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Cross section measurements of the93Nb„p,g…

94Mo reaction at EpÄ1.4– 4.9 MeV
relevant to the nucleosyntheticp process
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In-beam cross section measurements of the93Nb(p,g)94Mo reaction have been carried out atEp

51.4– 4.9 MeV, by using high efficiency high-purity Ge detectors, partly with BGO shields for Compton
background suppression. From the resulting cross sections, which lie in the 0.5–300mb range, astrophysicalS
factors as well as reaction rates have been obtained. By means of the statistical compound nucleus theory of
Hauser and Feshbach, cross sections and reactions rates have also been calculated. A good agreement between
the experimental data and the theoretical predictions has been found.
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I. INTRODUCTION

Cross section measurements of nuclear reactions ta
place in stellar environments are of key importance in
modeling of stellar evolution and nucleosynthesis. Fr
such measurements, one obtains the corresponding rea
rates that arise as coefficients in the so-called rate equa
~see, e.g., Ref.@1#! that have to be solved in the framewo
of a model of nucleosynthesis. By means of these equati
one can describe the change of the isotopic abundances
stellar environment of temperatureT. Hence, a successfu
reproduction of the abundances of nuclei by any mode
nucleosynthesis requires accurate knowledge of the reac
rates over a wide temperature range, i.e., the cross sectio
the involved nuclear reactions have to be known over a
tain energy region. This requirement, however, is not f
filled in the case of the so-calledp nuclei, a certain class o
nuclei heavier than iron, due to the fact that the reproduc
of their abundances requires extended reaction network
culations involving more than 20 000 nuclear reactions
about 2000 nuclei in the mass region 12<A<210. Obvi-
ously, experimental data on the cross sections of all th
reactions could hardly be available. Consequently, all the
evant calculations have to rely almost completely on
cross sections predicted by the Hauser-Feshbach~HF!
theory @2#.

The term p nuclei refers to 32 stable neutron-deficie
nuclei that, in contrast to all the other nuclei that are heav
than iron, cannot be synthesized by the two neutron cap
processes referred to ass and r processes@3–5#. In fact, a
special mechanism, called thep process, is assumed by th
0556-2813/2001/64~5!/055804~9!/$20.00 64 0558
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theory of nucleosynthesis to be responsible for their prod
tion. As p nuclei lie on the proton-rich side of the stabilit
valley between74Se and196Hg, they cannot be produced b
neutron capture. Hence, they are taken to originate from
‘‘burning’’ of preexisting more neutron-rich nuclei at stella
environments of high enough temperature (T>23109),
where photodisintegrations of such nuclei can occur. S
temperature conditions are fulfilled in the O/Ne layers
massive stars during their presupernova phase@6,7# or during
their explosion as type II supernovae~SNII! @7–9#. These
p-process scenarios involve more or less complicated
quences of (g,n), (g,p), and~g,a! reactions.

Although variousp-process calculations have been su
cessful@7,9–13# in reproducing the abundances of a varie
of p nuclei, this is not the case for those in the mass reg
70<A<110. In this region, the relatively large abundanc
of 92Mo, 94Mo, 96Ru, and98Ru are severely underpredicte
whereas those of the lighterp nuclei 74Se, 78Kr, and 84Sr are
systematically overpredicted. These discrepancies could
attributed to uncertainties in the modeling of the preced
s-process nucleosynthesis@14# or in the description of the
stellar interior@15#. In addition to the importance of the as
trophysical modeling, it remains a challenge to test the r
ability of the nuclear physics input in the HF model. One
the major problems in this respect is the lack of experimen
data. In fact, for the mass region considered, there are se
experimental works reporting on (p,g) cross section mea
surements@16–22# and three papers on~a,g! @23–25#. In
some of them, significant discrepancies have been obse
between theory and experiment, whereas in others g
agreement with the statistical model predictions has b
©2001 The American Physical Society04-1
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found. Since it remains an open question whether the
calculations can provide satisfying results, further expe
mental works, like the present one, are essential.

II. EXPERIMENTAL PROCEDURES

The present measurements have been carried out at
MV single-ended Dynamitron accelerator of the Univers
of Stuttgart, as well as at the 5 MV Van de Graaff tande
accelerator of the Institute of Nuclear Physics of NCS
‘‘Demokritos,’’ Athens. Both accelerators have been ca
brated during the experiments by means of the 992 keV re
nance of the27Al( p,g)28Si reaction.

