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Cross section measurements of th&Nb(p, y) *“Mo reaction at E,=1.4-4.9 MeV
relevant to the nucleosyntheticp process
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In-beam cross section measurements of ¥b(p,y)®*Mo reaction have been carried out
=1.4—-4.9MeV, 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.ab380ge, astrophysic&
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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[. INTRODUCTION theory of nucleosynthesis to be responsible for their produc-
tion. As p nuclei lie on the proton-rich side of the stability
Cross section measurements of nuclear reactions takingglley betweern’“Se and*®®Hg, they cannot be produced by
place in stellar environments are of key importance in theneutron capture. Hence, they are taken to originate from the
modeling of stellar evolution and nucleosynthesis. From'burning” of preexisting more neutron-rich nuclei at stellar
such measurements, one obtains the corresponding reactienvironments of high enough temperatur€=2x 10°),
rates that arise as coefficients in the so-called rate equatiomghere photodisintegrations of such nuclei can occur. Such
(see, e.g., Ref.1]) that have to be solved in the framework temperature conditions are fulfilled in the O/Ne layers of
of a model of nucleosynthesis. By means of these equationsjassive stars during their presupernova pliésé or during
one can describe the change of the isotopic abundances intlzeir explosion as type Il supernov&sNIl) [7-9]. These
stellar environment of temperatuf@ Hence, a successful p-process scenarios involve more or less complicated se-
reproduction of the abundances of nuclei by any model ofjuences of ¢,n), (v,p), and(y,a) reactions.
nucleosynthesis requires accurate knowledge of the reaction Although variousp-process calculations have been suc-
rates over a wide temperature range, i.e., the cross sections@fssful[7,9-13 in reproducing the abundances of a variety
the involved nuclear reactions have to be known over a cemf p nuclei, this is not the case for those in the mass region
tain energy region. This requirement, however, is not ful-70<A=110. In this region, the relatively large abundances
filled in the case of the so-callguinuclei, a certain class of of %Mo, ®Mo, %®Ru, and®Ru are severely underpredicted,
nuclei heavier than iron, due to the fact that the reproductionvhereas those of the lightpmuclei “Se, "®r, and ®4Sr are
of their abundances requires extended reaction network casystematically overpredicted. These discrepancies could be
culations involving more than 20000 nuclear reactions orattributed to uncertainties in the modeling of the preceding
about 2000 nuclei in the mass region<I2<210. Obvi- s-process nucleosynthedi&4] or in the description of the
ously, experimental data on the cross sections of all thesstellar interior[15]. In addition to the importance of the as-
reactions could hardly be available. Consequently, all the reltrophysical modeling, it remains a challenge to test the reli-
evant calculations have to rely almost completely on theability of the nuclear physics input in the HF model. One of
cross sections predicted by the Hauser-Feshbé@dR)  the major problems in this respect is the lack of experimental
theory[2]. data. In fact, for the mass region considered, there are seven
The termp nucleirefers to 32 stable neutron-deficient experimental works reporting omp(y) cross section mea-
nuclei that, in contrast to all the other nuclei that are heaviesurementd16—22 and three papers ofw,y) [23—-25. In
than iron, cannot be synthesized by the two neutron capturgome of them, significant discrepancies have been observed
processes referred to asand r processe$3-5]. In fact, a  between theory and experiment, whereas in others good
special mechanism, called tipeprocess, is assumed by the agreement with the statistical model predictions has been
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found. Since it remains an open question whether the HF
calculations can provide satisfying results, further experi- OE = Ey
mental works, like the present one, are essential.

Ep

II. EXPERIMENTAL PROCEDURES

Q=8.49 MeV ---~. n

The present measurements have been carried out at the 4 3
MV single-ended Dynamitron accelerator of the University
of Stuttgart, as well as at the 5 MV Van de Graaff tandem
accelerator of the Institute of Nuclear Physics of NCSR
“Demokritos,” Athens. Both accelerators have been cali- p Y
brated during the experiments by means of the 992 keV reso- 2 . Q,=1.12 MeV
nance of the?’Al( p,v)?®Si reaction. L,
The experimental setup used during the first set of mea-
surements in Stuttgart, was the same with that described iN g/)+ m—|——— N
Ref. [26]. y spectra were measured by using four large vol- BNp L= l— 2t

