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Proton drip-line calculations and the rp process
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One-proton and two-proton separation energies are calculated for proton-rich nuclei in the Aegion
=41-75. The method is based on Skyrme Hartree-Fock calculations of Coulomb displacement energies of
mirror nuclei in combination with the experimental masses of the neutron-rich nuclei. The implications for the
proton drip line and the astrophysiga process are discussed. This is done within the framework of a detailed
analysis of the sensitivity afp process calculations in type | x-ray burst models on nuclear masses. We find
that the remaining mass uncertainties, in particular for some nucleiNvitz, still lead to large uncertainties
in calculations of x-ray burst light curves. Further experimental or theoretical improvements of nuclear mass
data are necessary before observed x-ray burst light curves can be used to obtain quantitative constraints on
ignition conditions and neutron star properties. We identify a list of nuclei for which improved mass data would
be most important.
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[. INTRODUCTION AWE). Thus we combine the experimental binding energy
for the neutron-rich nucleuB E(A,T?)exp together with the
The masses for the proton-rich nuclei abadve 60 have Hartree-Fock value foD(A,T)yg to provide an extrapola-
not yet been measured. However, they are important for théon for the proton-rich binding energy
astrophysical rapid-proton capturep( procesd1] that fol-
lows a path in nuclei neaN=Z for A=60-100. Therp BE(A,T;)=D(A,T)ur+BE(A, T, )exp- 2
process is the dominant source of energy in type | x-ray
bursts, and it determines the crust composition of accretinghe method is similar to the one used by Ormahd] for
neutron star§2—6|. It may also be responsible for the  the proton-rich nuclei wittA=46-70. In Ref[10] the dis-
process nucleosynthesis of a few proton-rich stable nuclei iplacement energies are based upon shell-model configuration
the A=74-98 mass range. In the absence of experimentahixing that includes Coulomb and CSB interactions with
masses for the proton-rich nuclei, one often uses the massparameters for the single-particle energies and strengths that
based upon the Audi-Wapstra extrapolatid®®WE) method  are fitted to this mass region. In the present paper, which
[7]. In this paper, we use the displacement-energy methodovers the regio=41-75, the displacement energies are
[8—11 to obtain the proton-rich masses with the Skyrmebased upon Skyrme Hartree-Fock calculations with a global
Hartree-Fock model for the displacement energies. The disset of parameters that are determined from the properties of
placement energy is the difference in the binding energieslosed-shell nuclei and nuclear matter. The CSB part of the

(BE) of mirror nuclei for a given masé and isospinT, interaction has one parameter that was adjusted to reproduce
_ _ the displacement energies in thAe=48 mass regiofl3].
D(A,T)=BE(A,T,)—BE(A,T,), 1) The displacement energies for all but the lightest nuclei

can be reproduced with the constant CSB interaction given in
whereT=|T;|=|T;|, BE(A,T) is the binding energy of Ref.[13], and we use the same CSB interaction for the ex-
the proton-rich nucleus arBIE(A, T, ) is the binding energy trapolations to higher mass discussed here.
of the neutron-rich nucleus. The displacement energy can be The calculations presented here are relevant for the
much more accurately calculated than the individual BE in amasses of proton-rich nuclei via their connection with their
variety of models since it depends mainly on the Coulombmirror neutron-rich analogues. We are not able to improve
interaction. In particular, we will use the spherical Hartree-upon the masses of nuclei witi=2, and as will be dis-
Fock model based upon the recentXSget of Skyrme pa- cussed, the relative large errors that remain for%@e and
rameterq 12], with the addition of charge-symmetry break- %8Se masses provide now the dominant uncertainty irrphe
ing (CSB), SKX.s, [13]. With the addition of CSB these process calculations.
calculations are able to reproduce the measured displacement Details of the Hartree-FoclHF) calculations will be dis-
energies for all but the lightest nuclei to within an rms de-cussed, and a comparison between the calculated and experi-
viation of about 100 keV13]. In theA=41-75 mass region mental displacement energies for the=41-75 mass region
the masgbinding energy of most of the neutron-rich nuclei will be made. Then the extrapolations for the proton-rich
are experimentally usually known to within 100 keV or bet- masses and the associated one- and two-proton separation
ter (the only exception being'Br for which we use the energies will be presented. The proton drip line that is estab-
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lished by this extrapolation will be compared to experiment, 4 rTTEr T T T T R T T T T T T T T
and the nuclei that will be candidates for one- and two- - T=5/2 Q .
proton decay will be discussed. Finally, we explore the sig- L 2 R *
nificance of the new extrapolation for thp process in type u R T=2 w X
| x-ray bursts. ® R &

30 [~
Il. DISPLACEMENT-ENERGY CALCULATIONS g "
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The SK.sp, interaction is used to carry out Hartree-Fock
calculations for all nuclei in the rangé=20—38 andN
=20-38. The hinding energies are then combined in pairs
to obtain theoretical displacement energies for41-75
andT=1/2toT=4:

- ®

20 x ¥

D(AT)up=BE(A T, )ur—BE(AT, e )

Displacement Energy

The calculation is similar to those presented in R&8], - g m ¥ H B
but several refinements are made. The single-particle state 10 x xuRE "B
in proton-rich nuclei become unbound beyond the proton I 5 x X
drip line. In the nuclei we consider they are unbound by up
to about 2 MeV. Since 2 MeV is small compared to the
height of the Coulomb barrigabout 6 MeV at a radius of 7
fm), the states are “quasibound” and have a small proton-
decay width(on the order of keV or smallgrTo obtain the 0
quasibound wave functions we put the HF potential in a box 40 50 60 70 80
with a radius of 20 fm and a depth of 20 MeV. In all cases we A
consider, the dependence of the results on the form of the

external potential is negligible as long as the radius is greater, FIG. 1. Calculated displacement energiesssepas a function
P gig 9 9 of mass number. They are compared to experimental dgied

than about 10 fm and the potential depth is greater than abo% cles and to values based upon the Audi-Wapstra extrapolations
10 MeV. (squares

