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Thermonuclear reaction rate of 56Ni„p,g…

57Cu and 57Cu„p,g…

58Zn
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Updated stellar rates for the reactions56Ni( p,g)57Cu and57Cu(p,g)58Zn are calculated by using all avail-
able experimental information as well as input data from the nuclear shell model. We calculated Coulomb and
Thomas-Ehrmann shifts to obtain the unknown excitation energies and the spin/parity assignments of58Zn.
The astrophysical consequences are discussed.
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I. INTRODUCTION

The rp process is the dominating nuclear process in
and explosive hydrogen burning scenarios@1–4#. The pro-
cess is characterized by a large number of proton cap
reactions andb decays. It is responsible for the energy pr
duction and nucleosynthesis in a variety of astrophys
sites with different temperature and density conditions l
novae, x-ray bursts, x-ray pulsars, and maybe accretion d
around low mass black holes.

Ever since therp process was introduced by Wallace a
Woosley in 1981 the very special role of the doubly ma
nucleus 56Ni has been recognized. At the high temperatu
and density conditions in x-ray bursts and x-ray pulsars56Ni
is a so called waiting point in therp-process path. Waiting
points are isotopes with a small or negativeQ value for pro-
ton capture. In these cases proton capture is hampere
either photodisintegration or proton decay and the reac
flow has usually to wait for the relatively slowb decay. For
56Ni the low proton captureQ value of 695 keV coincides
with a low proton capture rate~owing to the low level den-
sity near the closed shell! and the extraordinary longb-decay
lifetime. The long terrestrial half-life of 6.075 d@5# is con-
siderably prolonged for the fully ionized atom at stellar co
ditions since the decay is dominated by electron cap
@6,7#. In fact, 56Ni is the only waiting point nucleus in therp
process which has ab-decay lifetime exceeding all typica
processing time scales. Therefore, at56Ni the rp process
either ends or has to proceed via proton captures. Most o
earlier studies assumed that therp process ends at56Ni
@1,8–10# or that at least processing beyond56Ni is negligible
@11#. However, more recent studies based on larger reac
networks show that therp process in x-ray bursts and x-ra
pulsars proceeds well beyond56Ni @12–14# and can even
reach theA5802100 mass region@15–18#. This has far
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reaching consequences for the consumption of hydrogen
helium fuel as well as for the energy production and the fi
composition of therp process ashes. This in turn is linked
a variety of neutron star properties and observables~see
Schatzet al. @17# and references therein!. However, these
conclusions depend sensitively on the proton capture rate
56Ni and, when at high temperatures56Ni and 57Cu are in
(p,g)-(g,p) equilibrium, on 57Cu.

For the 56Ni( p,g)57Cu reaction several calculations hav
been performed in the past. A more recent estimate was m
by Van Wormeret al. @13#, but at that time only incomplete
information about the level structure in57Cu was available.
The situation improved considerably after Zhouet al. @19#
remeasured the level structure of57Cu and evaluated an up
dated reaction rate. A first attempt to measure the spec
scopic factors of the low lying proton unbound states in57Cu
was made by Rehmet al. @20# who populated the analogu
states using thed(56Ni,57Ni) p reaction in a radioactive beam
experiment. Rehmet al. also presented a new shell mod
calculation for the56Ni( p,g)57Cu reaction rate and found
within the relatively large errors of the model depende
analysis, agreement between their calculated and meas
spectroscopic factors. Although the spectroscopic factors
in agreement with Zhouet al. @19#, the derived reaction rate
differ substantially.

For the 57Cu(p,g)58Zn reaction only a rate calculate
with the statistical Hauser-Feshbach model is available@21#.
However, this approach might be doubtful as in this case
level density in the compound nucleus is quite small.

We present a new analysis of the reactions56Ni( p,g)57Cu
and 57Cu(p,g)58Zn based on improved theoretical calcul
tions combined with all available experimental data. In t
shell model we used the most recent interaction from
mand 1997@22#. Proton widths were calculated using a fol
ing potential. For experimentally unknown excitation en
gies and spin-parity assignments we calculated Coulomb
Thomas-Ehrman shifts to obtain the energies starting fr
the experimentally known levels in the mirror nuclei. Spe
troscopic factors were calculated using the nuclear s
model. Gamma widths were obtained from the experimen
information in the mirror nuclei.