871

5/2*

93
Mo

ume high-purity GEHPGe detectors, all shielded with BGO Y
crystals for Compton supression. Three of them had a rela-
tive efficiency e,~100%, whereas the remaining one had 94
€,~76%. The detectors were placed on a rotating table at Mo
distances between 12 and 20 cm from the target. By rotating FIG. 1. Simplified level diagram of th¥Mo nucleus.
the table by a step of 15y-single spectra were taken at eight
angles with respect to the beam. In this way, the angulai 5 and 3 MeV, respectively. According to a Rutherford
distributions of they rays of interest were measured in the packscatteringRBS) combined with PIGE and XRF analy-
energy rangeE,=2-3 MeV with a step of 50 keV. The sjs, the stoichiometry of the metallic target was found to be
beam current was about 207. The target used was placed (Nb:O:N:C)=(0.94:0.025:0.025:0.010). The O, N, and C
at 90° to the beam axis. It was produced by evaporatingvere apparently introduced in the target during the evapora-
Nb,Os on a 0.4 mm thick tantalum backing, which was tion process, since these elements were not present in the
cooled with water during the whole experiment. It should beoriginal high purity Nb metal. All targets used in the present
noted that the use of the BB target requires corrections for work were also checked at the end of all measurements via
yield contributions from theé’O(p,p’ y)'’O reaction occur-  the XRF technique. No significant deterioration effects were
ing in the oxide part of the targésee further beloy This  found.
problem could be avoided by using a metallic Nb target. As already mentioned, in the case of the,8b targets
However, the use of NIDs targets in the beginning of the corrections for yield contributions from th€O(p,p’ y)’0
present measurements was inevitable since the metallic Nfaaction were necessary. Therays emitted by the latter
had not been delivered according to the beam time schedul@eaction have an energy of 871 keV, which coincides with the
The thickness of Nb in the NBs target was found to be energy of the 2—0; transition of the excited*Mo nuclei
126+5 pglent by means of an XRF analysis carried out produced by thé”®Nb(p,) reaction. The required correc-
before the measurement. By considering the target stoichtions, which are described in detail in the next section, were
ometry (Nb:G=0.699:0.301) one obtains a target total thick- performed with additional yield measurements carried out
ness of 18 6 ug/cnt, which corresponds to a target thick- with a WO, target. According to the XRF analysis of this
nessAE of 20 and 12 keV at a beam energy of 1.5 and 3target, the thickness of W was found to be ¥38ug/cn?.
MeV, respectively. By taking into account the stoichiometry of the Werget,

In the second set of measurements carried out in Athensgpe thickness of its oxide part was #0.3xg/cn?, which is
v spectra were taken by means of one HPGe detector of 80%most the same as that of the )0y target measured in

relative effiCiency that was placed either at 55° or at 90° tOAthenS' During all measurementS, the beam current was
the beam axis. Two different Nb targets positioned at 45° typout 2,4A.

the beam axis were used, namely,,Rband a metallic Nb.
The latter target was made by electron gun evaporation of
metallic niobium of extreme high purity. The fluorine level in
the metal was less than 1 ppm. The energy region covered by In order to obtain the cross section of thtb(p, y) Mo

the measurements using the metallic Nb was from 1.4 to 4.8eaction, the absolute number of all emitted photons has to
MeV. Both targets were on 0.4 mm thick Ta backings, whichbe determined first. Hence, one has to derive the absolute
were cooled with air during the measurements. By using thgield of all the y transitions feeding the ground state of the
XRF method, it was found that the thickness of Nb in theproduced®*Mo. This task requires angular distribution mea-
Nb,Os target was 106 6 ug/cn?, i.e., the target had a total surements of all these transitions. As indicated in Fig. 1,
thickness of 151 7 ug/cn?. For the metallic target the XRF where a simplified level diagram of th#Mo nucleus is
analysis yielded a thickness of 3718 ug/cn?, which cor-  sketched, the ground state can be populated pyransition
responds tAAE=31 and 20 keV at proton beam energies ofdirectly from the entry state as well as by cascadeg k&Hys