In Ref.[13] the occupation numbers of the spherical va-
lence states were filled sequentially, and in this mass regiothe nucleons between theand f orbits, since these orbits
they always occur in the ordéfy,, Psp, fs2, P12, @nd  have similar rms radii and single-particle Coulomb shifts.
do.- We have improved on this scheme by carrying out arFor example, a 20% change in the strength of the pairing
exact pairing(EP) calculation[14] at each stage of the HF interaction results in displacement-energy changes of less
iteration. The exact pairing model has recently been disthan 20 keV. If pairing is removed, the displacement energies
cussed in Ref[14]. The EP method uses the single-particle can change by up to about 100-keV. Thus, at the level of 100
energies from the HF calculation together with a fixed set okeV accuracy pairing should be included, but it is not a cru-
J=0, T=1 two-body matrix elements and gives the orbit cial part of the model.
occupations and the pairing correlation energy. The orbit oc- A final refinement has been to add a Coulomb pairing
cupations are then used together with the HF radial waveontribution to the proton-protodi=0 matrix elements. The
functions to calculate the nucleon densities that go into théwo-body Coulomb matrix elements were calculated in a
Skyrme energy density functional. This procedure is iteratetharmonic-oscillator basis. The Coulomb pairing is then de-
until convergenceéabout 60 iterations The pairing is calcu-  fined as the difference of the diagorda+ 0 matrix elements
lated for protons and neutrons with the same set of two-bodytom the (2)+1) weighted averagéwhich corresponds to
matrix elements taken from the FPDG6 interaction for ife  the spherical part of the Coulomb potential that is in the HF
shell [15] and the Bonr renormalizedG matrix for the  part of the calculation The Coulomb pairing matrix ele-
matrix elements involving theg,, orbit [16]. For those nu- ments are 50—100 keV.
clei we consider here, the occupation of thg, orbit is In Fig. 1 the calculated displacement energiessses
always small. It is known that deformed components of theare shown in comparison with experimdfitied circles in
2s-1d-0g shell are essential for the nuclear ground stategases where both proton- and neutron-rich masses have been
aboveA=76 as indicated by the sudden drop in the energymeasured and with the AWEsquares in cases where the
of the 2" state from 709 keV in"%Kr to 261 keV in ®*Sr  mass of the proton-rich nucleus is based upon the AWE. The
[17]. Thus, we do not go higher thak=76. In addition, one corresponding differences between experiment and theory
cannot always use Ed2) aboveA=76 since many of the are shown in Fig. 2 including the experimental or AWE error
masses of the neutron-rich nuclei are not known experimerbars. It can be seen that when the displacement energy is
tally. measured the agreement with the calculation is excellent to

The results we obtain are not very sensitive to the strengtkvithin an rms deviation of about 100 keV. The most excep-
of the pairing interaction and the associated distribution otional deviation is that forA=54 involving the %*Ni->/Fe
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LR L R IR LU are shown in Fig. 3. The first line in each box is the one-
proton separation energfand the associated erjobased
upon the AWE with the associated error. The second line is
the one-proton separation energy based upon the HF extrapo-
lation, and the third line is the two-proton separation energy
based upon the HF extrapolation. The error in the separation
energies is the error for the binding energies of the parent
and daughter nuclei folded in quadrature.

The double line in Fig. 3 is the proton drip line beyond
which the one-proton separation energy and/or the two-
proton separation energy becomes negative. However, due to
the Coulomb barrier, some of the nuclei beyond the proton
drip line may have lifetimes that are long enough to be able
to observe them in radioactive beam experiments. The obser-
vation of ®°As in the experiment of Blanlet al. [19] ex-
cludes half-lifes that are much shorter thanuds that indi-

45 v b birre i cates that it is unbound by less than 400 keV. The
40 50 60 70 identification of %°As as ag emitter by Wingeret al. [20]
A together with the nonobservation of emitted protons by Rob-

FIG. 2. Difference between the calculated displacement energie@rts’onet al.'[2'1] indicates tha't it is'un'bound by 'Iess than 250
and experimentfilled circles or values based on the the Audi- K€V. Both limits are compatiblewithin erron with the HF
Wapstra extrapolation&squares results given in Fig. 3. The nonobservation ¥8r in the

radioactive beam experiments of Blaekal.[19] and Pfaff

mirror pair; a confirmation of the experimental mass féni ~ ©t @l- [22] means that its lifetime is less than 24 ns, which
(which has a 50 keV errpmwould be worthwhile. The com- implies that it is proton unbound by more than 500 K&Z|.
parison based upon the AWMEquaresshows a much larger This is compatlbleswnh_the HF resglt shown in Fig. 3. The
deviation with typically up to 500-keV differences, but the Nonobservation of*Rb in the experiments of Mohast al.
AWE error assumed is sometimébut not always large  [23; Jokinenet al.[24], and Janast al.[25] gives an upper
enough to account for the spread. The implication of thigimit of 30 ns for the half-life, which implies thaf*Rb is
comparison is that the error in the HF extrapolation of theProton unbound by more than 570 keV, again in agreement
displacement energies is probably much less than the error f{Vithin erron of the present HF result. Thus all of the current
the AWE of the displacement energies. In particular, one no€XPerimental data are consistent with our calculations.

tices in Fig. 1 in the regiom=60-75 that the displacement 1 h€ proton drip line has not yet been reached for nabst
energy based upon the AWE shows a small oscillation that i¥2lues. Beyond the proton drip line there are several candi-
not present in the HF calculation and which is not present irfl@tes for nuclei that should be explored for one-proton emis-

the experimental data fok< 60. sion: *'Cu, °%Ge, ®As, ®®Br, ®*Br, "Rb, and Rb. The
most promising candidates for the illusive diproton emission
(in addition to “*®Ni [8,10]) are ®%zZn, 5%Ge, 8%Se, ®Kr, and
"i5r, Estimated lifetime ranges for these diproton decays are
given by Ormand10].
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Ill. PROTON-RICH MASSES
AND SEPARATION ENERGIES

