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Thermonuclear reaction rate of >’ Cu(p, y) 3Zn in the rp process
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The mass of neutron-deficient nuclide ¥Zn has been directly measured by using Bp-defined isochronous mass
spectrometry, resulting in a more precise proton separation energy of S,(**Zn) = 2227(36) keV. With this new
S, value, the thermonuclear rate of the S7Cu(p, y) *3Zn reaction has been re-evaluated to be higher than the most
recently published rate by a factor of up to 3 in the temperature range of 0.2 GK < 7' < 1.5 GK. The new rate is
used to investigate its astrophysical impact via one-zone post-processing type-I x-ray burst calculations. It shows
that the updated rate and new S ,,(58211) value result in noticeable abundance variations for nuclei with A = 56-59
and a reduction in A = 57 abundance by up to 20.7%, compared with the results using the recently published

rate.

DOLI: 10.1103/PhysRevC.109.045802

I. INTRODUCTION

Type-I x-ray bursts (XRBs) are the most frequently ob-
served thermonuclear explosions in the galaxy [1-3]. The
prevailing scenario proposed that XRBs could be powered
by thermonuclear runaways on the accreted envelopes of
neutron stars in binary systems [4—6]. The high temperature
and densities, created by accreted material on the neutron
star surface, may transform the envelope, initially enriched
in H and He, to matter enriched in heavier species via the
ap process and the rapid proton capture process (rp process)
[7-11]. The rp process is a sequence of proton captures and
subsequent BT decays. The amount of energy released can
be directly observed as an x-ray burst and the time scale of
the thermal runaway ranges between 10 s and several minutes
[2]. In order to quantitatively understand the shape of the
burst light curve and the composition of the neutron star crust,
detailed nuclear reaction network calculations are required.
Of particular importance to the x-ray burst models are the
nuclear masses of neutron-deficient nuclides involved in the
rp process [9,12,13].

The so-called waiting points in the rp process are essen-
tial to qualitatively understand the extended tails of the light
curves. A waiting point is a nucleus with the low or even
negative proton-capture Q values and relatively long B-decay
half-lives, thus hindering the reaction flow towards heavier el-
ements. The effective lifetimes of waiting points are needed to
interpret the XRBs observations and predict the composition
of burst ashes. The doubly magic nucleus *°Ni is identified as
one of the most interesting rp-process waiting points. With
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a small *°Ni(p, y) reaction Q value of 690.3(4) keV [14]
and an hours-long decay lifetime under typical x-ray burst
conditions [7,9,15], SONj was historically thought to be the
end point of the rp process [7]. However, it was later shown
that the rp process can proceed beyond °Ni to higher masses
[16,17]. The reaction flow passing “°Ni is mainly through
SNi(p, y)>Cu(p, y)>%Zn [18], see Fig. 1. At present, all
the quantities related to the effective lifetime of *°Ni under
typical x-ray burst conditions have been constrained experi-
mentally. Up to now, the largest uncertainty concerning the
%Ni waiting point is mainly originated from the uncertainty
of ¥Cu(p, y)>%Zn reaction rate [20].

The >'Cu(p, y)*Zn reaction determines the stellar effec-
tive lifetime of *°Ni at high temperature (0.7-1.4 GK) when
%Ni and 3’ Cu are in (p, y)-(y, p) equilibrium [18]. Given the
significant impact of this reaction on the rp process, Forstner
et al. [18] predicted the properties of the *3Zn resonance en-
ergy levels based on shell model calculations and constructed
the 3'Cu(p, ) >*Zn reaction rate, concluding that it is not the
SCu(p, y)%Zn reaction rate but the *Zn B+ decay rate that
determines the “°Ni lifetime in the rp process at high tem-
peratures. Later, Langer et al. [20] experimentally confirmed
some low-lying energy levels of ®Zn, which are dominant
resonances contributing to the >’Cu(p, y)3¥Zn reaction rate
in the typical rp-process temperature range. These precisely
measured energy levels largely reduced the rate uncertainty
by up to three orders of magnitude compared to the reaction
rate constructed in Ref. [18]. Langer et al. [20] claimed that,
based on a preliminary calculations with an x-ray burst model,
the three orders of magnitude reduction of uncertainty of just
this reaction may reduce the uncertainty in A = 56 production
by a factor of 10. Recently, Lam et al. [21] proposed a pos-
sible order of 1?- and 2; -dominant resonance states, which
was unconfirmed in Ref. [20], and constrained the resonance
energy of the 13 state based on the shell model calculations
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FIG. 1. The rp-process path passing through the **Ni waiting
point. Stable nuclei are represented by black filled squares, and wait-
ing points are shown in purple filled squares. The figure is obtained
from the calculation using NUCNET code [19].

and the isobaric-multiplet-mass equation. As a result, the new
reaction rate is lower than the rate in Ref. [20] by a factor of
2, and the new rate coupled with the latest SN i(p, y) rate [22]
can strongly influence the burst ash composition found from
the x-ray burst model calculation [21].