In Sec. II we describe briefly the formalism for calcula
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ing stellar reaction rates. The experimental and theoret
nuclear input parameters for the calculation of the reac
rates are presented in Sec. III. Results and astrophysica
plications are discussed in Sec. IV. A summary is given
Sec. V.

II. CALCULATION OF STELLAR REACTION RATES

The proton capture cross sections on the investigated
clei are predominantly determined by summing the contri
tions from isolated resonances corresponding to unbo
compound nuclear states and from the nonresonant d
capture~DC! process. In the following we briefly describ
the method of calculating the resonant and nonresonant~DC!
contributions to the stellar reaction rates.

A. Resonant reaction contributions

For the reactions considered in this work the resonan
are narrow and isolated. The resonant rate contribution
be calculated from resonance energiesEi and resonance
strengths (vg) i ~both in units of MeV! @23#

NA^sv& r51.5431011~mT9!23/2(
i

~vg! i

3exp~211.605Ei /T9! cm3 mol21 s21.

~1!

The resonance strengthvg of an isolated resonance for
(p,g) reaction is given by

vg5
2J11

2~2 j t11!

GpGg

G tot
, ~2!

whereJ and j t are the spins of the resonance and the tar
nucleus, respectively, and the total widthG tot is the sum of
the proton widthGp and the gamma widthGg .

The proton widthGp can be estimated from the single
particle spectroscopic factorS and the single-particle width
Gsp of the resonance by using@24#

Gp5C2SGsp, ~3!

whereC is the isospin Clebsch-Gordan coefficient. The sp
troscopic factorsS are calculated in this work by using th
nuclear shell model~Sec. III!. Single-particle widthsGsp are
obtained from resonant scattering phase shifts generate
an appropriate folding potential~see below!. In this context,
the partial widthGsp is defined as the energy interval ov
which the resonant phase shift varies fromp/4 to 3p/4.

Gamma widths for specific electromagnetic transitions
expressed in terms of reduced transition probabilitiesB(Ji
→Jf ;L) which contain the necessary nuclear structure inf
mation of the states involved in the transition@25#. The re-
duced transition probabilities can be calculated in the fram
work of the nuclear shell model. Alternatively they can
deduced from the experimentally known lifetimes of the c
responding states in the mirror nuclei. This method is use
this work ~Sec. III!. The total gamma widthGg of a particu-
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lar resonance is given by the sum over partial gamma wid
for transitions to all possible lower-lying nuclear states.

B. Nonresonant reaction contributions

The nonresonant proton capture cross section is calcul
by using the direct capture~DC! model described in@26–
28#. The DC cross sections i

DC for a particular transition is
determined by the overlap of the scattering wave function
the entrance channel, the bound-state wave function in
exit channel and the electromagnetic multipole transition
erator. Usually, only the dominantE1 transitions have to be
taken into account. Wave functions are obtained by usin
real folding potential given by@27,29#

V~R!5lVF~R!

5lE E ra~r1!rA~r2!veff~E,ra ,rA ,s!dr1dr2.

~4!

Here l represents a potential strength parameter close
unity, ands5uR1r22r1u, with R the separation of the cen
ters of mass of the projectile and the target nucleus. Si
there exists no measured charge distributions@30# for 56Ni
and 57Cu we used densities obtained using the Hartree-F
method as described in Ref.@31#. The effective nucleon-
nucleon interactionveff has been taken in the DDM3Y pa
rametrization@29#. The imaginary part of the potential ha
been neglected due to the small flux into other reaction ch
nels. The obtained real folding potential for the two reactio
is shown in Fig. 1.

The total nonresonant cross sectionsnr is determined by
summing contributions of direct capture transitions to
bound states with single-particle spectroscopic factorsSi :

snr5(
i

~C2S! is i
DC. ~5!