The next step is to use EqR) to calculate the binding
energy of the proton-rich nuclei based upon the HF calcula-
tion of the displacement energy together with the experimen-
tal binding energy of the neutron-rich nuclepig18]. The The rp process beyond Ni plays a critical role during
only neutron-rich nucleus whose mass is not yet experimeniydrogen burning at high temperatures and densities on the
tally measured i$'Br for which we use the AWE value. The surface of accreting neutron stars in x-ray bursters and x-ray
binding energies for the HF extrapolations for the proton-richpulsarg2—6]. Nuclear masses are among the most important
nuclei are given an error based upon the experimental erronput parameters imp process calculations, as they sensi-
of the neutron-rich binding energy folded in quadrature withtively determine the balance between proton capture and the
an assumed theoretical error of 100 keV. inverse process,y,p) photodisintegration. It is this,p)

The HF extrapolated set of binding energies for proton{photodisintegration that prevents thp process from con-
rich nuclei together with the experimental binding energiegsinuing via proton captures, once a nucleus close to the pro-
for nuclei with N=Z and neutron-rich nuclei provides a ton drip line is reached. This nucleus then becomes a “wait-
complete set of values from which the one- and two-protoring point” as therp process has to proceed at least in part,
separation energies are obtained. The masses foN#h&  via the slows™ decay. The effective lifetime of the waiting
nuclei %¢As, %8se, "%Br, are not measured and we use thepoints in therp process determines the overall processing
AWE value. The mass fof'Rb has a relatively large experi- time scale, energy generation, and the final abundance distri-
mental error. bution. At a waiting point nucleus Z;N), a local

Results for the one- and two-proton separation energie@p, y)-(y,p) equilibrium is established with the following

IV. IMPLICATIONS FOR THE rp PROCESS
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a1 7 sr72 Sr 73 Sr 74 Sr 75 Sr 76
i I 0.87(78) | 1.75(70) | 221 (78) | 4.46 (30)
-002(15) | 1.18(15) | 0.99(19) | 1.69 21) | 1.90 73)
206 (14) | -0.60(19) [ 0.10(34) | 1.14(29) | 403 (17
F Re70 T Rb71 | Ror2 Rb73 Rb74
| | -138 (64 | -0.69 (58) | -0.50 (55) [ 2.13(73)
| 204(15) | -178(19) | -089 (35) | 0.5 (32)
093 (18) | 036(15) | 0.93(39) ' 4.26 (35) N
Ier T kres Kr 69 Kr 70 Kr 71 Kr 72
I I 070 (74) | 1.86(51) | 1.80 (47) | 4.81 (40)
005014 | 128014 [ 1.11(18) | 214(19) | 1.81 (48)
176 (14) | 062 (14) || 0.40(18) | 1.41(34) | 439 (32) i
" Brea 7 Bres | Bres | Brev | Bres Br 69 Br 70
| I I | 163 (58) | -031(57) | -0.45(43) || 258 37)
289(14) | 285 (14) | 172(14) | 190 (14) | 071 (20) | -073 (32)
278 (14) | 174(14) ' -062(14) | 054(17) ' 1.36(25) = 4.06 (15)
I Seez —'|75_ee? Se6s | Se6s Se 66 Se67 Se 63
I I 069 (70) | 1.96(49) | 1.96(28) | 4.7 (31)
010(14) | 041 (14) | 111(14) | 1.00(14) | 243(18) | 207 (25)
276 (14) | 151 (14) '-020(14) [ 081 (17) | 20027) | 477 (17)
I 260 T asé1 T 2sé2 | Asés | ases As 65 As 66
1331 (66) | -243(64) | 148 42) | 1.13(52) | -0.10 (41) | 0.08 48) [| 270 22)
274(14) | 266 (14) | -161(14) |-140(14) | -028(17) | 0.43 (28)
| 255 (14) | -1.60(14) ' -0.26(14) ' 1.13(14) | 210(10) | 459 (17)
I Gese _'Zaes? Got0 Go6l Go62 Go6a Go6d
1-024¢41) | 030(35) || 0.94(29) | 1.02(32) | 2.18(24) | 220 20) | 50227
| 016(14) | 0.1914) | 108 (14) [ 1:35(14) | 253(14) | 238 (14)
238(14) | 116 (14) || 009 (14) | 142 (1a) | 277 (10) | 5:33 (14) i
Gass | Gas7 | Ga% | Gabo Gad0 Gasl Gab2
1289 36) | -25437) | -1.41(26) | -088 (18) | 0.03(12) | 0.45(20) | 2.94(3)
| 263 (14) | 222(14) | 135(14) | 097 (14) | 0.07(19) | 024 (10)
4189 (14) | -079(14) | 019(14) | 136(14) | 2.92(10) | 536 (10) N
/Zns4 Zn55 Zn 56 Zn57 Zn58 Zn59 Zn 60
1 0.40(48) || 052(33) | 13940y | 137(20) | 228(5) | 289 (4 | 512¢(1)
012(14) [ 063 (14) | 143 (14) | 154(14) | 233(14) | 285 (10)
4133(14) | 013(14) | 125(14) | 210(14) | 302 (10)4 572 (10) N
F——

T

Cub3 Cub4 Cuss Cub6 Cubs7 Cub8
11.9027) | 0.4027) | 029 30) || 056 (14) | 0.69(2) | 287 (0)
,145(14) | 050(14) | 0.18(14) || 0.56(14) | 0.69(10)

1.26 (14) j_2.20 (14) Lsas (14) || 5.26 (10) | 7.86 (10) /]