The experimental setup used during the first set of m
surements in Stuttgart, was the same with that describe
Ref. @26#. g spectra were measured by using four large v
ume high-purity Ge~HPGe! detectors, all shielded with BGO
crystals for Compton supression. Three of them had a r
tive efficiency e r'100%, whereas the remaining one h
e r'76%. The detectors were placed on a rotating table
distances between 12 and 20 cm from the target. By rota
the table by a step of 15°g-single spectra were taken at eig
angles with respect to the beam. In this way, the ang
distributions of theg rays of interest were measured in th
energy rangeEp52 – 3 MeV with a step of 50 keV. The
beam current was about 20mA. The target used was place
at 90° to the beam axis. It was produced by evapora
Nb2O5 on a 0.4 mm thick tantalum backing, which wa
cooled with water during the whole experiment. It should
noted that the use of the Nb2O5 target requires corrections fo
yield contributions from the17O(p,p8g)17O reaction occur-
ing in the oxide part of the target~see further below!. This
problem could be avoided by using a metallic Nb targ
However, the use of Nb2O5 targets in the beginning of th
present measurements was inevitable since the metallic
had not been delivered according to the beam time sched
The thickness of Nb in the Nb2O5 target was found to be
12665 mg/cm2 by means of an XRF analysis carried o
before the measurement. By considering the target stoi
ometry (Nb:O50.699:0.301) one obtains a target total thic
ness of 18066 mg/cm2, which corresponds to a target thick
nessDE of 20 and 12 keV at a beam energy of 1.5 and
MeV, respectively.

In the second set of measurements carried out in Ath
g spectra were taken by means of one HPGe detector of
relative efficiency that was placed either at 55° or at 90°
the beam axis. Two different Nb targets positioned at 45°
the beam axis were used, namely, Nb2O5 and a metallic Nb.
The latter target was made by electron gun evaporation
metallic niobium of extreme high purity. The fluorine level
the metal was less than 1 ppm. The energy region covere
the measurements using the metallic Nb was from 1.4 to
MeV. Both targets were on 0.4 mm thick Ta backings, wh
were cooled with air during the measurements. By using
XRF method, it was found that the thickness of Nb in t
Nb2O5 target was 10666 mg/cm2, i.e., the target had a tota
thickness of 15167 mg/cm2. For the metallic target the XRF
analysis yielded a thickness of 371618mg/cm2, which cor-
responds toDE531 and 20 keV at proton beam energies
05580
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1.5 and 3 MeV, respectively. According to a Rutherfo
backscattering~RBS! combined with PIGE and XRF analy
sis, the stoichiometry of the metallic target was found to
(Nb:O:N:C)5(0.94:0.025:0.025:0.010). The O, N, and
were apparently introduced in the target during the evapo
tion process, since these elements were not present in
original high purity Nb metal. All targets used in the prese
work were also checked at the end of all measurements
the XRF technique. No significant deterioration effects we
found.

As already mentioned, in the case of the Nb2O5 targets
corrections for yield contributions from the17O(p,p8g)17O
reaction were necessary. Theg rays emitted by the latte
reaction have an energy of 871 keV, which coincides with
energy of the 21

1→01
1 transition of the excited94Mo nuclei

produced by the93Nb(p,g) reaction. The required correc
tions, which are described in detail in the next section, w
performed with additional yield measurements carried
with a WO3 target. According to the XRF analysis of th
target, the thickness of W was found to be 15365 mg/cm2.
By taking into account the stoichiometry of the WO3 target,
the thickness of its oxide part was 4061.3mg/cm2, which is
almost the same as that of the Nb2O5 target measured in
Athens. During all measurements, the beam current
about 2mA.

III. DATA ANALYSIS AND RESULTS

In order to obtain the cross section of the93Nb(p,g)94Mo
reaction, the absolute number of all emitted photons ha
be determined first. Hence, one has to derive the abso
yield of all theg transitions feeding the ground state of th
produced94Mo. This task requires angular distribution me
surements of all theseg transitions. As indicated in Fig. 1
where a simplified level diagram of the94Mo nucleus is
sketched, the ground state can be populated by ag transition
directly from the entry state as well as by cascades ofg rays

FIG. 1. Simplified level diagram of the94Mo nucleus.
4-2
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CROSS SECTION MEASUREMENTS OF THE . . . PHYSICAL REVIEW C 64 055804
depopulating various excited levels. The former transition
the so-calledg0 transition having an energyEg05Q(p,g)
1Ec.m.. The direct feeding to the first excited levelL1 or to
the second excited levelL2 results in theg1 transition or in
the g2 transition, respectively, and so on. In the pres
work, as shown in Fig. 2, nog0 transition or otherg rays
feeding into the ground state have been observed apart
the 21

1→01
1 g transition.