FIG. 1. Double folding potential used for the reactio
56Ni( p,g)57Cu ~dashed line! and for 57Cu(p,g)58Zn ~dotted line!.
1-2
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THERMONUCLEAR REACTION RATE OF . . . PHYSICAL REVIEW C 64 045801
The astrophysicalS factor of a charged-particle induced r
action is defined by@23#

S~E!5E exp~2ph!s~E!, ~6!

with h denoting the Sommerfeld parameter. If theS factor
depends only weakly on the bombarding energy the nonr
nant reaction rate as a function of temperatureT9 can be
expressed as

NA^sv&nr57.8333109S Z1Z2

AT9
2 D 1/3

S~E0!@MeV b#

3expF24.249S Z1
2Z2

2A

T9
D 1/3G cm3 mol21 s21,

~7!

with Z1 and Z2 the charges of the projectile and target, r
spectively, andA the reduced mass~in amu!. The quantityE0
denotes the position of the Gamow peak corresponding to
effective bombarding energy range of stellar burning.

TABLE I. Coulomb shiftsdEC , Thomas-Ehrman shiftsdETE ,
and excitation energiesEx calculated for57Cu and58Zn. Excitation
energies are given in MeV. Explanation in the text.

Jp Ex(
57Ni) dEC dETE Ex(

57Cu)

5/22 0.77 0.061 0.16 0.99

Jp Ex(
58Ni) dEC dEmathTE Ex(

58Zn)

21
1 1.45 20.051 20.009 1.39

41
1 2.46 20.010 0.11 2.55

22
1 2.78 20.078 20.001 2.70

11
1 2.90 20.032 0.11 2.97

02
1 2.94 0.009 0.11 3.06

23
1 3.04 20.060 0.062 3.04

24
1 3.26 20.038 0.12 3.35

31
1 3.42 20.051 0.12 3.49

03
1 3.53 20.12 20.027 3.39

12
1 3.59 20.11 20.068 3.42

32
1 3.77 20.073 0.11 3.81

TABLE II. Shell model spectroscopic factors of57Cu bound and
unbound states.

C2S l

Ex~MeV! Jp 2p1/2 2p3/2 1 f 5/2 1 f 7/2 l 5p l5 f

0.000 3/22 0.91

1.028 5/22 0.91 0.99
1.106 1/22 0.90 1.03
2.398 5/22 0.028a 0.95
2.520 7/22 0.01a 0.95

aFrom Zhouet al. @19#.
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III. EXPERIMENTAL AND THEORETICAL INPUT
PARAMETERS

In this section we present a discussion of the excitat
energiesEx , spectroscopic factorsS, proton widths Gp ,
gamma widthsGg , and resonance strengthsvg. We use the
nuclear shell model to calculate excitation energies, C
lomb shifts and spectroscopic factors. The codeOXBASH @32#
has been employed for this purpose. We use the isosp
nonconserving~INC! interaction that has been developed
Ormand@22#. It is especially designed to describe the proto
rich isotopes in the mass range above56Ni.

The relevant excitation energies in57Cu have been mea
sured by Zhouet al. @19#. For 58Zn no experimental excita
tion energies are available. Therefore we use the known
citation energies in the mirror nucleus58Ni @33# and
calculate Coulomb shifts in the shell model.

In the mass region above the double magic nucleus56Ni
considerable Coulomb shifts between analogue states of
ror nuclei exist. The situation is similar to the mass regi
above the doubly magic nucleus16O. For some levels the
strong shifts cannot be explained with the Coulomb sh
resulting from an INC interaction. This fact has been e
plained by the Thomas-Ehrman shift@34,35#. Since the pro-
ton single particle wave functions are only loosely boun
they are pushed out into the nuclear exterior. As a con
quence the Coulomb energy is reduced. If two shell mo
orbits with different angular momenta are filled up differe
effects can occur. While in the region above16O the sub-
shells 1d5/2 and 2s1/2 are filled up, in the region above56Ni
a competition between the 2p3/2 and the 1f 5/2 subshell takes
place. However, in both cases the subshell with the low
angular momentum is pushed out much more and there
experiences a smaller Coulomb energy.

We have used the method developed in Ref.@36# to cal-

TABLE III. Shell model spectroscopic factors of58Zn bound
and unbound states.