FIG. 3. A section of the mass chart fir=Z and proton-rich nuclei showingline 1): the one-proton separation enefggilowed by the
associated errprbased upon AWE(line 2): the one-proton separation energy based upon the present HF calculatiorinar8): the
two-proton separation energy based upon the HF calculations. The line in the lower right-hand corner indicates that the mass has been
measured for this nucleus. A line in the upper left-hand corner indicates that this nucleus is a candidate for diproton decay.

isotones Z+1N), (Z+2N). The effective proton capture nucleus, andov)z+1n(p.,) the proton-capture rate on the
flow destroying waiting point nuclei and reducing their life- nucleus Z+ 1,N). For higher temperatures local equilibrium
time is then governed by the Saha equation and the rate @ maintained between the waiting point nucledsN) and
the reaction leading out of the equilibrium. Because of thethe next two following isotonesZ+ 1,N) and Z+2,N). In
odd-even structure of the proton drip line two cases have tthis case\ z ny(p.,) IS given by the Saha equation and the
be distinguished[3]. For temperatures below=1.4 GK  B-decay rate of the final nucleusz.,y)s, and the total
equilibrium is only established with the following isotone destruction rate. of the waiting point nucleus becomes
(Z+1)N). In this case, the destruction rate of the waiting

point nucleus via proton captur&s; ny(p, ,) is determined by y ys 2mh2
the Saha equation and the proton-capture rate on the follow- A=A g+ YppzNA(kT
ing isotone Z+ 1,N). The total destruction rate of the wait-

3
—3/2  —3/2
Mz Ny M (z+1N)

ing point nucleus Z,N) is then given by the sum of proton- Gzs2n)(T) QzN)(2p.9)
capture angs-decay rates, X 5 'kT = )?\(z+ 2N)B -
(2Jp+1)°Gz,ny(T)
2 \312
A=\ +Y2p2N2( 2mh ) G(z+1n)(T) (5
B TA wz kT (23,+ 1) Gz py(T) . N _
9 In both cases, the destruction rate of a waiting point nucleus
w exg <N (@) (T0N 2+ 1) (o) 4) depends exponentially either on its one-proton-captQre
kT S valueQz ny(p,,) OF two-proton-captur® valueQz ny2p.y) -

Nuclear masses therefore play a critical role in determining
A is the g-decay rate of nucleusZ(N), Y, the hydrogen therp process waiting points and their effective lifetimes.
abundancep the mass density,, the proton spinGz ) the It has been shown before that the most critical waiting
partition function of nucleus Z,N), T the temperature, point nuclei for therp process beyond Ni aré'Ge, %Se,
Kz the reduced mass of nucleug,l) plus proton, and "*Kr [3]. With the exception of*°Ni and ®%Zn, these
Q(z.N)(p,y the proton captur® value of the waiting point nuclei are by far the longest-lived isotopes in tipeprocess
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path. The reason for those three nuclei being the most critica’ 0
ones is that with increasing charge number Mwe Z line - T
moves closer to the proton drip line and away from stability.
Therefore, proton-captur® values on even-eveN=Z nu-

clei, which are favored in thep process because of the .-
odd-even structure of the proton drip line, decrease with in-
creasing charge number, while tBedecayQ values become
larger. ®/Ge, %8Se, and ">Kr happen to be located in the
“middle,” where proton-captureQ values are already low
enough to suppress proton captures and alwlecay to i
compete, but at the same tingdecayQ values are still 0.001 b ~ o A maX rossaZ2STMeY
small enough for half-lifes to be long comparedri pro- b - = = - A%5-min Q=141 MeV 3
cess time scales. The critical question is to what degree pro [
ton captures can reduce the loggdecay lifetimes of®‘Ge 000015 > ” - - 20
(63.7 s half-life, %8Se (35.5 s half-life, and "Kr (17.2 s ' ' Temperature (GK) ' '
half-life). As Egs. (4) and (5) show, the answer depends 10 g
mainly on the one- and two-proton-captupevalues. Unfor- F o
tunately, experimental data exist for none of the relev@nt
values. The only available experimental information are up-
per limits of the one-proton-captul@ values of %8Se and
"2Kr from the nonobservation d¥®Br [19,27 and "*Rb[23-

25], and the lower limits on the one-proton-capt@evalue

on %As from its identification as g emitter in radioactive
beam experimentgésee Sec. I). While these data provide
some constraints, accurafvalues are needed for the cal-
culations and have to be predicted by theory. The new

)

o1

-1

3
Rate (cm™s ‘mole

001 |

o
-

3 -1

Rate (cm™s ‘mole

0.01 |

. ) . o 0.001 & —— Ag5-max Q =264 MeV
masses calculated in this paper cover exactly this critical © _ Schatz etal 1998 Q - 2.59 Mev

. . .. - — — A95-min Q=1.27 MeV
mass range, and provide improved predictions for all the

relevantQ values in theA=64-72 mass regio(see Fig. 3. 0.0001 1 1 L L
As discussed in Sec. IIl, all of our new predictions are com- 0 12 Tomperature G '8 20
patible with the existing experimental limits.