0+

IIl. DATA ANALYSIS AND RESULTS
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FIG. 2. Typical y spectrum measured &,=3 MeV with the 0 20 40 60 80 100 120 140
metallic Nb target. The strongy transitions belonging to the Angle 6 (deg)

9Nb(p, y)®*Mo reaction are indicated by the corresponding spins
of the initial and final state, whereas some wealtansitions are
labeled with stars. The rays from the “entry state”—with energy
Ex=Q+E.,—to the lowest-lying 6, 57, and 4" levels are in-
dicated aE,— 6", E,—5, andE,—4", respectively. The label In view of these findings, it was possible to derive the
Yo shows the “position” where the transition from the “entry”to  Cross section of the reaction studied from the angular distri-
the ground state should appear. As shown in this figure no such bution of the 2 —0; vy ray only of the**Mo nucleus. Some
ray has been observed. Therays from the®*Nb(p,n)**Mo reac-  typical angular distributions measured at Stuttgart with the
tion are indicated by the respective energy. Peaks arising from thRlb,O target are shown in Fig. 3. Due to time limitations
(p.p’) channel as well as from other “intruding” reactions are also gngular distributions were measured at beam energies
shown. =2-3 MeV only. The analysis of the angular distributions
of the 871 keVy ray yieldeda, anda, coefficients that were
depopulating various excited levels. The former transition isstatistically constant in the randg,=2-3 MeV. The mean
the so-calledy, transition having an energ§,,=Q ) values of thea, anda, coefficients were found to béa,)
+E.m.. The direct feeding to the first excited leve] or to ~ =0.284(9) anda,)= —0.1186). Note that the angular dis-
the second excited levél, results in they, transition or in  tribution measured for the 871 keyYray at each beam en-
the y, transition, respectively, and so on. In the presentergy is the sum of the yielt,, of the 2, —0; v transition
work, as shown in Fig. 2, ng, transition or othery rays  of the %Mo nucleus and the yieldf5 of the 871 keVy ray
feeding into the ground state have been observed apart frofrom the 1’O(p,p’ y)*’O reaction occurring in the oxide part
the 27 —0; v transition. of the NiOg target. Consequently, the angular distributions
The absence o, transitions in the reaction studied is measured in Stuttgart had to be corrected for the yield con-
more or less expected: From partial wave analysis with arribution Y. In order to perform the necessary corrections
appropriate nucleon-nucleus potential it can be shown that additional measurements were carried out in Athens using
the relevant beam energies of 1.5—-4.5 MeV, onlyghand a second NjOs; and a WQ target with comparable O
p-wave protons have considerable chance of being absorbedickness.
by the target nucleus. As the spin of the ground state of the The 9y-single spectra were measured at beam energies
target nucleus®Nb is 2, the spin of the entry states of the from 1.7 to 3 MeV using one Ge detector placed at 55° with
produced compound nucleu¥Mo would have values) respect to the beam and at a distance of about 15 cm from the
=3,4,5,6. However, their deexcitation would proceed prefertarget, which was NJDs with a total thickness of 151
ably via y transitions to levels with small spin difference, so =7 ug/cn?. As expected, the analysis of the spectra taken
y rays from the entry levels to the ground stalg {=0) are  below 2 MeV resulted in yields that exhibited a drastic in-
unfavorable. crease aE,=1986 and 1835 keV, i.e., resonantlike peaks

FIG. 3. Typicaly angular distributions of the 871 keYtransi-
tion measured with the 18@g/cn? thick Nb,Os target.
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10* L L L L L L L TABLE I. Total cross sections; determined from the corrected
} oY ar_lgular distributions measured at Stuttgart with the 1&@cn?
871 keV -ray pretegee™ thick Nb,Os target.
10° 4 3
? Ecm. oT Ecm. gT Ecm. aT
E (MeV) (ub) (MeV) (ub) (MeV)  (ub)
6 10° 4 3 1.989 3505 2340 19524 2689 5%5
~ 2.038 4406  2.389 253 2739 58&7
% 2.090 6.2:0.7 2.440 284 2.788 657
ao10' 4 3 2.139 7.30.8 2.489 3*4 2.839 6%8
2188 12.a21.2 2.540 465 2.889 66:8
2239 12213 2575 446 2939 7®9
10° 2291 15612 2.639 47 2989 7210

The resulting cross sectionsy given in units of ub are
summarized in Table I. The energies in this table are the
effective energies in the center-of-mass system that were de-
rived by using appropriate stopping pow¢gs].