C2S l

Ex~MeV! Jp 2p1/2 2p3/2 1 f 5/2 l 5p l5 f

0.000 01 1.20
1.40 21 0.17 0.98 0.11

2.55 41 0.95 0.99
2.70 21 0.16 0.99 0.22 1.02 0.98
2.97 11 1.0 0.98
3.04 21 0.29 0.023 0.64 1.0 0.97
3.06 01 0.79 1.0
3.35 21 0.34 0.011 0.024 1.0 0.97
3.39 01 0.012 0.99
3.42 11 1.0 0.99
3.49 31 1.0 0.96
3.52 41 0.05a 0.96
3.56 41 0.05a 0.96
3.62 41 0.05a 0.96
3.81 31 1.0 0.98

aAssumption.
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TABLE IV. Resonance parameters for the reaction56Ni( p,g)57Cu.

Ex ~keV!a Jf
p Er ~keV!b Gp ~eV! Gg ~eV! vg ~eV!

1028 5/22 333 5.45310212 3.5531024 1.64310211

1106 1/22 411 1.7231027 4.2331023 1.7231027

2398 5/22 1703 9.1331022 1.3731022 3.5731022

2520 7/22 1825 7.0831022 8.3831023 3.0031022

aExperimental values adopted from Ref.@33#.
bCalculated from column 1 andQpg5695 keV@33#.
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ra-
culate the Thomas-Ehrman shifts for57Cu and 57Ni as well
as 58Zn and 58Ni. We have not taken into account possib
complications due to the 2p1/2 subshell. In general the ex
cited states have a stronger component of the 1f 5/2-wave
configuration than the ground state. Therefore the exc
state of the proton-rich nucleus tends to be at a higher e
tation energy than its analogue state. We have calculated
shifts for the excited states of57Cu and 58Zn starting from
their analogue states in57Ni and 58Ni. The resulting
Thomas-Ehrman shiftdETE is then added to the Coulom
shift dEC obtained from the shell model calculation with th
INC interaction. The results are listed in Table I. We tes
the method on the known first excited 5/22 state in 57Cu.
Starting from the excitation energy of 768 keV in57Ni we
calculated an excitation energy of 991 keV in the mirr
nucleus, which is only 37 keV off the measured energy
1028 keV~see Table I!. This gives us confidence that we ca
also use this method for the calculation of the excitat
energies of58Zn. Table I shows that all states experien
relatively low shifts of not more than 170 keV.

The shifts for the second, third, and fourth excited state
57Cu are not included in Table I. The second excited 1/2

state in 57Cu is a good 2p1/2 single-particle state~see the
discussion of the spectroscopic factors below!. Since this
subshell is not included in our model of the Thomas-Ehrm
shift we did not calculate a shift for this state. The next tw
excited states (5/22 and 7/22) are poorly described by th
04580
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r
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n

n

interaction and model space we have used@22#. However, the
excited states of58Zn are well described in the model spa
which can be seen from the single particle spectroscopic
tors.

The calculated spectroscopic factors are listed in Table
and III. For the first two excited states in57Cu our shell
model calculations agree with the experimental results
Rehm et al. @20#. For the third and fourth excited state o
57Cu we use the spectroscopic factors given by Zhouet al.
@19#. It will be interesting to investigate these spectrosco
factors with the larger model space and new effective in
actions which are being developed for thef p shell @37#.

In this work the gamma widths are deduced from the
perimentally known lifetimes of the corresponding states
the mirror nuclei. We have corrected the transition energ
using our adopted excitation energies and the well kno
energy dependence of theE1, M1, andE2 transitions. The
obtained widths and resonance strengths are shown in Ta
IV and V.

IV. RESULTS AND DISCUSSION

The resulting stellar rates of the56Ni( p,g)57Cu and
57Cu(p,g)58Zn reaction can be parametrized for tempe
tures belowT952 by the expression@38#
TABLE V. Resonance parameters for the reaction57Cu(p,g)58Zn.

Ex ~keV!a Jf
p ER ~keV!b Gp ~eV! Gg ~eV! vg ~eV!

