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The cross section of th#Sr(p, y)%%Y reaction was determined by in-beam measurements at endigies
=1.4-5 MeV relevant to the nucleosyntheficprocess. AtE,=3.5 MeV, they angular distributions were
obtained by using one HPGe detector of 80% relative efficiency, wherégs<8.5 MeV they were measured
by means of an array of four HPGe detectors all shielded with BGO crystals for Compton background
supression. Three of them had a relative efficieaey 100%, whereas the remaining one hae 78%. From
the resulting cross sections, that lie in the @I5-5-mb range, astrophysic8lfactors and reaction rates have
been derived. Cross sectio&factors, and reaction rates have also been calculated by means of the statistical
model codemosT. A very good agreement between the experimental data and the theoretical predictions has

been found.
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[. INTRODUCTION other mass regions. These discrepancies could be attributed

to uncertainties in the modeling of the preceding slow
Despite the impressive progress that has been made eutron-capture proceg$4] or in the description of the stel-
recent years in improving our understanding of the solar sygar evolution[15]. In addition to the uncertainties of the as-
tem nuclidic composition, there remain puzzles that chalirophysical modeling, nuclear physics uncertainties can also
lenge the basis of theoretical modeling as well as of experiaﬁect the calculations of the solar system abundances of the

mental approaches. Among these puzzles, the origin of thB nuclei. This is due to f[he fact that the understanding .of
so-calledp nucleiis still a major one. The ternp nuclei these abundances requires extended network calculations

refers to the 35 stable proton-rich nuclides shown in Fig. 1(S€e, €.g., Ref9]) involving more than 20 000 nuclear reac-
that lie on the “northwest” side of the stability valley on the tions with about 2000 nuclei in the mass region<I®

chart of nuclides, betweeffSe and!®*®Hg. In contrast to all - Clng
the other nuclei that are heavier than irpmuclei cannot be 190l Ol
synthesized by the two neutron capture processes referred 1 aﬂiﬁ 0s

ass andr processessee, e.g., Ref§1-3)). In the develop- - v

ment of the theory of nucleosynthesis, it was realized very
early that the production of thp nuclei requires a special
mechanism, termed th@procesq3,4]. This nucleosynthetic
scenario involves more or less complicated sequences @
neutron, proton, and-particle photodisintegrations, as well
as (p,y) and(a, y) reactions. According t@-process mod- ;@ .E
els, p nuclei can be synthesized from the “burning” of pre- e
existing more neutron-rich nuclei at stellar environments of
high enough temperaturd £2x 10° K). Such temperature
conditions are believed to be fulfilled in the O/Ne layers of
massive stars during their pre-supernova pHasg or dur- ul
ing their explosion as type-Il supernovg®-§|.

Although variousp-process calculations have been suc-  F|G. 1. Chart of the stable nuclidésoxes from As (Z=33) to
cessful[6,8—14 in reproducing the abundances of a variety Hg (z=80). Thep nuclei are indicated with black boxes. Symbols
of p nuclei, this is not the case in, e.g., the=~90 mass are displayed only for the elements wighisotopes. The number
region, where the predictions severely underproduce the Mehown for each element is the mass number the corresponding
and Rup nuclei. Serious problems are also encountered inightest isotope.
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=<210. In this reaction network, the reactiottC(a, )0 Gamma-singles spectra were taken using the same target
and 22Ne(a,n)?Mg have proved to have an important con- in all runs. This was produced by evaporatiffi$r(NO;),
tribution [16] since they strongly affedt17,18 the produc- Powder on a 0.4-mm-thick tantalum backing. The target ma-
tion of the “seed”s-process nuclei from whicp nuclei can  terial was 99.84% enriched i#Sr. The amount of®Sr in

be synthesized via various neutron, proton, angarticle the target was determined by means of an XRF analysis be-
photodisintegrations. Furthermore, the role of the Hauserfore all measurements. It was also checked at the end of the