The analysis of the corrected angular distributions yielded
new values for thea, anda, coefficients, which, however,
were observed. The peaks were the result of there still statistically constant in the energy range 2—3 MeV,
YO(p,p’ y)*O reaction. Indeed, as reported in Rgf7], at  with mean valuesa,)=0.315(10) and(a,)=—0.181(9)
E,=1983(2) and 1833) keV the latter reaction has two (see Fig. 5 Based on this fact, it was further assumed that
resonances that contribute significantly to the yield of thethe angular distributions of the;2-0; 7 transition of the
27 —0; y transition of*Mo. %Mo nucleus aE,<2 MeV andE,>3 MeV would not de-

Using the same setup but with a W@rget additionaly  viate significantly from those measured B{=2-3 MeV,
spectra were measured in order to determine the yield con-e., they could also be described by
tribution of the 871 keVy ray from the'’O(p,p’ y)*’O re-
action only. According to Ref27], the 871 keVy transition W(6)=Ao[1+0.31510)P;(cost) —0.18X9)P4(cosd)].
arising from*’O(p,p’ y) 'O reaction is isotropic. Data were @

obtained in the vicinity of the 1.833 MeV resonance by scan Further measurements were carried out with metallic Nb,

hing t:e energydreglor(;Ef— & 7S 2.1 '\Ige}/ At hgher €Ner \which was delivered in the meantime by the manufacturer, in
gies, ata were derived from Sens, Re ael, , an Papeby __order to avoid any uncertainties arising from the intruding
normalizing their excitation function to the yield measured in

the present work at the 1.833 MeV resonance. The resulting

FIG. 4. Yield of the 871 keVy transition measured with the 151
uglen? thick Nb,Os target(solid circles, and yield deduced for the
871 keV vy ray arising from the oxide part of the target due to the
0O(p,p’ v)*70O reaction(open circles The energy points wherg
angular distributions were measured are indicated by the trlangles

0.6 T T T T T T
yield was further normalized to the corresponding O thick- . <a>=0315(10)
ness of the NfOs target used in Athens. The yield curves 5 05¢ E
measured at 55° with the NOs as well as with the WQ & o4f 4 + + E
target are plotted in Fig. 4. From the resulting data the ratio g J.H “l. .l.l_ | llll Ll
Ro(E) of the yield of the intruding’O(p,p’ ¥)*’O reaction P H'| ' 'Tlfflt' 1 'T|TH 1
to the total yield measured with the p; target at 55° was 0.2

deduced. These ratios served to correct the angular distribu-
tions measured in Stuttgart by the following procedure: The g L L L L L
yield contributionYo(E) of the ’O(p,p’ y)1'O reaction in 00
the NOy data was obtained by multiplying the raty,(E)
with the value of the angular distribution at 55°. The result-
ing Yo(E) was then subtracted from each data point of the
measured angular distribution. The resultoarectedangu-

lar distribution was further fitted in order to derive the Agt

a,, anda, coefficients associated with thg 2-0; y tran- <a>=-0.1310)
sition of the®Mo nucleus. The totab; cross sections were '

deduced from

-
—
T
1

—
T
o—

a, - coefficient
& b g
[ %]

T
—e
e

g

L
=

20 22 24 26 2.8 30
E, (MeV)
‘TT:AON_A £ ) FIG. 5. a, anda, coefficients resulting from the angular distri-
butions obtained for the 871 key ray after the yield corrections

whereA is the atomic weight of NbN, is Avogadros’s num-  attributed to the intruding’O(p,p’ v)’O reaction. The straight
ber, and¢ is the thickness of Nb in the corresponding target.solid lines indicate the corresponding mean values.
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17O(p,p' y) reaction.y spectra were measured at beam en- TABLE II. Total cross sections and astrophysicéb factorsS
ergies from 1.4 to 4.9 MeV by placing the Ge detector at gp«<etermined in the present work. The cross-section valut_as having an
to the beam and at a close distarfee4 cm) to the target. error of less than 5% are the means of at least two independent
The latter was placed at an angle of 45° with respect to th&'easurements.