2554 41 274 8.65310215 5.6831024 9.73310215

2697 21 417 7.7131028 1.1331023 4.8231028

2971 11 691 5.6531026 8.4531023 2.1231026

3040 21 760 1.931023 1.2131022 1.0231023

3057 01 777 6.7531023 3.0331026 3.7831027

3349 21 1069 0.33 2.2031022 1.2931022

3389 01 1109 1.8831022 1.9231023 2.1831024

3420 11 1140 2.22 1.1231022 4.1731023

3492 31 1212 3.1331022 1.7031023 1.4131023

3524 41 1244 2.1631023 6.8831023 1.8531023

3558 41 1278 3.2431023 7.5231023 2.5531024

3620 41 1340 5.7731023 3.3131023 2.3731029

3807 31 1527 4.4531023 1.4531023 9.5531024

aValues taken from the last column of Table I.
bCalculated from column 1 andQpg52280 keV@33#.
1-4
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THERMONUCLEAR REACTION RATE OF . . . PHYSICAL REVIEW C 64 045801
NA^sv&5(
i

Ai /T9
3/2exp~2Bi /T9!

1C/T9
2/3exp~2D/T9

1/3! cm3 mol21 s21. ~8!

The first and second term in Eq.~8! represent the contribu
tions of all narrow resonances and the direct capture proc
respectively. The parametersAi , Bi , C, andD are listed in
Tables VI and VII.

The various contributions to the total reaction rates
displayed in Figs. 2 and 3. For both reactions the direct c
ture process can be neglected in the temperature range
T950.2 to T952. The 56Ni( p,g)57Cu rate below 1 GK is
clearly dominated by the resonant capture to the 1106
state. For higher temperatures the resonances of the
keV and 2520 keV states determine the reaction rate. In
reaction 57Cu(p,g)58Zn the three 21 resonances dominat
the reaction rate.

We compare our56Ni( p,g)57Cu rate with the previous
results in Fig. 4. Below a temperature of 1 GK our ra
agrees with Rehmet al. @20# while it is about one order o
magnitude larger than the rate of Zhouet al. @19# and up to
two orders of magnitude larger than the rate of Van Worm
et al. @13#. In all calculations approximately the same spe
troscopic factors~Van Wormeret al.: 0.8; Zhouet al.: 0.76;
Rehm et al.: 0.9; this work: 0.9! have been used for th
dominating 1/22 resonance. The large discrepancies to
reaction rate of Zhouet al. is therefore only due to differ-
ences in the calculation of the penetrability. Our folding p

TABLE VI. Recommended parameters for the56Ni( p,g)57Cu
reaction rate.@The total stellar reaction rate is given by Eq.~10!.#

Ai Bi C D

2.5931026 3.86 2.213109 39.3
2.7231022 4.77
5.653103 19.8
4.743103 21.2

TABLE VII. Recommended parameters for the57Cu(p,g)58Zn
reaction rate.@The total stellar reaction rate is given by Eq.~10!.#

Ai Bi C D

1.5431029 3.18 1.393109 40.3
7.6231023 4.84
3.3531021 8.02
1.623102 8.82
5.9831022 9.02
2.043103 12.4
3.453101 12.9
6.603102 13.2
2.233102 14.1
2.933102 14.4
4.033102 14.9
3.743102 15.6
1.513102 17.7
04580
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tential method agrees with the Woods-Saxon andR-matrix
calculations performed by Rehmet al., but gives a proton
width one order of magnitude larger than the extended u
fied model~EUM! calculations of Zhouet al. Van Wormer
et al. used another method to calculate the penetrability
different resonance energies. At higher temperatures~about
1.2 GK! the rates of Rehmet al. and Zhouet al. are almost
identical because Rehmet al. used the resonance paramete
from Zhou et al. for the 2398 and 2520 keV state. A sligh
difference remains as Rehmet al. made an additional ap
proximation assumingGp@Gg and consequentlyvg5Gg
for these states. Our rate is in this temperature regime a
a factor of 2 smaller due to the smallerg widths of these two
states. We used the available experimental information fr
the mirror states to deduce theg widths while Zhouet al.
calculated them in the EUM.