The absence ofg0 transitions in the reaction studied
more or less expected: From partial wave analysis with
appropriate nucleon-nucleus potential it can be shown tha
the relevant beam energies of 1.5–4.5 MeV, only thes- and
p-wave protons have considerable chance of being abso
by the target nucleus. As the spin of the ground state of
target nucleus93Nb is 9

2
1, the spin of the entry states of th

produced compound nucleus94Mo would have valuesJ
53,4,5,6. However, their deexcitation would proceed pre
ably viag transitions to levels with small spin difference, s
g rays from the entry levels to the ground state (Jg.s.50) are
unfavorable.

FIG. 2. Typicalg spectrum measured atEp53 MeV with the
metallic Nb target. The strongg transitions belonging to the
93Nb(p,g)94Mo reaction are indicated by the corresponding sp
of the initial and final state, whereas some weakg transitions are
labeled with stars. Theg rays from the ‘‘entry state’’—with energy
EX5Q1Ec.m.—to the lowest-lying 61, 52, and 41 levels are in-
dicated asEx→61, Ex→52, andEx→41, respectively. The labe
g0 shows the ‘‘position’’ where theg transition from the ‘‘entry’’ to
the ground state should appear. As shown in this figure no sug
ray has been observed. Theg rays from the93Nb(p,n)93Mo reac-
tion are indicated by the respective energy. Peaks arising from
(p,p8) channel as well as from other ‘‘intruding’’ reactions are al
shown.
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In view of these findings, it was possible to derive t
cross section of the reaction studied from the angular dis
bution of the 21

1→01
1 g ray only of the94Mo nucleus. Some

typical angular distributions measured at Stuttgart with
Nb2O5 target are shown in Fig. 3. Due to time limitation
angular distributions were measured at beam energiesEp
52 – 3 MeV only. The analysis of the angular distributio
of the 871 keVg ray yieldeda2 anda4 coefficients that were
statistically constant in the rangeEp52 – 3 MeV. The mean
values of thea2 and a4 coefficients were found to bêa2&
50.284(9) and̂a4&520.118(6). Note that the angular dis
tribution measured for the 871 keVg ray at each beam en
ergy is the sum of the yieldYMo of the 21

1→01
1 g transition

of the 94Mo nucleus and the yieldYO of the 871 keVg ray
from the17O(p,p8g)17O reaction occurring in the oxide pa
of the Nb2O5 target. Consequently, the angular distributio
measured in Stuttgart had to be corrected for the yield c
tribution YO. In order to perform the necessary correctio
additional measurements were carried out in Athens us
a second Nb2O5 and a WO3 target with comparable O
thickness.

The g-single spectra were measured at beam ener
from 1.7 to 3 MeV using one Ge detector placed at 55° w
respect to the beam and at a distance of about 15 cm from
target, which was Nb2O5 with a total thickness of 151
67 mg/cm2. As expected, the analysis of the spectra tak
below 2 MeV resulted in yields that exhibited a drastic i
crease atEp51986 and 1835 keV, i.e., resonantlike pea

s

he

FIG. 3. Typicalg angular distributions of the 871 keVg transi-
tion measured with the 180mg/cm2 thick Nb2O5 target.
4-3
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were observed. The peaks were the result of
17O(p,p8g)17O reaction. Indeed, as reported in Ref.@27#, at
Ep51983(2) and 1833~1! keV the latter reaction has tw
resonances that contribute significantly to the yield of
21

1→01
1 g transition of94Mo.

Using the same setup but with a WO3 target additionalg
spectra were measured in order to determine the yield c
tribution of the 871 keVg ray from the17O(p,p8g)17O re-
action only. According to Ref.@27#, the 871 keVg transition
arising from17O(p,p8g)17O reaction is isotropic. Data wer
obtained in the vicinity of the 1.833 MeV resonance by sc
ning the energy regionEp51.7– 2.1 MeV. At higher ener-
gies, data were derived from Sens, Refaei, and Pape@27# by
normalizing their excitation function to the yield measured
the present work at the 1.833 MeV resonance. The resu
yield was further normalized to the corresponding O thic
ness of the Nb2O5 target used in Athens. The yield curve
measured at 55° with the Nb2O5 as well as with the WO3
target are plotted in Fig. 4. From the resulting data the ra
RO(E) of the yield of the intruding17O(p,p8g)17O reaction
to the total yield measured with the Nb2O5 target at 55° was
deduced. These ratios served to correct the angular dist
tions measured in Stuttgart by the following procedure: T
yield contributionYO(E) of the 17O(p,p8g)17O reaction in
the Nb2O5 data was obtained by multiplying the ratioRO(E)
with the value of the angular distribution at 55°. The resu
ing YO(E) was then subtracted from each data point of
measured angular distribution. The resultingcorrectedangu-
lar distribution was further fitted in order to derive the netA0