beam. From the analysis of the resulting spectra, the yield of
the 871 keVy transition of Mo was determined in the ¢
above energy region. The yield obtained was then correcteﬁvIe
by the known angular distribution of the/2-0; v transi- 1.422 0.05-0.01 349-70 3.093 928 262
tion, taking into account the finite solid angle sustained byi1.462 0.08-0.01 36G:45 3.133 10&9 27+2
the detector-target assembly. After calculation of the effec-1.502 0.12-0.02 35559 3.173 1149 25+ 2
tive bombarding energy, the yield data were transformed to1 542 0.16:0.02 316-39 3.192 126:10 25+ 2
cross sections by normalization to the J8g angular distri- 1582 026-0.02 26827 3.232 12%#10 22+2
bution data. For this procedure, an effective single normal-1 go2 028002 25818 3272 12510 20+2
ization factor was derived by averaging several yield ratio; g2 0.38-0.01 2457 3311 13@-10 18.3-1.4
points at effective energies between 2.3 and 2.5 MeV of the; 705 045003 205-14 3351 1497 18.5:0.9
metalllg N_b d{;\ta to the cross sections obtained from thg any 741 0.68007 224-24 3.391 1457 16.0-0.8
gular distribution data. In this energy interval, t_he correc_:t|onsll781 0.89-009 212621 3430 1547 15.2-0.7
of the Nb,Os data due to thé’O(p,p’y) reaction are sig- 1821 1601  270:17 3470 14212 12811
nificanltlly s.mall(see I;ig. 4 1t shOl(Jdeq _be nlcl)tedhthalt(tr&etl)atter 1'861 1'&0'1 207+ 13 3'510 15% 12 12'4t0'9
normalization procedure was additionally checked by cor-_" e N ' e
recting the yield data for the absolute detector efficiency, 901 2101 203210 3.549 13812 9.820.9
which was determined using various calibrated sources, thug 941 3.¢-02 218515 3.589 13611 8.6-07
deriving independenitV(#=90°) values for the metallic Nb 1981 3.9:02 216-11  3.648 12410  6.7-0.6
target. These were found to coincide within 5% with those 2020 4.1-0.2 20559 3688 959 4604
determined from the angular distribution data obtained with2-060  5.3-0.2 175c7 3.748  9x9 3.9£0.4
the Nb,Os target. The resulting cross sections are given in2-100  6.4-0.2 1605 3.787 939  3.5-0.3
Table Il. The corresponding astrophysic@lfactors have 2140 7.5-02  152£4  3.827 /&8  2.7£0.3

m. o7 S Ecm. oT S
V) (b)) (10°MeVb) (MeV) (ub) (10°MeVb)

been calculated by using 2179 10504  169-7  3.966 726  1.8+0.2
2219 11.304 1445  4.005 936  2.1+0.2
S(E)= g-(E)EE™7 (3 2259 13205  140:5 4045 66:5 14:01

2299 15.7#0.5 1294 4.084 78&5 1.5+0.1

2.339 20.6:0.8 1335 4.124 7%5 1.38:£0.09
2.378 22.6:0.8 1204 4.144 745 1.24:0.08
2.418 26.6:0.8 1164 4183 766 1.17+£0.09

where 7 is the Sommerfeld parameter aog(E) is the total
cross section at a center-of-mass endegyrhe results are
included in Table II.

2498 30t1 872 4223 746 1.05£0.09

2.537 382 864 4263 957 1.24-0.09

IV. DISCUSSION 2.577 403 806 4,302 827 0.99-0.08

2.617 45-3 795 4342 86 0.89-0.07

The cross sections measured in the present work are con2.656  50+-2 78+3 4382 T7#7 0.79-0.07
pared with the predictions of the HF compound nucleus2.696 56-2 69+ 3 4421 8%8 0.84+0.08
theory. In Sec. IV A a brief description of the theory is pre- 2736 572 61+2 4461 938 0.82+0.07
sented while in Sec. IVB the theoretical calculations are2 776 54-2 49+ 2 4500 1068 0.86+0.07
compared with the measureg,fy) cross sections. 2815 60-2 47+2 4540 988 0.74-0.06
2.855 653 43+2 4580 1229 0.86-0.06