In Fig. 5 our 57Cu(p,g)58Zn rate is compared with the
Hauser-Feshbach calculations using the codeSMOKER

@39,40#. The dashed line shows the old calculation based
a theoretical level density in58Zn and the dotted line show
a calculation using the new58Zn levels derived in the presen
work. According to Rauscheret al. @41# Hauser-Feshbach
calculations for the57Cu(p,g)58Zn reaction rate are only re
liable for T9.2.3, because at lower temperatures the le
density in 58Zn is too small. Indeed below 2 GK bot
Hauser-Feshbach calculations give reaction rates that ar
order of magnitude too low. As expected the results from
Hauser-Feshbach calculations are getting closer to our re
at temperatures near 2 GK. Above 2 GK our reaction rat
smaller than the Hauser-Feshbach calculations becaus
did not include higher levels in our shell-model calculation
These results clearly demonstrate that Hauser-Feshbach
culations cannot be used to calculate the57Cu(p,g)58Zn re-
action rate for mostrp process temperatures. The criterio
given by Rauscheret al. @41# seems to be reliable for th
determination of the temperature range where the Hau
Feshbach approach can be applied.

The dominating remaining uncertainties are for t

FIG. 2. Total stellar rate~solid line! and individual contributions
~dashed lines! for the reaction56Ni( p,g)57Cu.
1-5



9
l
to
n
e

a
th
r-

he
is

is
the
-
uce
ts
ct

rates
in

fo

for

FORSTNER, HERNDL, OBERHUMMER, SCHATZ, AND BROWN PHYSICAL REVIEW C64 045801
56Ni( p,g)57Cu reaction the spectroscopic factors of the 23
and 2520 keV states in57Cu. In 58Zn some experimenta
information on excitation energies and spectroscopic fac
of the 21 states would reduce the uncertainties. A no
negligible contribution to the rate uncertainties also com
from the experimental errors in the masses of56Ni ~11 keV!,
57Cu ~16 keV!, and 58Zn ~50 keV! @42#. In Figs. 6 and 7 the
Q-value dependence of the reaction rate is shown. The m
uncertainties have the strongest impact on
56Ni( p,g)57Cu rate below 1 GK, where the resulting unce
tainty is up to a factor of 4. On the other hand, for t
57Cu(p,g)58Zn rate the influence of mass uncertainties
very small. More precise mass measurements of56Ni and
57Cu would be desirable.

FIG. 3. Total stellar rate~solid line! and individual contributions
~dashed lines! for the reaction57Cu(p,g)58Zn.

FIG. 4. Comparison of the present reaction rate
56Ni( p,g)57Cu to previous results of Zhouet al. @19# and Wormer
et al. @13#.
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V. ASTROPHYSICAL IMPLICATIONS

The new 56Ni( p,g)57Cu and 57Cu(p,g)58Zn reaction
rates allow us now to recalculate the effectiverp-process
half-life of 56Ni against proton and electron capture. Th
was done by solving the differential equations describing
abundance of56Ni as a function of time for a fixed tempera
ture and density and calculating the time required to red
the 56Ni abundance to half of its initial value. This represen
a small reaction network including all reactions that affe
the 56Ni lifetime, which are proton captures on56Ni and
57Cu, (g,p) photodisintegration of58Zn, 57Cu, and56Ni, as
well as continuum electron capture on56Ni ~which turns out
to be negligible! andb decays of57Cu and 58Zn. The reac-
tion rates used besides the new proton capture reaction
on 56Ni and 57Cu discussed in this work were described
detail in Van Wormeret al. @13#. All calculations were per-

r

FIG. 5. Comparison of the present reaction rate
57Cu(p,g)58Zn to a previous calculation with the codeSMOKER

@39,40#.

FIG. 6. Dependence of the reaction rate for56Ni( p,g)57Cu on
the Q value.
1-6
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THERMONUCLEAR REACTION RATE OF . . . PHYSICAL REVIEW C 64 045801
formed for solar hydrogen abundance. The result is show
Fig. 8 as a function of temperature and at a fixed density
106 g/cm3, which is typical for x-ray bursts and x-ray pu
sars. Screening has been taken into account accordin
Refs. @43,44#. For comparison, Fig. 8 also shows the sa
calculation based on the frequently used rate of Van Wor

FIG. 7. Dependence of the reaction rate for57Cu(p,g)58Zn on
the Q value.