FeshbachHF) theory[19] in p-process calculations is also Stuttgart measurements as well as at the end of the Athens
crucial: abundance calculations have to rely almost comtuns. The thickness df'Sr in the target before any measure-
pletely on the predictions of the HF theory since it is hardlyment was 168& 7 ug/cn?, and the material loss was found
possible to measure the cross sections of all the reactiori@ be less than 3%. This thickness corresponds to approxi-
involved in the huge network mentioned above. A very im-mately 12 and 8 keV at beam energies of 2 and 4 MeV,
portant step in the investigation of nuclear physics uncertaintespectively. These values were derived usingstiel code

ties involved in anyp-nuclei abundance calculations is to [29], and assuming that the target consist§%i only. How-
perform a validity test of the statistical HF model in the massever, the thickness of the target is defined by its stoichiom-
region of interest. One should of course emphasize that thetry that was determined at the end of the measurements by
uncertainties involved in the HF calculations are not relatedPerforming a nuclear reaction analysiRA). In our case, it

to the HF theory itself, but rather to the uncertainties in thelS expected that during the evaporation a significant loss of N
evaluation of the nuclear properties entering the calculationgccurs due to the escape of NO and N@ases. Therefore,
These properties are the nuclear masses, the nuclear levater the exposure of the target in atmospheric conditions and
densitiesNLDs), the nucleon-nucleus anénucleus optical humidity, the resulting stoichiometry is different from that

model potential§OMP9, and finally they-ray strength func- before the evaporation procedure. The resulting chemical
tions. composition usually comprises of different phases. Due to

A sensitive check of the reliability of the HF calculations these effects, the NRA measurements were necessary to de-
can be performed by comparisons with experimental crostermine correctly the proton stopping powers, i.e., the beam
sections. The main problem hereby is the lack of experimenenergy losses in the target and, hence, to reduce the uncer-
tal data. Compared to the huge number of reactions requiréi@inties in the calculations of effective beam energies before
for p-process studies, the amount of existing data is proportransforming them into center-of-mass energies. The NRA
tionally very small. In fact, very few experimental works measurements were performed using a single-chafed
have been reported on cross section measurements in theéam of 1.1-MeV energy that was delivered by the Tandem
mass region from Se to $80-28. Given these facts, addi- accelerator of “Demokritos,” Athens. Hereby, the
tional laboratory work, like the present one, aiming at deter--*N(d,a;)*?C reaction was used to determine the amount as
mining cross sections at energies relevanfptprocess is well as the distribution of nitrogen in the target. The beam
strongly required. spot was X 2 mn? wide, and the beam current on the target

In addition to the data needs mentioned above, the presefid not exceed 10 nA due to pile-up considerations. A total
work has also been motivated by the recent investigations agtharge of 64uC was accumulated. A silicon surface barrier
Gylirky et al.[28] in which the proton-capture cross sections detector, having a resolution of 14 keV, was placed at 150°
of the84Sr, 868r, and®’sr isotopes were simultaneously mea- with respect to the beam in order to obtain a better depth
sured by means of the activation technique. The resuling resolution.
factors of®*Sr were found to be in very good agreement with  The NRA cross-section data necessary for the analysis of
the HF predictions, whereas deviations were observed in théie spectra resulting from th&N(d,«;)*?C reaction were
case of®Sr and®’Sr. In view of these findings, the determi- taken from Ref[30]. This reaction produces an isolated peak
nation of the proton-capture cross section of the heaNier in the high energy part of the spectrum, and can be separated
=50 %8Sy isotope is of paramount importance, as it will help from all other nuclear reactions coming either from the
to clarify whether the discrepancies between theory and expresent in the target or from any lod@veontaminant, such as
periment observed in Ref28] have a tendency to increase 12C. spectra were taken for three different target areas along
as the nuclei approach thé=50 shell closure. the radius of the target disk. A typical spectrum taken by
impinging the?H beam on the center of the target is shown
in Fig. 2, which is divided in three parts. Patorresponds
to the yield of the elastically scattered deuterons by the tar-