A. Theory of compound nucleus emission 2.895 643 372 4619 16k12 1.05-0.08

Nuclear reactions occurring at energies up to several Me\f'934 06-3 3322 4.659 14z 11086007
are known to proceed through the formation and decay of a§'974 664 28+2 4.718 126:100.69-0.06
compound nucleus system. Absorption of the incident par- 994 7555 30=2 4.758 19613 1.00-0.07
ticle leads to the formation of the “compound nucleus.” Af- 3014 816 302 4797 27323 131011
ter reaching equilibrium the compound system eventually de3058 928 80+3
cays to various states independent of the entrance channel.
The probability of decay into one of the decay channels is

described by the theory of Hauser and Feshti@itand is where « and 8 denote the entrance and decay channels, re-

spectively,l andi are the target and projectile spins, respec-

given by ”
tively, and Ti’ﬁ are the transmission coefficients, summed
1 i” %’T over all orbital and channel spins to give the total transmis-
Oap= WKimE (2J+1) ——=. (@ sion coefficient for the formation of the compound nucleus in
7 2o Ty the stateJ”. The HF formalism can be applied when the
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number of levels in the contributing energy window of the
compound nucleus is sufficiently large, and in such cases one

uses averaged transmission coefficients obtained from an in-
tegral over a specified level density. Hence, for example, the 199
denominator in Eq(4.1) is given by

~ 10

J7_ ! =37 Jm
; Ta—g Ta+§ fwl(um(Ea)dEa, (5) g

wherew,(U) is the density of levels of spihin the residual t; !
nucleus. TheX’ indicates that the sum is taken over only

those channels leading to the first few discrete levels in the 0.1
residual nucleus; all other channels are included in the inte-

grals over the excitation enerdy, of the residual nucleus.

The two main quantities that govern compound nucleus
emission are the transmission coefficients and the nuclear 109
level densities of the residual nuclei. The transmission coef-
ficients for particle emission can be calculated from the ap-
propriate optical model potentials. The photon transmission ’é 10
function is calculated assuming the dominance of dipole &
transitions in the photon channel. The electric- and magnetic-
dipole [giant dipole resonancéGDR)] transition strength g 1
functions are usually described by a Lorentz-type function,
where the energies and widths are determined by experimen- o1
tal data, where they exist, or by appropriate parametrizations. ¥
The nuclear level densities can be derived from phenomeno- 4/ . . . . . .
logical models leading to simple analytical formulas but only 15 20 25 30 35 40 45 50
after drastic approximations are made. Alternatively, they E (MeV)
can be obtained from microscopic calculations taking into cm

account the discrete structure of the single-particle spectra g g Total cross sections of tH&b(p, y)*Mo reaction mea-
associated with realistic effective potentials. The latter treafyreq in the present worlopen circles compared with the predic-
shell, pairing, and deformation effects consistently, whereagons of the statistical model under different assumptions(@n

in the former they are considered by means of empiricahuclear level densities angh) optical model potentialgsee also
corrections. However, for practical applications, both typesext. AE indicates the energy region corresponding to those stellar
of nuclear level density formulas are often renormalized ontemperatured that are relevant to thp process.

existing experimental informatior(low-lying levels and

swave neutron resonance spacinfgs each r)uqleu_s. .IL;30]. Both codes include all available experimental informa-
One should emphasize that the uncertainties involved ir; . .
tion on nuclear masses, deformation, spectra of low-lying

any HF cross-section calqulqtion are not related to the theorgtates and giant dipole energies. Different predictions are
of compound nucleus emission itself, but rather to the uncer in both codes for the Iobél nucleon article
tainties associated with the evaluation of the nuclear proper= g atagp

) . . : pMP’s, as well as for nuclear level densities. Details on the
ties entering the calculations. It is therefore of paramoun

importance to compare the effects of different nuclear inputs(fOdes and the nuclear physics input can be found in the

) : . _above-mentioned references.
over a wide range of nuclei and a broad range of energies.