a2 , anda4 coefficients associated with the 21
1→01

1 g tran-
sition of the94Mo nucleus. The totalsT cross sections were
deduced from

sT5A0

A

NA

1

j
, ~1!

whereA is the atomic weight of Nb,NA is Avogadros’s num-
ber, andj is the thickness of Nb in the corresponding targ

FIG. 4. Yield of the 871 keVg transition measured with the 15
mg/cm2 thick Nb2O5 target~solid circles!, and yield deduced for the
871 keVg ray arising from the oxide part of the target due to t
17O(p,p8g)17O reaction~open circles!. The energy points whereg
angular distributions were measured are indicated by the triang
05580
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The resulting cross sectionssT given in units of mb are
summarized in Table I. The energies in this table are
effective energies in the center-of-mass system that were
rived by using appropriate stopping powers@28#.

The analysis of the corrected angular distributions yield
new values for thea2 and a4 coefficients, which, however
are still statistically constant in the energy range 2–3 M
with mean valueŝ a2&50.315(10) and^a4&520.181(9)
~see Fig. 5!. Based on this fact, it was further assumed th
the angular distributions of the 21

1→01
1 g transition of the

94Mo nucleus atEp<2 MeV andEp>3 MeV would not de-
viate significantly from those measured atEp52 – 3 MeV,
i.e., they could also be described by

W~u!5A0@110.315~10!P2~cosu!20.181~9!P4~cosu!#.
~2!

Further measurements were carried out with metallic N
which was delivered in the meantime by the manufacturer
order to avoid any uncertainties arising from the intrudi

s.

TABLE I. Total cross sectionssT determined from the correcte
angular distributions measured at Stuttgart with the 180mg/cm2

thick Nb2O5 target.

Ec.m.

~MeV!
sT

~mb!
Ec.m.

~MeV!
sT

~mb!
Ec.m.

~MeV!
sT

~mb!

1.989 3.560.5 2.340 19.562.4 2.689 5265
2.038 4.460.6 2.389 2563 2.739 5867
2.090 6.260.7 2.440 2864 2.788 6567
2.139 7.360.8 2.489 3164 2.839 6968
2.188 12.061.2 2.540 4065 2.889 6668
2.239 12.261.3 2.575 4466 2.939 7069
2.291 15.661.2 2.639 4967 2.989 72610

FIG. 5. a2 anda4 coefficients resulting from the angular distr
butions obtained for the 871 keVg ray after the yield corrections
attributed to the intruding17O(p,p8g)17O reaction. The straight
solid lines indicate the corresponding mean values.
4-4
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17O(p,p8g) reaction.g spectra were measured at beam e
ergies from 1.4 to 4.9 MeV by placing the Ge detector at 9
to the beam and at a close distance~'4 cm! to the target.
The latter was placed at an angle of 45° with respect to
beam. From the analysis of the resulting spectra, the yiel
the 871 keVg transition of 94Mo was determined in the
above energy region. The yield obtained was then corre
by the known angular distribution of the 21

1→01
1 g transi-

tion, taking into account the finite solid angle sustained
the detector-target assembly. After calculation of the eff
tive bombarding energy, the yield data were transformed
cross sections by normalization to the Nb2O5 angular distri-
bution data. For this procedure, an effective single norm
ization factor was derived by averaging several yield ra
points at effective energies between 2.3 and 2.5 MeV of
metallic Nb data to the cross sections obtained from the
gular distribution data. In this energy interval, the correctio
of the Nb2O5 data due to the17O(p,p8g) reaction are sig-
nificantly small~see Fig. 4!. It should be noted that the latte
normalization procedure was additionally checked by c
recting the yield data for the absolute detector efficien
which was determined using various calibrated sources,
deriving independentW(u590°) values for the metallic Nb
target. These were found to coincide within 5% with tho
determined from the angular distribution data obtained w
the Nb2O5 target. The resulting cross sections are given
Table II. The corresponding astrophysicalS factors have
been calculated by using

S~E!5sT~E!Ee2ph, ~3!

whereh is the Sommerfeld parameter andsT(E) is the total
cross section at a center-of-mass energyE. The results are
included in Table II.