The present measurements have been carried out at tiget. The peak shown in pastresults from theC(d, p) 0,
4-MV single-ended DYNAMITRON accelerator of the Uni- %0(d,p, ) *’O, and™*N(d,p)**N reactions that could not be
versity of Stuttgart as well as at the 5.5-MW11 Van de resolved in our case. In pacttwo peaks are shown. They
Graaff Tandem accelerator of the National Research Centdioth arise from thé*N(d,«;)*?C reaction. The analysis of
“Demokritos,” Athens. In Stuttgart, measurements were carthe spectra has shown that the peak labeled with 1 is due to
ried out at beam energies from 1.4 to 3.5 MeV, whereas irthe adsorption of the NO and N@ases on the Ta backing.
Athens the energy region from 2.6 to 5 MeV was addition-This obviously occured in the beginning of the evaporation
ally covered. Both accelerators have been calibrated in thef the 8Sr(NOy), powder. The peak labeled with 2 was
beginning of the respective measurements with the 992-ke¥bund to arise from the amount dfN “left” in the target.
resonance of thé’Al( p,y)?8Si reaction. Hence the analysis of the spectra yielded the nitrogen deple-

II. EXPERIMENTAL PROCEDURES
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FIG. 2. Typical RBS/NRA spectrum taken by using a 1.1-MeV
2H beam impinging on the target uséske the text for details

tion as well as the atomic ratio N/Sr in the target. This ratio
was found to be less than 3.5% at the center of the target an_
~2% at a distance of about 1 cm from it. Obviously the
target was slightly inhomogeneous along its radius. More-
over, from the analysis of the spectra we could conclude th
the target comprised of two phases, namely, &gr(NG;),
the ®Sr(OH), phases. Furthermore, the amount of the
former phase was found to be very sm@a#4%). It has to be
noted that the formation of the SrO phase is not favorablevere measured at eight angles with respect to the beam di-
due to the strong alkaline behavior of Sr. In our case, this hagection. In this way, the angular distributions of theays of
been verified not only by the analysis of the NRA spectra buinterest were determined in the energy rands,
also from the optical controls of the target after the evapora=1.4—-3.5 MeV, with a step of 100 keV. This task was re-
tion as suggested in Rgf31]. Obviously, the stoichiometry peated at each energy point with the proton beam impinging
of the target might change not only during the evaporationpn a blank Ta backing, in order to investigate possible yield
but also during the ion bombardment. Hence the results ofontributions from reactions occurring in the backing mate-
the NRA could differ from those obtained herein if the targetrial. The absolute efficiency of the setup was determined at
were analyzed in the beginning of the measurements. Thell eight angles by taking spectra from calibrated radioactive
fact however that the final amount 8%Sr in the target, ac- sources {°Co, ¥®8Ba, °%u, 2*Ra) and from the
cording to the XRF analyses, did not differ practically from 27A|( p, y)?8Si reaction at the plateau of the 992-keV reso-
that in the beginning of the measurements allows us to calnance. From the latter reaction, relative efficiency curves
culate the maximum total target thickness by varying thewere first determined using the branchings reported by Ant-
ratio of the amount of thé®Sr(NO;), to the %8Sr(OH),  tila et al. [33] for y rays up toE~12 MeV. These branch-
phase. The maximum thickness obtained this way is 408ngs agree within 5% with those reported by Eatlal.[34].
nglent, that corresponds to 44 and 28 keV at 2 and 4 MeV.The relative  efficiency curves obtained from the
respectively. This thickness is derived if the target is com-7A|( p,y)?%Si reaction were then matched to the absolute
prised of the®®Sr(NG,), phase only. Even in such an ex- efficiencies obtained with the sources.
treme case the uncertainty entering the determination of the |n the cross section measurements carried out in Athens,
corresponding effective energies is less than 0.5%. spectra were taken using one HPGe detector without any
The experimental setup used in Stuttgart for the cross se®GO shields. The target was placed at 20° with respect to the
tion measurements &,<3.5 MeV (described briefly in Ref. beam axis. The beam current wasl.3 uA and the beam
[32]) is shown in Fig. 3. It consisted of four large volume spot was~2x2 mn?. The distance between the target-
HPGe detectors, all shielded with BGO crystals for Comptorcenter and the detector-front was 12 cm. The detector was
background supression. Three of them had a relative effiplaced on a goniometric table that could rotate around the
ciency €,~100%, whereas the remaining one had target with an accuracy better than 1°. In order to measgure
~78%. The current of the proton beam was about®Q  angular distributions at each beam energgingles spectra
The target was placed at 90° to the beam axis. Its backingiere taken at six angles with respect to the beam. The target
was cooled directly with water during the whole experiment.backing was cooled with air during all measurements. As in
The beam spot had a diameter-ef mm. The detectors were the case of the measurements in Stuttgart, background spec-
placed on a rotating table at distances between 10 and 20 cira were also measured, in order to investigate possible yield
from the target. By rotating the table by 15°single spectra contributions from the backing material. Moreover, the abso-