1. Nuclear level densities

B. Cross section calculations Three different nuclear level densities are used to calcu-

In this section we compare the results of the calculationsate HF reaction cross sections, and the results are compared
with the %Nb(p,y)%Mo cross sections measured in the with the experimental data in Fig.(#. The solid line de-
present work. Furthermore, we investigate the sensitivity ohotes the NLD derived from microscopic statistical calcula-
the theoretical results on two main nuclear ingredients of theéions based on a Hartree-Fock-BCS level scheme and pairing
HF calculations, namelya) the nuclear level densitfNLD)  force[31,32, while the dashed line denotes the microscopic
and (b) the nucleon-nucleus optical model potenti@MP). NLD obtained with the ETFSI ground-state structure proper-
The effects due to the-nucleus OMP and the GDR trans- ties[33]. Both calculations were carried out with tivesT
mission function shall not be discussed in this paper, sinceode. The dotted line corresponds to the NLD obtained from
they have been found to be insignificant for the reactionthe backshifted Fermi-gas model, implemented in rioa-
studied. SMOKER code as given in Ref34] using microscopic mass

The HF calculations presented here have been performezbrrection from the finite range droplet mode5]. The
by two statistical model codestosT [29] andNON-SMOKER ~ nucleon-nucleus OMP used by both codes is that of Jeu-
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kenne, Lejeune, and Maha{i36]. All three calculations give
almost identical results and are in good agreement with the ~ 10tk
data apart from the higher energies=3.5MeV), where '8
deviations appear between theory and experiment, and also"e
between the theoretical curves. At the energies measured in.©
this work, they and neutron channels dominate over all other —g' 10'
emission channels. The differences observed in Rig. @&n -
thus be attributed to the differences in the NLD predictions

for the nuclei®Mo and ®*Mo, related to the channels men- @ 10°
tioned above. In principle, the NLD’s can be constrained at VY
specific energies using the experimental information, such as z
low-lying experimental states arsheutron resonance spac-

“Nb(p;1)” Mo

ings. However, for the nuclei®Mo associated with the pho- 10" 20 Y 30
ton emission channel, there are no data onstheve neu- Temperature T (10’ K)
tron resonance spacings at the neutron separation energy.

Therefore, it is not possible to apply a renormalized NLD FIG. 7. Rates of theé*Nb(p,y)%Mo reaction vs temperature
that might resolve the discrepancies observed between theodgtermined in the present worlsolid circle and predicted by
and experiment in the high-energy region. MOsT (solid line) and NON-sSMOKER (dotted ling.

ence observed in Fig.(6) between the Jeukenne, Lejeune,

) _ ) and Mahaux and the Bauge, Delaroche, and Girod predic-
In Fig. 6b) the HF cross sections calculated using thetions therefore originate from the 4% renormalization of the

nucleon-nucleus OMP's ofi) Jeukenne, Lejeune, and Ma- rea| (neutron and protonpotential at low energies. The

haux[36] (solid line), (i) Becchetti and Greenle¢87] (dot-  present data are particularly sensitive to both neutron- and

ted ling, and(iii) Bauge, Delaroche, and Gir¢88] (dashed  proton-nucleus OMP and represent an interesting test case
line) are compared with the measured data. The calculationg,, optimizing global OMP parametrizations.

were performed by the codeosT using the microscopic

Hartree-Fock-BCS nuclear level density of Reff81, 32. C. Reaction rates
The OMP of Jeukenne, Lejeune, and Mahaux, based on mi-
croscopic infinite nuclear matter calculations applied with ;
the local density approximation is able to describe the dat r environments \./vhe.re temperatures betweerx 18 and
well at the energies measured in this experiment. On th .3x10°K are maintained for about 1 s. These temperature

other hand, both the global OMP of Becchetti and Greenlee mits cor'respond to. prc;ton beam energies in t?f Gamow
and the microscopic potential of Bauge, Delaroche, and Gi€N€rgy window ranging from 1.48 to 4.32 MeV. This region

rod lead to an overprediction of the data. The former wad?@S completely covered in the present work. Therefore, the
obtained by fitting to elastic scattering data at energies aboy&action rates for different temperatures were calculated by