IV. DISCUSSION

The cross sections measured in the present work are c
pared with the predictions of the HF compound nucle
theory. In Sec. IV A a brief description of the theory is pr
sented while in Sec. IV B the theoretical calculations a
compared with the measured (p,g) cross sections.

A. Theory of compound nucleus emission

Nuclear reactions occurring at energies up to several M
are known to proceed through the formation and decay
compound nucleus system. Absorption of the incident p
ticle leads to the formation of the ‘‘compound nucleus.’’ A
ter reaching equilibrium the compound system eventually
cays to various states independent of the entrance cha
The probability of decay into one of the decay channels
described by the theory of Hauser and Feshbach@2# and is
given by

sab5p|a
2 1

~2I 11!~2i 11! (Jp
~2J11!

Ta
Jp

Tb
Jp

(a8Ta8
Jp , ~4!
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wherea andb denote the entrance and decay channels,
spectively,I and i are the target and projectile spins, respe

tively, and Ta,b
Jp

are the transmission coefficients, summ
over all orbital and channel spins to give the total transm
sion coefficient for the formation of the compound nucleus
the stateJp. The HF formalism can be applied when th

TABLE II. Total cross sectionssT and astrophysicalS factorsS
determined in the present work. The cross-section values havin
error of less than 5% are the means of at least two indepen
measurements.

Ec.m.

~MeV!
sT

~mb!
S

(105 MeV b)
Ec.m.

~MeV!
sT

~mb!
S

(105 MeV b)

1.422 0.0560.01 349670 3.093 9268 2662
1.462 0.0860.01 360645 3.133 10869 2762
1.502 0.1260.02 355659 3.173 11469 2562
1.542 0.1660.02 316639 3.192 120610 2562
1.582 0.2060.02 268627 3.232 121610 2262
1.622 0.2860.02 258618 3.272 125610 2062
1.662 0.3860.01 24567 3.311 130610 18.361.4
1.702 0.4560.03 205614 3.351 14967 18.560.9
1.741 0.6860.07 224624 3.391 14567 16.060.8
1.781 0.8960.09 212621 3.430 15467 15.260.7
1.821 1.660.1 279617 3.470 147612 12.961.1
1.861 1.860.1 207613 3.510 157612 12.460.9
1.901 2.160.1 203610 3.549 138612 9.860.9
1.941 3.060.2 218615 3.589 136611 8.660.7
1.981 3.960.2 216611 3.648 124610 6.760.6
2.020 4.160.2 20569 3.688 9569 4.660.4
2.060 5.360.2 17567 3.748 9269 3.960.4
2.100 6.460.2 16065 3.787 9369 3.560.3
2.140 7.560.2 15264 3.827 7868 2.760.3
2.179 10.560.4 16967 3.966 7266 1.860.2
2.219 11.360.4 14465 4.005 9366 2.160.2
2.259 13.760.5 14065 4.045 6665 1.460.1
2.299 15.760.5 12964 4.084 7865 1.560.1
2.339 20.060.8 13365 4.124 7965 1.3860.09
2.378 22.060.8 12064 4.144 7465 1.2460.08
2.418 26.060.8 11664 4.183 7666 1.1760.09
2.498 3061 8762 4.223 7466 1.0560.09
2.537 3862 8664 4.263 9567 1.2460.09
2.577 4063 8066 4.302 8267 0.9960.08
2.617 4563 7965 4.342 8066 0.8960.07
2.656 5062 7863 4.382 7767 0.7960.07
2.696 5662 6963 4.421 8968 0.8460.08
2.736 5762 6162 4.461 9368 0.8260.07
2.776 5462 4962 4.500 10668 0.8660.07
2.815 6062 4762 4.540 9868 0.7460.06
2.855 6563 4362 4.580 12269 0.8660.06
2.895 6463 3762 4.619 161612 1.0560.08
2.934 6663 3362 4.659 142611 0.8660.07
2.974 6664 2862 4.718 126610 0.6960.06
2.994 7565 3062 4.758 196613 1.0060.07
3.014 8166 3062 4.797 273623 1.3160.11
3.053 9268 3063
4-5
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number of levels in the contributing energy window of t
compound nucleus is sufficiently large, and in such cases
uses averaged transmission coefficients obtained from a
tegral over a specified level density. Hence, for example,
denominator in Eq.~4.1! is given by

(
a

Ta
Jp

5(
a
8Ta

Jp
1(

Ia
E v I~U !Ta

Jp
~Ea!dEa , ~5!

wherev I(U) is the density of levels of spinI in the residual
nucleus. The(8 indicates that the sum is taken over on
those channels leading to the first few discrete levels in
residual nucleus; all other channels are included in the i
grals over the excitation energyEa of the residual nucleus.