FIG. 3. Graph of the setup used in the present work for the cross
ection measurements Bf=<3.5 MeV (Stuttgarj. An array of four
GO-shielded Ge detectofshaded areasvas placed on a motor-
driven table that was rotating by 15° in order to measy®@Engle
spectra at eight angles.
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lute efficiency of the setup used was determined at each on

of the six angles by the same procedure that was applied ir o e E
the Stuttgart runs. In both the Stuttgart and Athens experi- E, l
ments, the absolute efficiency data were checked for uncer

tainties due to coincident summing according to the proce- Q=7.07 MeV
dure described in Ref.35]. For this check, an additional k.
5’Co radioactive source was used. In both cases, this effec

was found to be negligiblé<1%). Moreover, a detailed

analysis of they spectra measured has shown that these are

not affected by coincident summing. This result was actually a)

expected since the detectors used were placed at a prop:

long dinstance from the target. p

Y

12
IIl. DATA ANALYSIS AND RESULTS Ly
h

In order to determine the cross section of the
883r(p, y) 8 reaction, the absolute yield of all thetransi-
tions feeding the ground state of the produ€®d has to be y
derived, i.e. the angular distributions of all theg&ansitions or— |3’ y
have to be measured. As shown in Figa)4 the excited 8Qr 12 By
states of the produce®’Y nucleus can be populated by
transitions deexciting higher lying discrete lev&dscondary J" Y,
yraysor cascade feedingas well as the entry statprimary
v rays or direct feeding,. (keV)

When considering the ground state, the direct feeding re- 327,52 4171
sults in the so-calledy, transition, i.e., ay ray from the I3, 48
“entry” level having an excitation energy dEx=Q+E_ . 32,57 ™ 3991
to the ground state is present in the spectra. At this point, it
has to be emphasized that one actually populates more tha
one “entry” state. At such high excitation energieBy=Q 612y _ 3139
=7.07 MeV) the level density of the produced compound e 3
nucleus is very high, i.e., the average spacings between th Gy 2881
excited levels are less than some hundreds of eV. Hence th
produced compound nuclei can be found in many excitedb
states lying in an energy windowkE, whose width depends )
on the thickness of the target usézking usually some tens
of keV at least and the beam energy spread that is much 5" 1744
smaller (typically in the order of 1-3 ke)/ Hence, they, - 1507
transition is the result of the decay of all the “entry” states
populated by the reaction to the ground state. In the follow-
ing, the direct feeding to the first excited leue] [see Fig. 92+ 909
4(a)] will be refered to as they; transition, the one to the
second excited stale, as they, transition, and so on. Here
the y rays observed in the spectra were properly assigned tc
y transitions of% according to the compilation of Firestone 1 —X¥ 0
et al.[36]. This task was carried out not only for thetran- 89Y
sitions observed irf%, but also for those that might be o .
present as the result of contaminant reactions that can occur F'C- 4. (& Simplified level diagram of th& nucleus(see the
due to the composition of the target as well as of the backindE*?- () Partial level scheme of thi€Y nucleus showing all they
material. From the analysis of the spectra it was found tha ansitions Wh'_Ch were obsgrved o pOpl.Jlat? its ground state, T.hey
the vy, transition together with 11 other secondaries are thos ere all .tak.en Into account in the determ'na.t'on of the cross section.

rays that contribute significantl{E=97%) to the absolute he excitation energiel, , as yve!l as the_splns and parities shown
Y y . 9 - P were adopted from the compilation of Firestoeteal. [36].
yield of the reaction. Thesg transitions are shown in Fig.