To explore the impact of the new mass predictiong pn FIG. 4. Calculate(p, y) rates forX= %°As andX= ®*Br with
process models, we performed calculations with a oneassociate values shown in the legend. The astrophysical reaction
dimensional, one-zone x-ray burst modél,26]. Ignition rates were calculated with the statistical model cedekeRr.
conditions are based on a mass accretion rate of 0.1 times the
Eddington accretion rate, an internal heat flux from the neu- For the relevant temperature range between 1-2 GK, our
tron star surface of 0.15 MeV/nucleon, an accreted mattenew proton-capture reaction rates vary in most cases not
metallicity of 10 3, and a neutron star with 1.4 solar massesmore than a factor of 2 within the explored mass uncertain-
and 10-km radius. ties. An exception among the relevant reaction rates are the

In principle, proton separation energies can influence th@roton-capture rates ofP®®As, 5%’Br, and ">"Rb. These
reaction flow in two ways. First, they affect the forward to rates show a somewhat stronger variation of typically a fac-
reverse rate ratios for proton-capture reactions and the locaébr of 4—6 as the associated proton-capt@evalues are
(p,y)-(y,p) equilibria through the ex@¥kT) term in the particularly uncertain. Figure 4 shows two examples for the
Saha equatiofiin Egs. (4) and (5)]. This leads to an expo- Q-value dependence of statistical model reaction rates. Gen-
nential mass dependence of the waiting point lifetimes. Secerally, a largerQ value leads to larger rates. For reference,
ond, theoretical predictions of reaction ratesv) [in Eq.  Fig. 4 also shows the rates listed in Re¥], which had been
(4)] depend also on the adopt€lvalues. In this paper we calculated using values from the finite range droplet mass
choose to take into account both effects. To explore the immodel (FRDM) 1992[27].
pact ofQ value uncertainties on proton-capture reaction rate To disentangle the different effects of mass uncertainties
calculations we use the statistical model ceuleoKEeR [3]. guantitatively we performed test calculations in which
Even though the nuclei in question are close to the protorchanges in masses were only taken into account in the cal-
drip line a statistical approach is justified in most cases beeulation of the f/,p) photodisintegration rates, while the
cause reaction rates tend to become important only for largesroton-capture rates were kept the same. These test calcula-
Q values when a localf, y)-(y,p) equilibrium cannot be tions lead to very similar luminosity and burst time scale
established. Then the level density tends to be sufficient fovariations as presented in this paper. Discrepancies were at
the statistical model approach. Based on the new reactiomost 8% in the luminosity and 0.1% in the burst timescale.
rates we then use our ne@ values to recalculateyp) This can be understood from Edg) and(5). For example,
photodisintegration rates via detailed balance as discussed &nchange of 1.37 MeV in the proton-capt@evalue changes
Ref. [3]. the 8°As reaction rate and therefore the lifetime of t#fi&e
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FIG. 5. Luminosity, nuclear energy generation rate, and the abundances of hydrogen, helium, and the critical waiting point nuclei as
functions of time as predicted by our x-ray burst model for different sets of proton-captakies. Shown are results for the setX8khin,
SkX, and SEKK-max for the smallest, the recommended, and the largest proton-c&ptaieies within the error bars of the mass predictions
of this paper. A corresponding series is shown for the Audi & Wapstra 1995 mass eval(ftibmin, AW, and AW-may. The 1%Sn
abundance indicates the operation of the SnSbTe cycle. Also, for comparison, the nuclear energy generation rate is shown as a dashed line
together with luminosity, though it is off the scale shown during the peak of the burst. The mass of the accreted layet@& 530

waiting point nucleus by a factor of 3{4ee Fig. 4 and Eq. for the mass extrapolations of Audi and Wapstra 198b
(4)]. However, the same 1.37 Me@-value change in the (AW95) and are labeled AW, AW-min, and AW-max. Figure
exp@/KT) term in Eq.(5) would result in a lifetime change 5 shows the x-ray burst light curve, the nuclear energy gen-
of six orders of magnitudé&or a typicalkT=100 keV). We eration rate, the abundances of the most important waiting
therefore conclude that the impact of mass uncertainties opoint nuclei and the hydrogen and helium abundances as a
rp process calculations through changes in theoretical rea¢unction of time for all our calculations. As an example, Fig.
tion rate calculations within the statistical model is much6 shows the time integrated reaction flow corresponding to
smaller than the impact through changesny)/(y,p) re- the SK calculation. While thewp andrp processes below
action rate ratios. eNi are responsible for the rapid luminosity rise at the be-
The following calculations were performed with different ginning of the burst, processing through the slow waiting
assumptions on masses beyond tNe=Z line from Z  points ®Ge, 8Se, "?Kr and the operation of the SnShTe
=30-38: SK based on the mass predictions of this papergcycle (indicated by the'*Sn abundanddead to an extended
SkX-min with all proton-captureQ-values set to the lowest burst tail. Therp process from®®Ni to ®‘Ge, and the slow-
value, and SK-max with all proton-captur€ values set to down at®‘Ge lead to a pronounced peak in the energy gen-
the highest values within the error bars of our binding energyeration rate around 25 s after burst maximum. In principle,
predictions. A similar set of calculations has been performedhe other waiting points have a similar effect, but the corre-
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FIG. 5. (Continued)

sponding peaks in the energy production are much wider angnd Sk-max-expt calculations, respectively, which are also

therefore not noticeable. _ _ shown in Fig. 7. The Sk-max-expt and AW-max-expt light
Figure 7 compares x-ray burst light curves for differentcyryes are very similar.

assumptions on nuclear masses. _Generglly, lower proton- The dependence of the light curves on the choice of

captureQ values enhance photodisintegration and favor the,roon.capture values can be understood entirely from the

waiting point nuclei in local equilibria. Both effects lead to a changes in@ decay and proton-capture branchings of the

slower reaction flow and therefore to less luminous butmain waiting pointst‘Ge, ®8Se, and’2Kr shown in Table |

our new mass predictions are significantly smaller than irr:rhe calculations with the lower limits on proton-captge