The two main quantities that govern compound nucle
emission are the transmission coefficients and the nuc
level densities of the residual nuclei. The transmission co
ficients for particle emission can be calculated from the
propriate optical model potentials. The photon transmiss
function is calculated assuming the dominance of dip
transitions in the photon channel. The electric- and magne
dipole @giant dipole resonance~GDR!# transition strength
functions are usually described by a Lorentz-type functi
where the energies and widths are determined by experim
tal data, where they exist, or by appropriate parametrizatio
The nuclear level densities can be derived from phenome
logical models leading to simple analytical formulas but on
after drastic approximations are made. Alternatively, th
can be obtained from microscopic calculations taking i
account the discrete structure of the single-particle spe
associated with realistic effective potentials. The latter tr
shell, pairing, and deformation effects consistently, wher
in the former they are considered by means of empir
corrections. However, for practical applications, both typ
of nuclear level density formulas are often renormalized
existing experimental information~low-lying levels and
s-wave neutron resonance spacings! for each nucleus.

One should emphasize that the uncertainties involved
any HF cross-section calculation are not related to the the
of compound nucleus emission itself, but rather to the un
tainties associated with the evaluation of the nuclear pro
ties entering the calculations. It is therefore of paramo
importance to compare the effects of different nuclear inp
over a wide range of nuclei and a broad range of energi

B. Cross section calculations

In this section we compare the results of the calculati
with the 93Nb(p,g)94Mo cross sections measured in th
present work. Furthermore, we investigate the sensitivity
the theoretical results on two main nuclear ingredients of
HF calculations, namely,~a! the nuclear level density~NLD!
and ~b! the nucleon-nucleus optical model potential~OMP!.
The effects due to thea-nucleus OMP and the GDR trans
mission function shall not be discussed in this paper, si
they have been found to be insignificant for the react
studied.

The HF calculations presented here have been perfor
by two statistical model codes:MOST @29# andNON-SMOKER
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@30#. Both codes include all available experimental inform
tion on nuclear masses, deformation, spectra of low-ly
states, and giant dipole energies. Different predictions
used in both codes for the global nucleon anda-particle
OMP’s, as well as for nuclear level densities. Details on
codes and the nuclear physics input can be found in
above-mentioned references.

1. Nuclear level densities

Three different nuclear level densities are used to ca
late HF reaction cross sections, and the results are comp
with the experimental data in Fig. 6~a!. The solid line de-
notes the NLD derived from microscopic statistical calcu
tions based on a Hartree-Fock-BCS level scheme and pa
force @31,32#, while the dashed line denotes the microsco
NLD obtained with the ETFSI ground-state structure prop
ties @33#. Both calculations were carried out with theMOST

code. The dotted line corresponds to the NLD obtained fr
the backshifted Fermi-gas model, implemented in theNON-

SMOKER code as given in Ref.@34# using microscopic mass
correction from the finite range droplet model@35#. The
nucleon-nucleus OMP used by both codes is that of J

FIG. 6. Total cross sections of the93Nb(p,g)94Mo reaction mea-
sured in the present work~open circles! compared with the predic-
tions of the statistical model under different assumptions on~a!
nuclear level densities and~b! optical model potentials~see also
text!. DE indicates the energy region corresponding to those ste
temperaturesT that are relevant to thep process.
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kenne, Lejeune, and Mahaux@36#. All three calculations give
almost identical results and are in good agreement with
data apart from the higher energies (E>3.5 MeV), where
deviations appear between theory and experiment, and
between the theoretical curves. At the energies measure
this work, theg and neutron channels dominate over all oth
emission channels. The differences observed in Fig. 6~a! can
thus be attributed to the differences in the NLD predictio
for the nuclei94Mo and 93Mo, related to the channels men
tioned above. In principle, the NLD’s can be constrained
specific energies using the experimental information, suc
low-lying experimental states ands-neutron resonance spa
ings. However, for the nucleus94Mo associated with the pho
ton emission channel, there are no data on thes-wave neu-
tron resonance spacings at the neutron separation en
Therefore, it is not possible to apply a renormalized NL
that might resolve the discrepancies observed between th
and experiment in the high-energy region.