So far the uncertainty of 3’Cu(p, y)¥Zn reaction rate is
dominated by the 50 keV uncertainty of the proton separa-
tion energy (S,) of 87n propagated from its mass [20,21].
The current mass excess value ME(>*Zn) = —42300(50) keV
tabulated in AME2020 [14] was determined nearly 40 years
ago by measuring the Q value of a double charge-exchange
reaction *Ni(r+, 77) 3%Zn [23]. Recently, we precisely mea-
sured the masses of a series of 7, = —1 fp-shell nuclides
[24] including *3Zn by using the newly established Bp-defined
isochronous mass spectrometry (Bp-IMS) [25,26]. The exper-
iment was conducted at the Cooler Storage Ring of the Heavy
Ton Research Facility in Lanzhou (HIRFL-CSR) [27-29], see
Ref. [24] for details of the experiment. The new mass excess
of *®Zn was determined to be —42248(36) keV, which is
52 keV less bound and more precise than AME2020 value,
resulting in a new S,(**Zn) = 2228(36) keV. This allows us to
reevaluate the thermonuclear reaction rate of >’ Cu(p, y)>%Zn
and its influence on the astrophysical rp process.

II. CALCULATION OF STELLAR REACTION RATE

The total thermonuclear proton-capture reaction rate is pre-
dominantly determined by summing the contributions from
isolated resonances corresponding to unbound compound nu-
clear states and from the non-resonant direct capture (DC)
process. The resonant reaction rate can be calculated from
resonance energy E, and resonance strength wy (both in units
of MeV) by the well-known narrow resonance formalism
[8,18,21,30],

NA<UU>res =1.54 x 1011(MT9)73/2 ZCU)/

res

x exp (—11.605E,/Ty), (1)

in units of cm’mol~'s™!, where u = A,A7/(A, + Ar) is the
reduced mass of the entrance channel in atomic mass units
with A, and A7 being the mass numbers of proton and target
nucleus, respectively. Ty is the temperature in unit of GK.
E, = E, — Q with E, and Q being the excitation energy of
resonant state and the Q value of the reaction, respectively.
The wy of an isolated resonance for a (p, y ) reaction is given
by
2J+1 r,r,
2/, + DQ@Jr + 1) T

where J, J,,, and Jr are the spins of the resonant state, proton
and the target nucleus, respectively. The total width I, is the
sum of the proton-decay width I', and the y-decay width I",.

The I', can be expressed in the framework of shell-model
formalism as

wy @

Iy = 3OSyl ), ®

nlj

where I',(nlj) is a single-particle width for the capture of
a proton with respect to a given (n/j) quantum orbital in a
spherically symmetric mean-field potential, while C2S(nl )
denotes a corresponding spectroscopic factor containing in-
formation of the structure of the initial and final states. In
this work, the proton widths of the important >’Cu(p, y)>*Zn
resonances are calculated following the same procedure as
was used in Ref. [21].

The I', are calculated from electromagnetic reduced tran-
sition probabilities B(Q2L;J; — Jy) (2 stands for electric or
magnetic), which carry the nuclear structure information of
the resonance states J; and the final bound states J;. The corre-
sponding y-decay widths for the most contributed transitions
(M1 and E2) can be expressed within the framework of shell
model as [30]

gy =8.13 x 107E)B(E2) 4)
and
Ty = 1.16 x 10E;B(M1), ®)

both are in units of eV, while B(E2), B(M1), and E, are in
units of e’fm*, ;LIZ\,, and MeV, respectively. The total elec-
tromagnetic decay width is obtained by summing all partial
decay widths for a given initial state.

The resonant parameters of six dominant resonances listed
in Ref. [21] are recalculated in the framework of the KSHELL
code [31] based on a full fp-model space with the GXPFla
Hamiltonian [32], and summarized in Table I.