AW95, they still allow for a burst length variation from 150— valugs (SK-min and AW-mir) do not differ much as they all
250 s and a luminosity variation of about a factor of 2predlct that_pr_oton_—captures do not play a role. However, for
(Skx-min and SK-max). The lower limitQ-value calcula- the upper I|mlts sizable proto_n-captqre_branches occur and
tion with AW95 massesAW-min) is similar to our lower Iea!d to significant rec_iugtlons in the I|fet|me§ of the waiting
limit (SkX-min), but the larger uncertainties in the AW95 POINts. In our upper limit (SK-max) we obtain 26% proton
masses lead to large differences in the upper limit$£@pture on*"Se(via 2p capturg and 86% proton capture on
(Skx-max and AW-max and would imply significantly °'Ge, while proton captures offKr with 8%, play only a
shorter bursts with much more luminous tafl&W-max). minor role. These branchings become even larger for the
However, some of the large proton-capt@evalues in AW-  AW95 upper limit calculationsAW-max-expt and AW-makx

max and to a lesser degree inXSknax are already con- Note that3 decay of®%Zn is negligible(see Table)lbecause
strained by the experiments &fBr and °Rb. If those con- proton capture dominates for the whole range of nuclear
straints are taken into account one obtains the AW-max-exphasses considered here.
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5.0 T T T T T exist for one-proton separation energiaese imposed on the
. AW-max calculations leading to AW-max-exgfFig. 7 and
— — AW-max Table ). However, the two-proton-captui@ values can be
4.0 —-—- AW_maxexpt — .
---- AW-min equally important. For example, the proton-capture branch-
ing on %8Se changes by an order of magnitude from 2% in
- AW to 15% in AW-max-expt. This change is entirely due to
the change in thd%Kr proton separation energy from 1.86
MeV in AW to 2.4 MeV in AW-max-expt as the proton-
captureQ value on %8Se is very similar(only 0.05 MeV
differencg. The reason for this sensitivity is the onset of
_ photodisintegration of Kr that depends very sensitively on
its proton separation energy. As soon as temperatures are
sufficiently high for “Kr(y,2p)%®Se to play a role,®®Se,
59Br, and "%Kr are driven into a local §,y)-(y,p) equilib-

38

Luminosity (10 erg/s)

0 50 100 150 200 250 300

Time (s) rium. With rising temperature the proton capture 8ise
5.0 | | | | | drops then quickly to zero, because the temperature indepen-
dent and slows decay of "°Kr in Eq. (5) cannot provide a
S substantial leakage out of the equilibrium. This is different
401 TITo Semaxept T from the situation at lower temperatures described by(&q.

where a lower equilibrium abundance %Br at higher tem-
peratures can be somewhat compensated by the increasing
proton capture rate ofPBr. This effect is illustrated in Fig. 8

that shows the lifetime of8Se against proton capture apd

_ decay as a function of temperature for different choices of
proton-captureQ values. The lifetime equals thg-decay
lifetime for low temperatures because of slow proton-capture
- reactions, and at high temperatures because of the photodis-

38

Luminosity (10™ erg/s)

™, integration effect discussed above. For the AW masses, the

| | L, low proton separation energy fKr leads to strong photo-
%9, 50 100 150 200 250 200 disintegration already at temperatures around 1.15 GK be-
Time (s) fore proton captures can play a role. Therefore, proton cap-

N . . tures never reduce the lifetime significantly. For AW-max-
FIG. 7. X-ray burst luminosity as functions of time for model t th v ch . laradPK t fi
calculations with different assumptions on proton-capf@realues expt, the only change 1S ag arg r proton separation
in the Zn-Sr range: results on the upper panel are based on the Aufileray of 2.4 MeV. ThougHS Br 'S_ ur_1b0und by 500 keV,
& Wapstra 1995 recommended masé&/) and the largestAW- proton captures can reduce the I|fet|me$8e by gbout a
max) and smallestAW-min) proton-captured values according to factor of 2 a}rogn_q 1.4 GK before photod|smtegrat|pn sets in
their error bars. AW-max-expt is identical to AW-max, but takes into@Nd starts inhibiting further proton captures. This can be
account experimental limits on the proton-capt@ealues ofése ~ compared with the upper limits of our predictions for proton
and 7%Kr. The lower panel shows the same set of calculations base§eparation energies (2kmax). The larger proton separation
on the mass predictions of this paper ¥k . ). The mass of the energy of%Br allows an onset of proton captures at slightly
accreted layer is 5:010% g. lower temperatures, but the lower proton separation energy
of %Kr leads also to an onset of photodisintegration at some-
The importance of the one-proton-capt@ealues in the  what lower temperatures thus effectively shifting the drop in
determination of lifetimes forp process waiting points has lifetime by about 0.1 GK. Note that it is not only the amount
been discussed extensively befdf. This importance is of lifetime reduction, but also how well necessary conditions
clearly expressed by the large changes in branching ratiomatch the actual conditions during the cooling of the x-ray
and light curves when experimental constraifwich only  burst that determine the role of proton captures and therefore

TABLE |. Branchings for proton captures on the most important waiting point nuclei for different mass
predictions from AW95AW) and this work SK. These branchings are the time integrated averages obtained
from our x-ray burst model.

Waiting point SK SkX-min—SkX-max AW-min—AW-max AW-min—AW-max-expt

60Zn 95% 91-97 % 83-98 % 83-99 %
8iGe 30% 0.5-86 % 0.0-98 % 0.0-99 %
683e 0.5% 0.0-26 % 0.0-74 % 0.0-15 %
Kr 0.0% 0.0-8% 0.0-87% 0.0-8%
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S L L R LR addition, for AW-max nuclei in théd=98-103 mass range
X~ P are about a factor of 3 more abundant because of the faster
or O 7,0 1 processing and the depletion Af=64, 68, and 72.
/
B 45 \ \- ///’ N
2 VA L/ V. SUMMARY AND CONCLUSIONS
B 40 A : s -
% Vo 1y We have made a new set of predictions for the masses of
& 35| A - proton-rich nuclei on the basis of the displacement energies
T AW-maxexpt Y //' obtained from spherical Hartree-Fock calculations with the
aof T T Skxemax v i SkX.sp Skyrme interactiof12,13. SkX..p, provides a large
N improvement in the displacement energies over those ob-
ol L L tained with other Skyrme interactions via the addition of a
0.5 1.0 Temperature (GK) 15 2.0