2. Nucleon-nucleus optical model potentials

In Fig. 6~b! the HF cross sections calculated using t
nucleon-nucleus OMP’s of~i! Jeukenne, Lejeune, and Ma
haux@36# ~solid line!, ~ii ! Becchetti and Greenlees@37# ~dot-
ted line!, and~iii ! Bauge, Delaroche, and Girod@38# ~dashed
line! are compared with the measured data. The calculat
were performed by the codeMOST using the microscopic
Hartree-Fock-BCS nuclear level density of Refs.@31, 32#.
The OMP of Jeukenne, Lejeune, and Mahaux, based on
croscopic infinite nuclear matter calculations applied w
the local density approximation is able to describe the d
well at the energies measured in this experiment. On
other hand, both the global OMP of Becchetti and Greenl
and the microscopic potential of Bauge, Delaroche, and
rod lead to an overprediction of the data. The former w
obtained by fitting to elastic scattering data at energies ab
10 MeV and therefore it is not surprising to see a discr
ancy in the lower energy region measured in this work. T
latter has been derived in a similar manner as the OMP
Jeukenne, Lejeune, and Mahaux, with a further extension
to energies 200 MeV. In addition, the real and imagina
parts of the OMP have been normalized to reproduce
extensive set of elastic and inelastic scattering data. From
results in Fig. 6~b!, however, it appears that this OMP
unable to describe the cross sections measured in this w
The three optical potentials give results that differ over
whole energy range. The HF calculations are extremely s
sitive to both proton and neutron transmission coefficien
since at incident energiesE>1.2 MeV the neutron channe
opens and starts competing with theg channel. This obser
vation is further confirmed by the results obtained using
Bauge, Delaroche, and Girod proton-nucleus OMP and
Jeukenne, Lejeune, and Mahaux OMP for the neutron ch
nel ~dot-dashed line!. The agreement with experiment is si
nificantly improved, with respect to the dashed line, in t
high-energy region where the neutron channel is import
In the low-energy region, however, where the neutron ch
nel is still weak compared with theg channel, the results ar
comparable to those obtained using the Bauge, Delaro
and Girod OMP for protons and neutrons. The major diff
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ence observed in Fig. 6~b! between the Jeukenne, Lejeun
and Mahaux and the Bauge, Delaroche, and Girod pre
tions therefore originate from the 4% renormalization of t
real ~neutron and proton! potential at low energies. The
present data are particularly sensitive to both neutron-
proton-nucleus OMP and represent an interesting test
for optimizing global OMP parametrizations.

C. Reaction rates

p-process nucleosynthesis is assumed to take place in
lar environments where temperatures between 1.83109 and
3.33109 K are maintained for about 1 s. These temperat
limits correspond to proton beam energies in the Gam
energy window ranging from 1.48 to 4.32 MeV. This regio
was completely covered in the present work. Therefore,
reaction rates for different temperatures were calculated

^sv&5S 8

pm D 1/2 NA

~kT!3/2E
0

`

s~E!E expS 2
E

kTDdE, ~6!

where s(E) are the cross sections determined experim
tally, kT is the thermal energy,E is the center-of-mass energ
and NA is Avogadro’s number. The results are compared
Fig. 7 with the theoretical predictions obtained byMOST us-
ing the microscopic NLD of Refs.@31, 32# and by NON-

SMOKER using the NLD of Ref.@34#. In both cases the OMP
of Ref. @36# was used.

As can be seen in Fig. 7, the data~solid circles! are in
very good agreement with the theoretical curves, particula
with that ofNON-SMOKER ~dotted line!. However, one should
stress that the reaction rates shown in Fig. 7 are ground-s
reaction rates. In order to derive stellar rates that are rele
for astrophysical calculations one has to additionally co
sider proton captures by target nuclei in thermally popula
excited states. The corresponding rates can be found in R
@29, 30#.

V. CONCLUSIONS

In the present work, the total cross section of t
93Nb(p,g)94Mo reaction was measured at 104 beam energ

FIG. 7. Rates of the93Nb(p,g)94Mo reaction vs temperature
determined in the present work~solid circles! and predicted by
MOST ~solid line! andNON-SMOKER ~dotted line!.
4-7
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ranging from 1.4 to 4.9 MeV by using in-beam
g-spectroscopy techniques combined with HPGe detector
very high efficiency in order to test the predictions of vario
statistical model calculations in theA'90 mass region
where experimental data are rare. The data were comp
with theoretical calculations carried out using the statisti
model codesMOST andNON-SMOKER.