FIG. 8. Upper panel: Lifetime of56Ni: ~a! 56Ni( p,g)57Cu rate
taken from Van Wormeret al. @13# and 57Cu(p,g)58Zn rate taken
from Hauser-Feshbach calculations@39,40#; ~b! new 56Ni( p,g)57Cu
rate and57Cu(p,g)58Zn rate taken from Hauser-Feshbach calcu
tions @39,40#; ~c! new 56Ni( p,g)57Cu rate and new57Cu(p,g)58Zn
rate. Lower panel:55Ni bypass.
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et al. @13# and, to demonstrate the influence of the differe
reactions, also for the new56Ni( p,g)57Cu reaction rate to-
gether with the old Hauser-Feshbach rate for57Cu(p,g)58Zn.
For temperatures between 0.35 and 0.95 GK the n
56Ni( p,g)57Cu rate leads to a reduction of the56Ni lifetime
by 1–2 orders of magnitude. However, for the interpretat
of the consequences for therp process it has to be taken int
account that there is a possibility of bypassing56Ni via the
55Ni( p,g)56Cu(p,g)57Zn(b1)57Cu reaction sequence fo
temperatures between 0.65 and 1.1 GK~bypass.50%—see
the lower panel of Fig. 8!. For this temperature range th
56Ni lifetime has no strong impact on therp process. How-
ever, the calculations for this bypass sequence are quite
certain and based on the theoretical mass predictions of
mand@22#. An experimental determination of the56Cu mass
would be very important.

At higher temperatures the56Ni( p,g)57Cu reaction is
very fast, but (g,p) photodisintegration of the relatively
weakly proton-bound57Cu hampers effective proton cap
tures leading again to higher lifetimes. Two cases have to
distinguished.~1! as long as photodisintegration on the mo
proton bound 58Zn does not play a role, there is
(p,g)-(g,p) equilibrium established between56Ni and 57Cu,
but not between57Cu and 58Zn. Then the lifetime of56Ni
depends on the mass difference between56Ni and 57Cu and
the 57Cu(p,g)58Zn reaction rate.~2! However, above the
temperature where photodisintegration on58Zn starts playing
a role, 56Ni, 57Cu, and58Zn are in (p,g)-(g,p) equilibrium
and then the56Ni lifetime depends not on the57Cu(p,g)58Zn
reaction rate anymore, but on the mass difference betw
56Ni and 58Zn and theb1 decay rate of58Zn. It turns out
that because the new57Cu(p,g)58Zn is so large, case~2! sets
in at a lower temperature than case~1! despite of the fact tha
58Zn is more proton bound. This happens because as a
sequence of the detailed balance principle a hig
57Cu(p,g)58Zn reaction rate means also a higher58Zn pho-
todisintegration rate. Therefore, photodisintegration of58Zn
sets already in at lower temperatures@case~2!#, while at the
same time photodisintegration of57Cu requires higher tem
peratures to compete with the increased proton capture
@case~1!#. Above a certain57Cu(p,g)58Zn rate the tempera
ture conditions for the onset of case~1! and ~2! crossover,
and case ~1! is skipped. Therefore, with the new
57Cu(p,g)58Zn reaction rate it can be concluded that its n
the 57Cu(p,g)58Zn reaction rate but theb1 decay rate of
58Zn that determines the56Ni lifetime against proton capture
at high temperatures. This is illustrated in Fig. 8, whi
shows that there is hardly any difference in the56Ni lifetime
calculated with the old and with the new57Cu(p,g)58Zn
reaction rate. The possible influence of the new56Ni lifetime
against proton capture on therp process in x-ray bursts an
x-ray pulsars is discussed in the following.