The direct-capture rate can be approximately calculated by
the equation [18] in a form of

Z,Zr\/?
Na(ov)pe =7.833 x 10°( 220 ) S(Ey)
wTy

2272\ 13
X exp —4.249<M sz T) (©6)
9

using an astrophysical § factor of S(Ey) = 0.0575 MeVb
[20], with E; being the position of the Gamow peak corre-
sponding to the effective bombarding energy range of stellar

045802-2



THERMONUCLEAR REACTION RATE OF ...

PHYSICAL REVIEW C 109, 045802 (2024)

TABLE I. Parameters for the present ’Cu(p, y) **Zn reaction rate calculation.

JT E,(MeV) E, (MeV) C2S;,(=3) CS30(0=1) CS5,p(1=3) C2S1p(U=1) I, (V) I, (V) wy (V)

25 2.609(6) 0.381 0.0027 0.5776 0.0063 0.1144 9.034 x 107 6.024 x 10 3.765 x 107°
17 2.861(4) 0.633 0.0000 0.6522 0.0867 7.300 x 107*  1.792 x 10~* 6.559 x 1073
25 2.904(5) 0.676 0.0020 0.0131 0.0103 0.1649 5278 x 107 1.444 x 10~* 8.785 x 1073
25 3.265(6) 1.037 0.0005 0.1174 0.4953 0.0002 4.131 x 107 3.187 x 107! 2.549 x 1073
25 3.605(22) 1.377 0.0012 0.0011 0.0302 0.2498 3.677 5.093 8.645 x 1073
17 3.664(22) 1.436 0.0000 0.1011 0.5980 4.526 x 1072 2.030 x 10*!  1.693 x 1072

burning [18]. Equation (6) is in units of cm®*mol~'s~!. For
the 57Cu(p, y) 3871 reaction, the contribution of direct rate is
several orders of magnitude lower than the contribution of the
dominating resonances throughout XRB related temperature
range from 0.1 to 2 GK [18,20,21]. Therefore, the contribution
of the direct-capture rate is negligible for the reaction rate of
STCu(p, y)>¥Zn.

The proton capture rates of main contributing resonances
of ’Cu(p, y)*¥Zn reaction determined in this work with
updated I', and § ,,(5SZn) is presented in the lower panel
of Fig. 2. The total >'Cu(p, y)¥Zn reaction rate is deter-
mined by summing up the contributions of all the dominating

T T T T T L
2 Lam et al. (2022)

N ,<ov> (cm’s'mol™")

This work

<ov> (cm’s'mol™)
m

= 10—11 -

N
T

Temperature (GK)

FIG. 2. Thermonuclear reaction rates of >’Cu(p, y) ®Zn. Upper
panel: Lam er al. rates [21] reproduced by using the parameters listed
in Ref. [21]. The main contributing resonances of proton capture
on ground state of ’Cu are indicated as dashed color lines. Lower
panel: The reaction rates determined in this work with updated I,
and S,(**Zn).

resonances as well as DC contribution, also plotted in the
lower panel of Fig. 2 and tabulated in Table II. The upper
panel of Fig. 2 presents the Lam er al. rate [21] reproduced
by using the parameters listed in Ref. [21].

Figure 3 shows the comparison of our new rate with five
different rates [all of them are based on a S, value of 2.280(50)
MeV] for 57Cu(p, ¥) 37n reaction: (a) the Hauser-Feshbach
statistical model rate ths8 v4 available in the Joint Institute
for Nuclear Astrophysics (JINA) nuclear reaction rate li-
brary (REACLIB) [33,34]; (b) the Hauser-Feshbach statistical
model rate rath_v?2 in the REACLIB; (c) the wien2 rate [18]
recommended by REACLIB; (d) the rate from Langer et al.
[20]; and (e) the rate from Lam ef al. [21]. The uncertainties
of the present and Lam e? al. rates are both dominated by the
separately adopted Q values. In comparison to the rate by Lam
et al., it is seen from Fig. 2 that the resonance contribution
of the 17 state becomes larger with the adoption of the new
proton separation energy, finally resulting in an increase of
a factor of 1.2-3.2 in total reaction rate over the temperature

TABLE II. Thermonuclear ’Cu(p, ) 3*Zn reaction rate, all the
rates are in units of cm>mol~'s~'. The lower and upper limits cor-
respond to the rates when **Zn mass is shifted 1o up and down,
respectively.