4(b). In the present work, the absolute yield of all thege

transitions was measured at all angles and all beam energiest. E,=2.5 MeV are shown as typical examples of the
From these yields, the relevaptangular distributionsV( ) present work. It has to be emphasized that due to the high
were determined. efficiency of the setup used, we were able to observe most of

Atypical y-single spectrum taken &,=3 MeV is shown the direct feeding transitions up to, at least, the 20th excited
in Fig. 5, whereas in Fig. 6 alV(6)’s that were determined discrete level—according to the level listing of Firestone

g.s.
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%Srip,y) E =3 MeV tions of some high energy lines with poor statistics, these
L S S B & effects yielded uncertainties up to 8%. The total cross section
10° 1 g was deduced from
g of
10° |
§ - 1§ Al (1)
0- = = 1
10 E T Naé/5
10 F where A is the atomic weight off®Sr, N, is Avogadros’s

number, and¢ is the thickness of®Sr in the target. The
resulting cross sections; given in units ofub are summa-
rized in Table I. The total errors given in Table | fof range
from 8% to 20%. Apart from the errors due to statistics, we
took into account errors of 5%, 4%, and 3% due to charge,
target thickness and efficiency measurements, respectively.
The solid angle corrections introduced an average error of
~4%. All these errors were added quadratically with the sta-
tistical errors. The latter ones arel% at beam energies
Ep,=2.5 MeV and~2% for E, ranging from~2 to 2.5 MeV.
At energies below 2 MeV, the statistical errors can vary from
2% to 5%. Hence the relative contribution of the different
sources of uncertainties to the final total error given in Table
| is on average as follows: charge measuremed®%, solid
angle effects and target thickness XRF measuremefo
each, absolute efficiency measurement$8%, and count
rate statistics=2%.

The energies given in the first column of Table | are the
effective energies in the center-of-mass system. They were

FIG. 5. Typicaly spectrum measured B}, =3 MeV with the Ge determined by using appropriate stopping pow@$], and
detector placed at 90°. The accumulated charge was 20 mC. TH¥ere subsequently transformed to the center-of-mass system.
strong secondary transitions de-populating excited states of the The corresponding astrophysicalfactors have been calcu-
8y nucleus are labeled with numbers corresponding to their eneflated by using
gies in MeV (upper and middle pantsThe strongest primary
transitions are shown in the Ipyver part. The _firs_t escape peaks of the S(E)= or(E)E€*™7, )

Yo:» Y1, Y2, Y3, andy, transitions are also indicated.

where 7 is the Sommerfeld parameter an€(E) is the total
et al. [36]—of the produced?®Y nucleus. These primary  Cross section at the center-of-mass endig¥he results are
rays are shown in the lower part of Fig. 5. They are labeledncluded in Table I.
asvyg, Y1, Y2, Y3, and soon. It has to be noted that the total
cross section could also be obtained from the intensities of IV. DISCUSSION
the primary transitions alone. In this analysis, we chose not ) ) )
to apply this method so as not only to avoid errors due to the Nuclear reactions occuring at energies up to several MeV
proton decay of unbound states after compound nucleus fo€ known to proceed through the formation and decay of a
mation but also to avoid systematic errors arising from uncompound nucleus system. After reaching equilibrium the
certainties in the level schemes often encountered at highompound system eventually decays to various states inde-
excitation energies. In the latter cases, the primaries deexcipendent of the entrance channel. The probability of decay
ing the entry state can be many more than the ones Seean}l;o one o_f th_e decay channels is described by the HF theory
the detector. This can potentially be a very serious problerh®]: and is given by
since many of these primary rays are very weak and can
have, in addition, high energy, which makes their detection 1 NKETNG
by a Ge detector with poor efficiency rather difficult. For Top= w}(fl—z (23+1) = 'i, 3
these reasons we used, apart from {hetransition, the an- (2I+1)(2i+1) 5 !
gular distributions of the secondagytransitions feeding the
ground state. The analysis of the angular distributions gaverhere @ and 8 denote the entrance and decay channels, re-
for eachvy transition the corresponding “absolut&, coef-  spectively,| andi are the target and projectile spins, respec-
ficient. The influence of solid angle effects were investigatedively, and Tﬂjf are the transmission coefficients summed
according to the procedure described in R&7] and the over all orbital and channel spins to give the total transmis-
resulting uncertainties in th&, coefficients were found to be sion coefficient for the formation of the compound nucleus in
of the order of 4%. In the analysis of the angular distribu-the statel”. When the compound nucleus is excited to states

a’ b
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in the continuum the transmission coefficients in R).are A. S factors

replaced by averaged transmission coefficients obtained from

. e . In this section we compare thé& factors of the
an integral over a specified level density. The theoretial 883r(p, v)®%Y reaction obtained in the present measurements
factors are then obtained by inserting the cross sections of ’