In x-ray bursts the important question is whether therp
process can proceed beyond56Ni within the typical burst
time scale of 10 s. Figure 8 shows that there is indee
temperature window around 1 GK, where the lifetime
56Ni is below 10 s. The new reaction rates enlarge this w
dow considerably and it ranges now from 0.33 to 1.95 G

-
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~instead of 0.45–1.9 GK with the Van Wormeret al. @13#
rates!. Therefore the previously made conclusions remain
changed that for typical burst peak temperatures of 1–2
the rp process can well proceed beyond56Ni. However, the
time during cooling where nuclei above56Ni can be pro-
duced becomes significantly longer. This will be especia
important for short bursts, where the fraction of material g
ting stuck at56Ni will be reduced. An important new aspe
is that with the new reaction rates the temperature thres
for rp processing beyond56Ni coincides roughly with the
temperature limit for the breakout of the CNO cycle. So a
burst that will be hot enough for therp process to occur will
also be hot enough for processing beyond56Ni. For bursts
with peak temperatures near 2 GK therp process gets stuc
in 56Ni until temperatures cool down to reach again a56Ni
lifetime of around 10 s. The temperature where this happ
sets the temperature for therp process beyond56Ni. As dis-
cussed above, it is now clear from the new57Cu(p,g)58Zn
reaction rate that this temperature is not determined by
57Cu(p,g)58Zn reaction, but by the58Zn b1 decay rate.

In x-ray pulsars hydrogen and helium are burned in ste
state and therp process will end when all the hydrogen
consumed. An important question is how much56Ni is pro-
duced in these scenarios. Older studies assumed that56Ni is
the sole product of the nucleosynthesis and all theoret
descriptions used this as a starting point. Schatzet al. @17,18#
showed that this is not the case and that depending on
accretion rate a variety of nuclei betweenA550–100 are
made. However, they still found an appreciable amount
56Ni in the final composition of therp-process ashes. This i
due to the long lifetime~of the order of seconds and mor!
for 56Ni for temperatures below 1 GK, which make56Ni a
waiting point. The abundance accumulated at a waiting p
is roughly proportional to its lifetime. Therefore, with th
new reaction rates, the final56Ni abundance will be reduce
by a factor of 10–100~see Fig. 8!. With our new rates the
conclusion will most likely be that there is no56Ni produced
at all in x-ray pulsars.

Finally, we give in Fig. 9 the lifetime of56Ni against
proton capture as a function of temperature and den
based on the new reaction rates. This plot can be read a
processing time that is needed for therp process to get be
yond 56Ni for a given temperature and density condition.
course this is a lower limit and the time for therp process to
reach 56Ni has to be added.

VI. SUMMARY AND CONCLUSIONS

The energy shift of the first excited 5/22 state in57Cu has
been calculated from the corresponding state of57Ni with the
help of the Coulomb and Thomas-Ehrmann shifts. Excell
agreement with the experimentally obtained energy shif
obtained. In an analogous way using again the Coulomb
Thomas-Ehrmann shifts the excitation energies and s
parity assignments of the experimentally unknown levels
58Zn were obtained. The proton and gamma widths of
astrophysically relevant resonances are estimated with
help of shell model calculations. With these consistent
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perimental and theoretical input parameters the reaction r
for 56Ni( p,g)57Cu and57Cu(p,g)58Zn have been calculated
The results confirm the new56Ni( p,g)57Cu reaction rate
given recently by Rehmet al. @20# for temperatures below 1
GK and lead to a significantly improved rate at higher te
peratures. Compared with reaction rates previously use
astrophysical network calculations, this new rate drastica
changes the lifetime of56Ni against proton capture in therp
process and reduces the minimum temperature required
the rp process to proceed beyond56Ni. For x-ray burst den-
sities this minimum temperature coincides now with the te
perature for the break out of the hot CNO cycles. We a
present the first reliable calculation of the57Cu(p,g)58Zn
reaction rate. Based on this new rate we can now concl
that it is in fact not the57Cu(p,g)58Zn reaction rate but the
58Zn b1 decay rate that determines the56Ni lifetime in the
rp process at high temperatures.
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FIG. 9. Lifetime of 56Ni in the rp process as a function o
temperature and density. The contour level labels indicate the l10

of the lifetime in seconds. The56Ni lifetime is mainly determined
by proton captures, and a solar hydrogen abundance has bee
sumed.
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