Overall, all calculations gave almost identical results
very good agreement with experiment, independent of
NLD used. Some discrepancies appear though, at ene
above'3.5 MeV due to uncertainties in the determination
NLD’s in this energy region. The agreement found at en
gies up to 3.5 MeV, however, holds when the nucleo
nucleus OMP of Jeukenne, Lejeune, and Mahaux@36# is
adopted for the calculations. The OMP’s of Becchetti a
Greenlees@37# and Bauge, Delaroche, and Girod@38# lead to
an overprediction of the experimental data over the wh
energy range. The comparison between data and theore
predictions revealed that the HF calculations are very se
v
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ey

rd
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J.
.
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tive to both neutron and proton OMP’s over the entire ene
range. On the other hand, significant differences in
NLD’s that were used are observed mainly at large energ

The results of the present work suggest further cro
section measurements of (p,g) reactions in the mass regio
considered, in order to derive the systematics needed f
globalization of the nuclear input parameters of the HF c
culations.
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@4# F. Käppeler, H. Beer, and K. Wisshak, Rep. Prog. Phys.52,

945 ~1989!.
@5# B. S. Meyer, Annu. Rev. Astron. Astrophys.32, 153 ~1994!.
@6# M. Arnould, Astron. Astrophys.46, 117 ~1976!.
@7# M. Rayet, M. Arnould, M. Hashimoto, N. Prantzos, and

Nomoto, Astron. Astrophys.298, 517 ~1995!.
@8# M. Arnould, M. Rayet, and M. Hashimoto, inUnstable Nuclei

in Astrophysics, edited by S. Kubono and T. Kajino~World
Scientific, Singapore, 1992!, p. 23.

@9# S. E. Woosley and W. M. Howard, Astrophys. J., Suppl.36,
285 ~1978!.

@10# N. Prantzos, M. Hashimoto, M. Rayet, and M. Arnould, A
tron. Astrophys.238, 455 ~1990!.

@11# S. E. Woosley and T. A. Weaver, Astrophys. J., Suppl.101, 181
~1995!.

@12# A. Heger, R. D. Hoffman, T. Rauscher, and S. E. Woosley
Proceedings of the X Workshop on Nuclear Astrophysics, ed-
ited by W. Hillebrandt and E. Mu¨ller ~MPA, Garching, 2000!,
p. 105.

@13# T. Rauscher, A. Heger, R. D. Hoffman, and S. E. Woosl
Nucl. Phys.A688, 193c~2001!.

@14# V. Costa, M. Rayet, R. A. Zappala`, and M. Arnould, Astron.
Astrophys.358, L67 ~2000!.

@15# S. M. Asida and D. Arnett, Astrophys. J.545, 435 ~2000!.
@16# C. E. Laird, D. Flynn, R. L. Hershberger, and F. Gabba

Phys. Rev. C35, 1265~1987!.
@17# T. Sauter and F. Ka¨ppeler, Phys. Rev. C55, 3127~1997!.
@18# J. Bork, H. Schatz, F. Ka¨ppeler, and T. Rauscher, Phys. Rev.

58, 524 ~1998!.
@19# F. R. Chloupek, A. StJ. Murphy, R. N. Boyd, A. L. Cole,

Görres, R. T. Guray, G. Raimann, J. J. Zach, T. Rauscher, J
.

.,

,

,

V.

Schwarzenberg, P. Tischhauser, and M. C. Wiescher, N
Phys.A652, 391 ~1999!.

@20# S. Harissopulos, S. Galanopoulos, P. Tsagari, P. Demetriou
Kuburas, T. Paradellis, R. Kunz, J. W. Hammer, R. Kunz,
Gyürky, E. Somorjai, S. Goriely, S. Kasemann, A. Dewald, a
K. O. Zell, Nucl. Phys.A688, 421 ~2001!.

@21# G. Gyürky, E. Somorjai, T. Rauscher, and S. Harissopul
Nucl. Phys.A688, 90 ~2001!.
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@23# E. Somorjai, Zs. Fu¨löp, A. Z. Kiss, C. Rolfs, H-P. Trautvetter
U. Greife, M. Junker, M. Arnould, M. Rayet, S. Goriely, T
Rauscher, H. Oberhummer, and P. Mohr, inNuclei in the Cos-
mos V, edited by N. Prantzos and S. Harissopulos~Editions
Frontières, Paris, 1998!, p. 459.
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