Eq. (3) into Eq.(2) of the Sec. I with the ones derived from the HF cross sections calculated
Compound nucleus emission depends primarily on thé)y the statistical model codeosT [38]. This code includes

transmission coefficients and the nuclear level densities of | available experimental information on nuclear masses,
the residual nuclei. The transmission coefficients for particll€formation, and spectra of low-lying states. Different pa-
emission are calculated from the appropriate optical modgi2Metrizations can be used in principle, for the giant dipole
potentials. The photon transmission function is calculated ass{réngth functions, the nucleon and alpha-particle OMPs, as
suming the dominance of dipole transitions and the electricell as for NLDs leading to different cross section predic-
and magnetic-dipole transition strength functions are usuallyions. In our approach, we use nuclear masses from the ex-
described by a Lorentz-type function where the energies angerimental compilation of Audi and Wapstf89] and the
widths are determined by experimental data or by appropriground-state propertie@natter density, single-particle level
ate parametrizations. The nuclear level densities can be dschemg predicted from the microscopic Hartree-Fock-BCS
rived from phenomenological models or from microscopic(HFBCS model [40]. The NLDs are derived from micro-
calculations taking into account the discrete structure of thecopic statistical calculatiorigt1,42 based on the resulting
single-particle spectra associated with realistic effective poHartree-Fock-BCS level schem@O]. The global alpha-
tentials. The latter treat shell, pairing, and deformation efnucleus OMP of Grama and Gorie[@3] and the y-ray
fects consistently, whereas in the former they are consideregtrength functions given by Lorentz-type functions according
by means of empirical corrections. to Refs.[44,45], respectively, are implemented. In thél
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TABLE |. Total cross sectionst and astrophysicab factorsS 0 ——m————r—————1—

measured in the present work. [ $°- y

P + ) Sgsr(p,,y)89Y 1
E o S N
(MeV) (ME) (10° MeV b) e S 2) ]
1.379 0.66-0.13 528-104
1.479 0.9%*0.14 26240
1.580 2.2:0.3 25134
1.680 3.2:0.4 159+ 20
1.780 8.30.9 192+21
1.880 15.61.7 180Gt 21
1.982 16.%21.8 106t 11
2.080 485 161+17
2.180 60-6 11612
2.280 136-13 15715
2.380 15815 113+11
2.480 16816 767
2.561 206-19 66+ 6
2.581 198-18 595
2.680 36533 73:7 N
2.780 41338 575 35 4.0 45 5.0
2.880 52751 51+5 E_ (MeV)
2.957 613-56 45+4
2.980 667 61 46+ 4 FIG. 7. Sfactors of the®Sr(p, y)%%Y reaction measured in the
3.081 1026:91 51+5 present work(solid circle3 compared with the predictions of the
3.180 103@93 38+3 statistical model cod®osT using different nucleon-nucleus optical
3281 128@-117 35+ 3 model potentialgsee the text The solid line is obtained with the
3.354 1326 124 30+ 3 NLD of Ref. [42] (?nd thehnucleﬁn OMP of R$[47I]. The enﬁrgy

region corresponding to the stellar temperatdreslevant to thep

2233 ;ggi ig? zig process ranges from 1.39 to 4.13 MeV.
3.552 1770168 24+ 2 factors within the range of two standard deviations of the
3.750 2186-198 182 experimental data, thus they can be considered as suitable for
3.948 2936231 161 calculations ofS factors at low energies. On the other hand,
4.146 363@ 298 131 the OMP of Ref[49] leads to an overproduction of the data
4.344 4660 382 12+ 1 at higher energies that extends beyond two standard devia-
4.541 4216-333 7306 tions, while the OMP of Ref[50] fails completely at all
4.739 4316336 5405 energies. This is not surprising given that the
4.937 2696: 222 2 5-0.2 OMP of Ref. [50] was determined from analyses of