one-parameter charge-symmetry breaking compoisiitA

FIG. 8. Lifetime of *Se againsp decay and proton capture for COMParson with the expe.rlmental d|§pI§cement energies
typical rp process conditionss,J durifg the )t/>urst tlzhydroger?abun- measured in the mass reg|¢>(_l=4l—59 |nd|cates_ tha_t the
dance 0.35, density>610° g/cn?) for three different assumptions accuracy of the calculatgd displacement energies is at?OUt
on proton-captur® values on®®Se and®Br: Audi & Wapstra 1995 100 keV. We thus_use this as a measure of thg un_certalnty
recommended masséaW), the largest proton-captur® values ©€xpected for the higher mass region of interest in this paper.
within the AW error bars but with experimental constraints on theEXperimental masses for some proton-rich nuclei in the mass
GSSe(p’»y) Q value (AW-max-exp}, and the largest proton-capture regionA= 60—70 will be required to test our predictions. At
Q values within the error bars of the predictions from this paperthe upper end, we may expect some deviation due to the very
(SkX-max). deformed shapes that involve the excitation of mpifiyshell

nucleons into thgg, (sdg) shell that go beyond our spheri-
the overall time scale of thep process. As Fig. 8 shows, cal approach. In addition to the application to tipeprocess,
both depends sensitively on the nuclear masses. we have discussed the implication of the present model for

A long-standing question is how the nuclear physics andthe proton drip line. The most promising candidates for
in particular the properties of the long-lived waiting points diproton emission arézn, *%Ge, **Se, ®’Kr, and "'Sr.
®4Ge, %8se, and’?Kr affect the end point of thep process. Our rp process calculations based upon the masses ob-
Even for our lowest-proton-captui@ values where proton tained in the present model and those obtained from the
captures on®®Se and’?Kr become negligible, we still find Audi-Waptra mass extrapolations demonstrate clearly the
that therp process reaches the SnSbTe cyi@¢ Figure 9  sensitivity of x-ray burst tails on nuclear masses at and be-
shows the final abundance distribution for the two extreme/ond theN=2Z line between Ni and Sr. Such a sensitivity on
cases—our calculation with the slowest §Sknin) and the  the Q values for proton capture offGe and®Se has been
fastest (AW-max) reaction flow. In both cases, the most pointed out before by Koikeet al. [5] based on a similar
abundant mass number As= 104, which is due to accumu- X-ray burst model. However, Koiket al. [5] used a limited
lation of material in the SnSbTe cycle a%“Sn. The main reaction network including only nuclei up to Kr. As we show
difference between the abundance patterns are the abul this paper, this is not sufficient for any assumption on
dances that directly relate to the waiting points\at64, 68, huclear masses, and as a consequence we find very different
and 72 and scale roughly with the waiting point lifetime. In light curves and final abundances.

Our new calculation leads to tighter constraints on proton-
10 g —— ———————————— —ii captureQ values as compared with the AW95 mass extrapo-

E ] lations(see Fig. 7. Radioactive beam experiments including
the nonobservation of°Br and "*Rb have also begun to
provide important constraints. If those experiments are taken
3 into account, our new predictions do not lead to substantially
] tighter limits, with the exception of the proton capture on
84Ge, where no experimental upper limit on the proton-
captureQ value exists. Our new calculations increase the
minimum B branching at®Ge by an order of magnitude
from 1% to 14%, leading to a lower limit of the average
64Ge half-life in therp process of 12.6 s instead of 0.9 s. As
‘ a consequence, we predict a smooth and continuous drop in
o 10 20 30 s0 e 70 s 90 100 110  the light curve during the first 30—40 s after the maximum,

Mass Number as opposed to the hump predicted with AW-max.

FIG. 9. Final abundance distribution summed over mass num- However, uncertainties in the mass predictions are still
bers for a calculation with the lowest-proton-captu@evalues  t00 large to sufficiently constrain the light curves and to de-
within the uncertainties of the mass predictions of this papett€rmine the role that proton captures play in the reduction of
(SKX-min) and with the largest-proton-captu@evalues within the Waiting pOiI’lt lifetimes. While we find that within the errors
uncertainties of AW95AW-max). of our mass predictions proton capture GKr is negligible,

Abundance
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TABLE II. Nuclei for which more a accurate mass would im- Therefore, improved experimental mass data would still be
prove the accuracy afp process calculations in type | x-ray bursts. jmportant to confirm the present estimates. These nuclei are
The upper part of the table lists nuclei for which the current unceryisted in the lower part of Table II. As discussed in Sec. IlI

tainties lead to large uncertainties in calculated burst time Scale?here is experimental evidence indicating proton stability of
The lower part of the table lists nuclei, for which accurate masse%” the nuclei listed, except fof%Br and *Rb. which are
are important, but current estimates of the uncertainties do not lea Y '

o . probably proton unboun@28]. Mass measurements of the
to large uncertainties inp process calculations. Nevertheless, an roton bound nuclei could be performed with a variety of
experimental confirmation for the masses being in the estimatel P Y

range would be important. Within each part, the nuclei are sorted b)t,echnlques including ion trap measurements, time-of-flight

uncertainty, so a measurement of the top ranked nuclei would b@easureme_nts, 9 dgcay_stud|es. Recent developments in
most important. For each nucleus we list either the experimentdil® Production of radioactive beams allow many of the nec-

mass excestExpt) (Refs.[7] and[18] for 7°Se) or the theoretical ©SSary experiments to be performed at existing radioactive

mass excess (% calculated in this work in MeV. beam faCI|I'[IeS SUCh as ANL, GANIL, GSI, |SOLDE, |SAC,
and the NSCL. Mass measurements of the proton unbound
Nuclide Expt. SK nuclei ®Br and "°Rb require their population via transfer
g 5415030 reactions from more stable nuqlt_ai, or pydecay from more
64Ge : : unstablt_a nuclei. Bo;h are _5|gn|f|cantly more_challenglng as
e —54.430.250 much higher beam intensities or the production of more ex-
70Kf —40.98+0.16 otic nuclei are required, respectively.