T (GK) Recommended Lower limit Upper limit
0.1 1.18 x 1072 1.81 x 1073 7.70 x 10720
0.2 1.68 x 10712 2.08 x 10713 1.36 x 107!
0.3 3.28 x 107° 8.14 x 10710 1.32 x 1078
0.4 6.37 x 1077 2.24 x 1077 1.81 x 1076
0.5 1.85 x 1073 8.03 x 107° 4.27 x 1073
0.6 1.72 x 107* 8.60 x 107° 3.46 x 107*
0.7 8.38 x 107* 4.61 x 1074 1.52 x 1073
0.8 2.74 x 1073 1.62 x 1073 4.61 x 1073
0.9 6.93 x 1073 4.36 x 1073 1.10 x 1072
1.0 1.48 x 1072 9.77 x 1073 2.25 x 1072
1.1 2.83 x 1072 1.94 x 1072 4.14 x 1072
1.2 4.97 x 1072 3.51 x 1072 7.05 x 1072
1.3 8.21 x 1072 5.95 x 1072 1.13 x 107!
14 1.29 x 107! 9.56 x 1072 1.74 x 107!
1.5 1.94 x 107! 1.47 x 107! 2.56 x 107!
1.6 2.81 x 107! 2.17 x 107! 3.65 x 107!
1.7 3.95 x 107! 3.09 x 107! 5.05 x 107!
1.8 5.39 x 107! 4.27 x 107! 6.80 x 107!
1.9 7.16 x 107! 5.75 x 107! 8.92 x 107!
2.0 9.29 x 107! 7.54 x 107! 1.14 x 10°
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FIG. 3. Comparison of different thermonuclear reaction rate of
STCu(p, y) 3Zn. Top panel: Our new rate and five different rates
[21,34], see text. The black dashed line and the red solid line rep-
resent Lam et al. rate [21] and present rate, respectively. The 1o
uncertainties of Lam et al. and present rates are indicated by the gray
and red zones, respectively. Bottom panel: The ratios of the present
rate over other different rates.

range of 0.7-1.4 GK. In the temperature of T < 0.17 GK, the
decrease of the total rate is mainly owing to the decrease of
our new resonant rate of 23“ resonant state, also see Fig. 2.
Furthermore, our new rate calculated with the direct mass
measurement of >3Zn has smaller uncertainties than the pre-
vious ones. Specifically, the reduction of 1o mass uncertainty
from 50 keV to 36 keV, reduces the maximun relative uncer-
tainty from 129% in Lam et al. rate to 82% in the present
rate over the temperature range of interest for X-ray bursts, as
show in top panel of Fig. 3.

The ratios of the present rate over other different rates are
shown in the bottom panel of Fig. 3. The statistical model
rates ths8_v4 and rath_v2 are very similar in the temperature
range of 0.1-2 GK, and both of them deviate considerably
from our new rate over the entire temperature region of in-
terest. This shows that the Hauser-Feshbach statistical model
rates may be not suitable for this reaction for the low level
densities of low-lying excited states of *Zn. The wien2 rate

Fractional difference (%)

-10 0 Xpresen! Xt anger™ 1 8
Xprcscnl/ X Lam ™ 1

sk (X} =0.51, X4, =039) 1
"""" Kpresend Xram™1

oL (X, =0.67, X5, =033) ]

52 54 56 58 60 62 64

FIG. 4. Fractional difference of abundance by mass number of
this work (present) compared to those using Langer et al. rate (red
filled circles) and Lam er al. rate (blue open triangles). The black
dashed line represents the result with initial mass fractions from
Ref. [16].

[18] recommended by REACLIB shows an oscillation behav-
ior around our new rate in the temperature range of 7 < 0.65
GK, and it is higher than our new rate by up to a factor of 3
in the high temperature range of interest. With a smaller S,
value extracted from the newly determined *3Zn mass [24],
the present rate is higher than Lam et al. and Langer et al.
rates by up to a factor of 3 in the temperature range of 0.2 GK
ST <15GK

III. ASTROPHYSICAL IMPLICATIONS

The astrophysical impact of the present >'Cu(p, y)¥Zn
reaction rate is investigated in the framework of one-zone
XRB models. We performed a series of post-processing cal-
culations to explore the influence of our new rate and new
mass value of ¥Zn, as well as the rates from Refs. [18,20,21]
and %%Zn mass from AME2020 [14], on the abundances of
XRB ashes. The reverse rates are obtained through the prin-
ciple of detailed balance and are sensitive to the Q values of
the forward reactions [35-37]. All calculations are performed
by using the one-zone post-processing nucleosynthesis code
NUCNET [19]. The initial hydrogen and helium mass frac-
tions of the accreted material are XH0 = 0.51 and Xg{e = 0.39.
Ignition takes place at a temperature of 0.386 GK and a
density of 3.4 x 10° g/cm?>. These ignition conditions were
chosen to produce light curves and final compositions to most
closely resemble those of multizone models and the burst
reaches a peak temperature of 1.2 GK, as demonstrated in
Ref. [3].