phase-shifts at much higher energjialso shown in the case
of %Nb(p,y)%Mo [27]].
case, the energies and widths are obtained from the latest As a result of this comparison, the OMPs of Réf9,50
recommendations of46]. Four different nucleon-nucleus shall not be considered in the analysis hereforth, while the
OMPs, namely, those of Jeukenreal. [47], Baugeet al.  other two shall be treated as indistinguishable within the
[48], Koning and Delaroch@49], and Becchetti and Green- range of uncertainty depicted by the area formed by the cor-
less[50] are used. The first two are based on microscopiagesponding curves—solid and dashed—in Fig. 7. The result-
infinite nuclear matter calculations applied with the localing range of uncertainty is shown in Fig. 8 by the shaded
density approximation, while the last two are purely phe-region.
nomenological. At the energies measured in this work theemission
The results are compared with the experimental data ichannel is by far the dominant one, with the proton and
Fig. 7. TheSfactors obtained with the OMPs of Ref€l7] neutron emission ones becoming important only at energies
(solid line) and [48] (dashed ling are in good agreement above 4.4 MeV. Consequently, the HF cross section de-
with the experimental data, while those of Rdi49] (dot-  scribed by formula3) will depend mainly on the transmis-
dashed ling and[50] (short-dashed linelead to deviations sion coefficients of the incident proton &=4.4 MeV,
from the data. The OMP of Ref47] combined with the whereas aE=4.4 MeV the neutron OMP and the NLDs of
NLD of Ref. [42] seems to give the best description of thethe residual nuclei will also play a crucial role.
data over the whole energy range, whereas small discrepan- In order to obtain an estimate of the sensitivity of the HF
cies are observed at lower energies when the OMP of Retalculations to the NLD formula, especially in the above-
[48] is used. Nevertheless, both OMfRefs.[47,48)) give S mentioned energy range, téSr(p,y) S factors have been
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WE s ] To conclude, the combination of the NLD of R¢#2] or
[~ Sgsr(p y)89Y ] [53] with the OMP of Ref[47] gives the best reproduction
AP ’ ] of the experimental data over the whole energy range con-

sidered; therefore it can be treated as a recommended set of
parameters for th&Sr(p, »)®% cross sections, and the re-
sulting S factors as the recommend@&ifactors for use in
astrophysical applications, hereforth. The shaded region in
Fig. 8 can, accordingly, be assumed as the range of uncer-
D] tainty of the above recommended values.

=y
3
>
é I PP S I B AR From Figs. 7 and 8, it is obvious that ti&factors of the
N
=
s
s
w2

N=50 nucleus®Sr are in very good agreement with the
theoretical predictions, in contrast with the results of Ref.
[28] for 8Sr and®’Sr. Thus the trend observed in RE28],
whereby the discrepancies between theory and experiment
increased with increasing value Wf(approaching shell clo-
sure atN=>50), is not confirmed by the present analysis. In
fact, from all the results on proton capture by the strontium
isotopes, reported in Ref28] and herein, one cannot infer
any systematic behavior along the isotopic chain. The analy-
sis performed with the same set of HF input parameters, i.e.,

[o)}

N W A W

1) S A T B .. NLDs of Ref.[42] and OMPs of Ref[47], shows agreement
35 4.0 4.5 5.0 for the isotope$“Sr and®sr, and disagreement f8fSr and
E (MeV) 87Sr. At this point, it is only fair to say that, just as in the

case of ®Sr(p,y) (see Fig. 8 the HF calculations for
86.87Sr(p,y) are expected to be affected by large uncertain-
ties due to the lack of experimental information on NLDs
and OMPs at the energies of interest. Therefore, the discrep-
ancies observed fdt®®’Sr(p,y) could be accounted for by
reflects the range of uncertainties in the HF calculations due to thgncertalntles in the theoretical pr.edllctlon.s. Although it 1S not
optical potentials. Also included are the predictions of Rauscher anéfet clear Whe,ther these uncer,ta'm'es ar'se,from the incom-
Thielemanr{54] (dashed ling plete desc_:r_lptlon of sheII,_ pairing, deformation or other ef-
fects, additional systematic studies @, {) and (p,n) reac-

. ] tions, combined with studies of NLDs and OMPs could

the back-shifted Fermi gas model NLDs of Gorigbi| and
of Thielemannet al. [52], and the semimicroscopic ones of
Goriely [53] obtained with the extended Thomas-Fermi

