rate. Here, the present (Sp = 380 keV) and laur
(Sp = 470 keV) rates are based on information from the mirror
nucleus, the rath (Sp = 324 keV) and ths8 (Sp = 477 keV) rates
are based on the statistical model, and the nfis (Sp = 477 keV) rate is
based on the shell model.

obtained using the other rates. The uncertainty in the present
rate results in yields that differ by factors of 12 and 4 at A = 46
and 48 respectively. Uncertainties in the yields determined
using the previous rates are not included in Fig. 5 as they are
not available. These yield uncertainties would likely be larger
than those obtained using the present rate uncertainties simply
given the larger uncertainties in the (theoretical) Sp values
adopted.

The trends in Fig. 5 can be understood by referring to the
relative magnitudes of (a) the different forward (p,γ ) rates
in Fig. 4 over XRB temperatures (0.2–1.4 GK for the model
considered) and (b) the Sp values used with the (p,γ ) rates to
determine the corresponding reverse photodisintegration (γ,p)
rates according to detailed balance. For example, as seen in
Fig. 4, the present recommended (p,γ ) rate is generally smaller
than the laur and nfis rates over the relevant temperatures. This,
in combination with the smaller Sp value used with the present
recommended rate (380 keV, as opposed to 470 and 477 keV
for the laur and nfis rates, respectively) leads to more material
at A = 46 when using the present rate than produced using
the laur and nfis rates, at the end of the burst. The differences
between the abundances obtained using the laur and nfis rates
can then be attributed to the differences in the two respective
forward (p,γ ) rates, as the Sp values are very similar. On the
other hand, the rath rate uses a smaller Sp value of 324 keV
than the present rate, and the rath (p,γ ) rate is much larger
than the present rate over XRB temperatures. These two issues
compete as the burst evolves, with the former suggesting more
material produced by the rath rate than the present rate at
A = 46, and the latter suggesting less material produced by
the rath rate than the present rate at A = 46. These cases help
to illustrate the importance of both the (p,γ ) rate and the Sp
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value used for the reverse (γ,p) rate in determining the burst
ashes.

As shown in Fig. 5, the choice of 46Cr(p,γ )47Mn rate does
not affect the mass fraction at A = 47, and the different models
predict roughly similar mass fractions at A = 48, relative to
the differences observed at A = 46. This is because the mass
fraction at A=47 is not dominated by the contribution from
47Mn, but rather by the contribution from 47Fe, which is not
affected by the 46Cr(p,γ )47Mn rate. Here, the mass fraction
of 47Fe is ≈60 times larger than that of 47Mn at the end of
the burst, when using the present rate. The mass fraction at
A = 48 is dominated by the contribution from 48Fe, which is
produced through the processes 46Cr(p,γ )47Mn(p,γ )48Fe and
47Fe(β+)47Mn(p,γ )48Fe. The amount of 48Fe at the end of the
burst arises mostly from the second sequence above due to
the large amount of 47Fe that accumulates, β-decays, and is
processed via the 47Mn(p,γ )48Fe reaction.

Differences between our results and those of Yan et al. [15]
are most likely due to the different XRB models adopted and
the more consistent treatment in the present work of using
the same Sp value to calculate both forward and reverse rates.
Different levels of sophistication in XRB models (postprocess-
ing, one zone, multizone hydrodynamic) can lead to rather
different results (see, e.g., Refs. [11,23,50,51]). Moreover,
different models using similar approaches can also lead to
somewhat different results, even for similar initial conditions
[11]. In addition, as shown above, even for reactions with
relatively small Q values (relative to the XRB temperatures)
that are expected to quickly reach equilibrium between their
forward and reverse rates, the precise forward rate can play a
role in determining the burst ashes. As such, the dependence
of forward (p,γ ) rates on Q values should be considered when
evaluating the impact of new mass measurements.

Further tests using full multizone hydrodynamic XRB
models [7,23–25] are warranted and would help to confirm
the role of the 46Cr(p,γ )47Mn rate on predictions of XRB
observables. These models should also be used to define the
impact of this reaction on the possible paths of the rp process
in this mass region, as these paths depend not only on the initial
conditions of the model (see, e.g., Figs. 5 and 6 in Ref. [11])

and the time elapsed, but also on the particular zone considered
(see, e.g., Fig. 13 in Ref. [23]).

IV. SUMMARY

With the recent AME16 evaluation value of Sp(47Mn) =
380 ± 30 keV [22], the thermonuclear rate and associated
rate uncertainties of the 46Cr(p,γ )47Mn reaction have been
reevaluated using nuclear structure information from the
mirror nucleus 47Ti. Our new rate deviates by many orders of
magnitude from previously determined statistical model rates
for T < 1 GK. This confirms that statistical model calculations
are not ideal for this reaction over XRB temperatures, primarily
because of the low expected density of low-lying excited states
in 47Mn. A high-resolution study of a possible doublet structure
in 47Ti around Ex = 1250 keV is required to better constrain
the rate calculation for XRB models. Of course, a direct study
of the level structure of 47Mn below Ex = 3 MeV would be
preferred. The astrophysical impact of our new 46Cr(p,γ )47Mn
rate has been investigated through one-zone postprocessing
type-I x-ray burst calculations. The abundance at A = 46
using the present rate is 60 times larger than that obtained
using a statistical model rate. The abundance at A = 48 using
the present rate is a factor of ≈2 lower than that obtained
using previous rates. The uncertainty in our new rate gives
yields at A = 46 and 48 that differ by factors of 12 and 4
respectively. Hydrodynamic XRB model calculations should
be performed to further explore the impact of the new rate and
its uncertainties.
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