The fractional differences of abundances, as a function
of mass number A, of burst ashes calculated by using four
different forward and reverse rates of >’Cu(p, y)>%Zn are
shown in Fig. 4. To illustrate the influence of different initial
compositions on the final abundances, we also performed a
calculation using the initial mass fractions of Xj = 0.67 and
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X}i{e = 0.33, taken from Ref. [16]. The pattern of fractional
difference using initial mass fractions from Ref. [16] (Black
dash line in Fig. 4) is similar to the result of using those
from Ref. [3] (blue open triangles in Fig. 4). We also no-
tice that comparing with the result using Cyburt et al. initial
mass fractions [3], a noticeable increase around the A = 60
mass region is observed for using initial mass fractions from
Ref. [16]. This is because the accreted material with a higher
proportion of protons will be more helpful in the synthesis
of heavier elements. In the following, the results with initial
mass fractions of XI_? = 0.51 and XPHe = 0.39 are discussed in
detail.

The significant differences in elemental abundances of
burst ashes can be seen for A = 56-59 mass range. In general,
for the A = 56-59 mass range, the mass fractions using Lam
et al. [21] and Langer et al. [20] rates deviate slightly from
each other, both are significantly different from the results
obtained by using our new rate. This is reasonable if one
carefully inspects the reaction rate ratio shown in Fig. 3,
especially in the temperature range of higher than 0.386 GK.
As shown, the Lam ef al. and the Langer et al. rates are
relatively similar and are always lower than the present rate
in the temperature range of interest. The present higher rate
contributes to an enhancement of the reaction flow to **Zn
from proton capture of 3'Cu, resulting in more abundance of
37n and less abundance of *’Cu and subsequent >'Ni. So
in Fig. 4, an apparent reduction of abundance at A = 57 is
observed, by about 20%. The abundance of A = 58 is also
reduced by ~5%. This is actually a comprehensive effect of
the increased net flow of >’Cu(p, y)®Zn and the decreased
net flow of >’Ni(p, y)>3Cu. During rp process, the increased
387n by S'Cu(p, y)>*Zn is promptly transformed into heav-
ier isotopes through the main reaction channels (the paths
marked in red arrow in Fig. 1). In other words, the increase
of ’Cu(p, y)Zn rate is able to intensify the material accu-
mulation on long lifetimes nuclei *Cu and °Zn. So the actual
production of Cu will be reduced relative to the case of using
original smaller >’Cu(p, y)>%Zn rate, finally resulting in the
reduction in *®Ni (8-decay daughter of >*Cu) production. That

is the reason why the yields of nuclei with A = 58 decrease
while those of A = 59, 60 increase.

IV. SUMMARY

We recalculated the stellar thermonuclear rate of the
S7Cu(p, y)>%Zn reaction using the new mass value of *Zn
measured most recently by Bp-IMS. Our new rate is generally
higher than other rates found in literature. Specifically, it is
higher than the most recent published rate (Lam et al. rate
[21]) by a factor of up to 3 in the temperature range of interest,
showing a speed-up of rp process flow at waiting point nucleus
%ONi.

To investigate the impact of our new rate on x-ray burst,
we conducted the astrophysical network calculations using
the one-zone x-ray burst model. The result showed that the
abundances of burst ashes are dramatically influenced by our
new reaction rate, the mass fractions decrease in ashes of
A = 56 and 57 by up to 20% and increase slightly around the
A = 59 mass region.

Although the uncertainty of our rate is smaller than pre-
vious ones, it is still dominated by the 36 keV uncertainty
of 38Zn mass value. Thus, more precise mass measurement
of 38Zn is desired to deduce the uncertainty. Nonetheless, we
still recommend that the updated ' Cu(p, y) 3Zn reaction rate
using more precise S p(SSZn) value should be incorporated in
future astrophysical network calculations.
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