FIG. 8. Sfactors of the®®Sr(p, y)®Y reaction measured in the
present work(solid circle3 compared with the predictions of the
statistical model codelosT using different nuclear level densities
(see the tejt As in Fig. 7, the solid line is obtained with the NLD
of Ref. [42] and the nucleon OMP of Ref47]. The shaded area

B. Reaction rates

P-process nucleosynthesis is assumed to take place in
étellar environments where temperatures betweerx 108
and 3.3<10° K are maintained for about 1 s. In the case of
| the 88Sr(p, v)®Y reaction these temperature limits corre-
while those of Refs[51] (short-dashed lineand[52] (dot- §pond to beam energies in th_e Gamow energy window rang-
dashed ling overpredict the data at energies above.3 ing from 1.39 to 4.2 MeV. This region was completely cov-
MeV. In fact, the discrepancies observed with the.latterered by th_e present measurements. Therefore, the reaction
NLDs at these higher levels extend well beyond the range O?ates for different temperatures were obtained by
two standard deviations of the experimental data. In other 8 \¥2 N, [= E
words, overall the uncertainties arising from the NLDs turn <Uv)=<—) Wﬁf a(E)E exp( - ﬁ)dE, (4)
out to be larger than those from the OMPs. TH 0

In Fig. 8 theS factors are also compared with the global
predictions(dashed ling of Rauscher and Thielemanig4], = where o(E) are the cross sections determined experimen-
based on th&lON-SMOKER code calculations using the OMP tally, kT is the thermal energ¥ is the center-of-mass energy,
of Jeukenneet al. [47], the ground-state properties from the andN, is Avogadro’s number.
finite range droplet moddl55] when not available experi- The results for the laboratory reaction rates obtained with
mentally, and the NLDs from the back-shifted Fermi gasthe recommendedOsST cross sections are compared with the
model [56]. An overprediction of the data is observed atexperimental ones in Fig. 9. A very good agreement between
energies above-2.3 MeV similar to that obtained witilosT  theory and experiment is observed just as in Figs. 7 and 8.
when using the NLDs of Refl51]. This is not surprising The uncertainties in the calculations of the laboratory reac-
since both NLDs are based on the back-shifted Fermi gagon rates, arising from the uncertainties in the corresponding
model. cross sections, are shown by the shaded area.

NLDs of Refs.[42] (solid line) and [53] (dot-dot-dashed
line) lead to similarS factors that describe the data wel
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10° factors were compared with theoretical calculations using

different input data.

Of all the sets of NLDs and OMPs used in the HF calcu-
lations performed with the codeosT, the NLDs of Dem-
etriou and Gorielyf42] and Goriely[53] combined with the
nucleon OMP of Jeukennet al. [47] give the best descrip-
tion of the experimentab factors over the whole energy
range. The OMP of Bauget al.[48] is almost as successful
as the OMP of Ref[47], apart from some deviations at the
lower energies, while those of Koning and Delaro¢ke]
and Becchetti and Greenlefgs0] fail to reproduce the data.
Large discrepancies between theory and experiment are ob-
served at energies above 2.3 MeV with the NLDs of Goriely
[51] and Thielemanret al. [52].

In view of these findings one could conclude that, $he
factors, and rates of th#Sr(p,y)8% reaction can be well
reproduced within the uncertainty range outlined by the
shaded region in Figs. 8 and 9. The recommended input data
for the HF calculations are one of the two NLDs: Demetriou
and Goriely[42] and Goriely[53] together with one of the
10° L L : following two nucleon OMPs: Jeukennet al. [47] and

2.0 25 3.0
T (10919 Baugeet al. [48]. . ' .
Further cross-section measurementsmfy) reactions in

FIG. 9. Rates of thé®Sr(p,y)%Y reaction vs temperature de- the Gamow energy window, as well as at energies where
termined in the present wortsolid circles compared with those many reaction Chann,els com_pete, will Cont”t?‘“e_ consider-
predicted byvosT with the NLD of Ref.[42] and the nucleon oMp @by to the systematics required for a globalization of the
of Ref. [47] (solid line). The shaded area is the same as in Fig. 8. huclear input parameters of the HF calculations.

s,

-1 3 -1
N,<ouv> (mol “em’s™)

-
<
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