10 MeV and therefore it is not surprising to see a discrep-

8 1/2 © E
ancy in the lower energy region measured in this work. The  (gv)= (—) ﬁAsif o(BE)E exp( - —)dE, (6)
latter has been derived in a similar manner as the OMP of mu) (K1) Jo kT

Jeukenne, Lejeune, and Mahaux, with a further extension URhere o(E) are the cross sections determined experimen-

to energies 200 MeV. In addition, the real and imaginary : .

i tally, kT is the thermal energ¥ is the center-of-mass energy,
parts (.)f the OMP h{ive be_en no_rmallzed_to reproduce alnd N, is Avogadro’s number. The results are compared in
extensive set of elastic and inelastic scattering data. From tl”‘glg 7 with the theoretical predictions obtained tgsT us-
results in Fig. (_?o), however, it appears that this OMP is 'l?g.the microscopic NLD of Refs[31,32 and by NON-
unable to describe the cross sections measured in this Worke L ER using the NLD of Ref[34]. In both cases the OMP

The three optical potentials give results that differ over theOf Ref. [36] was used.

whole energy range. The HF calculations are extreme_zly S€N" As can be seen in Fig. 7, the ddisolid circleg are in

sitive to both proton and neutron transmission coefficients d ith the th ical icularl

since at incident energids=1.2 MeV the neutron channel very good agreement with the theoretical curves, particularly
) with that of NON-SMOKER (dotted ling. However, one should

opens and starts competing with tiyechannel. This obser- stress that the reaction rates shown in Fig. 7 are ground-state

\é"iol'Sgglr;?géﬁgng;n;egig)%thfoigilf:jc?:lﬁ”g&Il:fs:q% ttr;:ereaction rates. In order to derive stellar rates that are relevant
g€, ' P for astrophysical calculations one has to additionally con-

Jeukenne, Lejeune, and Mahaux OMP for the neutron Chargider proton captures by target nuclei in thermally populated

n.e.l (dot—dr?\shed ling The agreement with expenmgnt IS SI19° oxcited states. The corresponding rates can be found in Refs.
nificantly improved, with respect to the dashed line, in thel[29 30

high-energy region where the neutron channel is importan
In the low-energy region, however, where the neutron chan-
nel is still weak compared with the channel, the results are
comparable to those obtained using the Bauge, Delaroche, In the present work, the total cross section of the
and Girod OMP for protons and neutrons. The major differ->Nb(p, v)®*Mo reaction was measured at 104 beam energies

2. Nucleon-nucleus optical model potentials

p-process nucleosynthesis is assumed to take place in stel-

V. CONCLUSIONS
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ranging from 1.4 to 4.9 MeV by using in-beam tive to both neutron and proton OMP’s over the entire energy
y-spectroscopy techniques combined with HPGe detectors ashnge. On the other hand, significant differences in the
very high efficiency in order to test the predictions of variousNLD’s that were used are observed mainly at large energies.
statistical model calculations in thA~90 mass region The results of the present work suggest further cross-
where experimental data are rare. The data were comparegction measurements agb,(y) reactions in the mass region

with theoretical calculations carried out using the statisticakonsidered, in order to derive the systematics needed for a

model codes0ST and NON-SMOKER o _ globalization of the nuclear input parameters of the HF cal-
Overall, all calculations gave almost identical results incylations.

very good agreement with experiment, independent of the
NLD used. Some discrepancies appear though, at energies
above~3.5 MeV due to uncertainties in the determination of
NLD’s in this energy region. The agreement found at ener-
gies up to 3.5 MeV, however, holds when the nucleon- This work was supported by the NATO Collaborative Re-
nucleus OMP of Jeukenne, Lejeune, and Mah§B®& is  search Grants Programni€ontract No. CRG961086C.A.
adopted for the calculations. The OMP’s of Becchetti andacknowledges the support by the program P4/18 on interuni-
Greenlee$37] and Bauge, Delaroche, and Gir[#B] lead to  versitary attraction poles of the Belgian State Federal Service
an overprediction of the experimental data over the wholdor Scientific, Technical and Cultural Affairs. T. R. acknowl-
energy range. The comparison between data and theoretioatlges the support of the Swiss National Science Foundation
predictions revealed that the HF calculations are very sensiGrants No. 2124-055832.98 and No. 2000-061822.00
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