S& —61.60+0.12 Of course, burst time scales depend sensitively on the
®*As —46.70+0.14 amount of hydrogen that is available at burst ignition. The
o%Br —46.13+0.11 more hydrogen that is available the longer tipe process
665e —41.85-0.10 and the longer the burst tail time scale. In this paper, we use
2Ky —54.11+0.271 a model with a large initial hydrogen abundanctose to
"Rb —46.27+0.17 solap to explore the impact of mass uncertainties on x-ray
3KrP —56.89+0.14 burst light curves. This allows us to draw conclusions on the
74g¢ —40.67+0.12 uncertainties in predictions of the longest burst time scales
61Ga —47.14+0.10 and the heaviest elements that can be produced in x-ray
62Ge —42.38+0.10 bursts. The former is important, for example, in light of re-

cent observations of very long thermonuclear x-ray bursts
®Theoretical estimate from AW95. from GX 17+2[30], the latter for the question of the origin

bMirror to anrp process nucleus—a more accurate mass measureyf p nuclei discussed below. Nevertheless we expect a simi-
ment could reduce the error in the mass prediction for the protonar light curve sensitivity to masses for other models as long
rich mirror nucleus by more than 30%. as there is enough hydrogen for the process to reach the
A=74-76 mass region. In our one-zone model we find that
our predicted average proton-capture branchings®f@e  this requires about a 0.35-0.45 hydrogen mass fraction at
and %8se still cover a large range of 0.5-86 % and 0.0—ignition. Even though the burst temperatures and densities
26 %, respectively(of course this is a model-dependent vary somewhat with the initial conditions we find shorter, but
result—for example, more hydrogen or a higher densityotherwise very similar reaction paths governed by the same
could strongly increase the proton-capture branch®s a  waiting point nuclei. For bursts with initial hydrogen abun-
large extent this is because of the large uncertainties in théances below~0.3 therp process does not reach tiie
masses ofN=2Z nuclei “Ge (measured: 270 kel ®Se  =60-72 mass region anymore and the mass uncertainties
(AW95 extrapolated: 310 kel and "?Kr (measured: 290 discussed in this paper become irrelevant.
keV) [7] that cannot be determined with the method pre- Observed type | x-ray bursts show a wide variety of time
sented here. In addition, uncertainties in the masses of mirr@cales ranging from 10 s to hours. Our goal is to improve the
nuclei increase the errors féPRb (170 ke\) and "°Kr (160  underlying nuclear physics so that the observed burst time
keV) substantially beyond the-100-keV accuracy of our scales can be used to infer tight constraints on ignition con-
predicted Coulomb shifts. Overall, this results in typical un-ditions in type | x-ray bursts such as the amount of hydrogen
certainties of the order of 300 keV for several of the criticalavailable for a given burst. Such constraints would be ex-
proton-captureQ values. tremely useful as they could, for example, lead to constraints
To summarize, uncertainties in the masses of the nuclen the impact of rotation and magnetic fields on the fuel
that determine the proton-capture branche$i@e and®®Se  distribution on the neutron star surface as well as on the heat
represent a major nuclear physics uncertainty in x-ray burdiux from the neutron star surfa¢@9,31]. Our results indi-
light curve calculations. The relevant nuclei are listed in thecate that without further theoretical or experimental improve-
upper part of Table Il together with the currently availablements on nuclear masses it will not be possible to obtain
mass data and their uncertainties. The proton-captursuch tight, quantitative constraints.
branches orf%Zn and ’Kr are of similar importance, but are Nevertheless, some qualitative conclusions can already be
sufficiently well constrained by current experimental limits drawn on the basis of our new mass predictions. Our new
and theoretical calculations. However, both the experimentalesults provide strong support for previous predictions that
and the theoretical limits are strongly model dependentthe rp process in theA=64—-72 mass region slows down
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considerably leading to extended burst t§8$ As a conse- served, they cannot produce sufficient amounts of some light
quence, the long bursts observed for example in G$ nuclei such as?°Mo and °6°Ru (for example, Ref[32]).
1826-24 [31] can be explained by the presence of largeCostaet al. [33] pointed out recently that a increase in the
amounts of hydrogen at ignition and can therefore be inter??Ne(«,n) reaction rate by a factor of 10—50 above the pres-
preted as a signature of thp process. ently recommended rate could help solve this problem, but
Even for our lowest-proton-captuf@ values, when®®Se  recent experimental data seem to rule out this possibility
and "?Kr slow down therp process with their full3-decay  [34]. Alternatively, x-ray bursts have been proposed as nu-
lifetime the rp process still reaches the SnSbTe cycle.cleosynthesis site for these nudl8j6]. An accurate determi-
Clearly, such a slowdown of the process does not lead to nation of the®®Ru production in x-ray bursts requires, there-
a premature termination of thg process as has been sug- fore, accurate masses in the= 64—72 mass range. Further
gested previouslyfor example, Ref[2]), but rather extends conclusions concerning x-ray bursts as a posgibpgocess
the burst time scale accordingly. As a consequence we fingcenario have to wait for future self-consistent multizone cal-
that hydrogen is completely consumed in our model. culations with the full reaction network, that include the
However, a slowerp process will produce more nucleiin transfer of the ashes into the interstellar medium during en-
the A=64-72 range and less nuclei in the=98-103 mass ergetic bursts.
range. Interestingly, among the most sensitive abundances
beyondA=72 is 98Ru,_which is of special interest as it is ACKNOWLEDGMENT
one of the lightp nuclei whose origin in the universe is still
uncertain.p nuclei are proton-rich, stable nuclei that cannot  Support for this work was provided from U.S. National
be synthesized by neutron-capture processes. While standagdience Foundation Grants Nos. PHY-0070911 and PHY-95-
p process models can account for most of fheuclei ob-  28844.
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