PHYSICAL REVIEW C 68, 055803(2003

Proton induced reaction cross section measurements on Se isotopes for the astrophysjalrocess

Gy. Gyurky; Zs. Fiilép, and E. Somorjai
Institute of Nuclear Research (ATOMKI), H-4001 Debrecen, Hungary

M. Kokkoris, S. Galanopoulos, P. Demetriou, and S. Harissopulos
Institute of Nuclear Physics, NCSR “Demokritos,” 153.10 Aghia Paraskevi, Athens, Greece

T. Rauscher
Departement fiir Physik und Astronomie, Universitat Basel, Basel, Switzerland

S. Goriely
Institut d’ Astronomie et d’ Astrophysique, Université Libre de Bruxelles, Brussels, Belgium
(Received 12 June 2003; published 21 November 2003

As a continuation of a systematic study of reactions relevant to the astrophygicaiess, the cross sections
of the "*7%¢p, y) ">"Br and®?Sep, n) 82Br reactions have been measured at energies from 1.3 to 3.6 MeV
using an activation technique. The results are compared to the predictions of Hauser-Feshbach statistical model
calculations using th&ion-sMOKER and MOST codes. The sensitivity of the calculations to variations in the
optical proton potential and the nuclear level density was studied. Good agreement between theoretical and
experimental reaction rates was found for the reactié8s(p, y) "Br and 82Se(p, n) 8%Br.
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I. INTRODUCTION tions are inputs to this network, therefore their knowledge is
Details of the nature of the astrophysigaprocess(1,2] essential forp process calculations. While there are compi-

: . ; lations of neutron capture data along the line of stability,
producing the rare, proton-rich, stable isotopes of element . ! .
- ; . ere are still very few charged-particle cross sections deter-
beyond Ni still remain elusive. It has been shown that such

proton-rich isotopes can be produced by photodisintegrationg“neq experimentally9-17, despite big expenmental .ef-
: ; : . orts in recent years. Thus, the process rates involving
in massive star§3,4], involving (v, n), (y, p), and (v, a) re-

actions at stellar temperatures exceeding K.ODepending charged pr01e9t|les are stil bgsed ma'?"y dargely un-
o : . tested theoretical cross sections obtained from Hauser-
on intricate details of the stellar structure and evolutipn,

nuclides are mostly produced in the final explosion of a mas!:eShbaCh statistical model calculations.
yp P The aim of our systematic study is to contribute to the

sive star(M>8Mg) as a core-collapse supernova or in pre- . . .
explosive oxygen burning episodé3,4]. Despite the fact existing dgtabase of measured cross sectlon_s re_:l_evant to the
T astrophysicalp process, and to check the reliability of the

that p nuclei can be produced consistently with solar ratios . _."". . .
. - . _statistical model calculations over an extensive set of nu-
over a wide range of nuclei in such scenarios, there remain

deficiencies in a few regions, for mass numb&rs124 and clides. This way Fhe uncertainties in tpeprogess abundance
168<A=200. The problem is especially pronounced in thecalc.ulatlons arising from nuclear physics input can be con-
Mo-Ru region where the isotopes are strongly underpro- stramed._
duced. This fact motivates the search for alternative or addi;, In th|§5 paper we 77present82 measursgments of the
tional ways to produce these nuclides. Proton capture and>&P: ») “Br, Sep, y) "'Br, and*Se(p, y) “Br reactions
photodisintegration processes in exploding carbon-oxygeH! the astrophysically relevant energy range using an activa-
white dwarfs have been suggested as a solf&, or ther- tion technique. The two proton capture reactions and their
monuclear explosions in the proton-rich layer accreted on théverses are directly playing a role in the synthesis‘,
surface of a neutron star in a binary system with mass flowvhereas thép, n) reaction can be used as a further test of
from the main-sequence companion dfa8]. statistical model calculations. The choice of these reactions
Common to all approaches is the fact that the modelings further elaborated in Sec. Il and the experimental method
requires a large network of hundreds of nuclear reactionss described in Sec. lll. The resulting cross sections and as-
involving stable nuclei as well as unstable, proton-rich nu-trophysicalS factors(given in Sec. I\j are compared with
clides. It is well known thaty, @) reactions are important at results obtained with the two Hauser-Feshbach statistical
higher masses, whereég p) or proton capture is important model codesiON-SMOKER [18—2Q andmosT [21] in Sec. V.
for the production of the less massipenuclei. The relevant  Both codes are based on the statistical theory of Hauser and
astrophysical reaction rates calculated from the cross Segeshbacti22] but use different models for the nuclear ingre-
dients of the calculations. By using both codes we are able to
investigate the effects of a broader range of nuclear level
*Electronic address: gyurky@atomki.hu densities and optical model potentials. The astrophysical re-
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clides with the decay of the reaction products.
1 \[3* 1 \@*J \@* The stable isotopes are represented by bold
) L@\ Ny NP @)  P.aN\@Y squares.
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action rates derived from our new experimental data arecattering spectroscopfRBS) spectrum(RBS was used to
given in the concluding Sec. VI. monitor the target stability, see belpw

The target thickness was measured with the proton in-
duced x-ray emissio(PIXE) technique at the PIXE setup of
the ATOMKI [26]. According to PIXE results, the target

The element Se has six stable isotopes with mass numbeickness was ranging from 200 to 7@@/cnt, correspond-
A=74, 76, 77, 78, 80, and 82 having isotopic abundances dhd to a proton energy loss of 10 ket 3.6 MeV) to
0.89%, 9.36%, 7.63%, 23.78%, 49.61%, and 8.73%, ref0 keV (at 1.3 MeV), respectively. The thicker targets
spectively. Proton capture reactions on these isotopes lead 800—700ug/cn?) were used at the lower part of the bom-
Br isotopes among whicFPBr and®!Br are stable. Therefore barding energy range, where the low cross section results in
the cross sections of tH&8%S¢(p, y) 7981Br reactions cannot  very low inducedy activity. The proton energy loss has been
be measured using an activation technique. The half life ofalculated with thesrim code[27].
8By, i.e., the reaction product 6fSep, y) "®Br, is too short
(T1/,=6.49 min for our experimental methogdsee experi-
mental details Thus the aim of the measurement was to o )
determine the proton capture cross section of three reactions; The activations were carried out at the 5-MV Van de
74768%5¢(p, y) 57788y, However, in the case of’Se the Graaff .accelerator of the ATOMKI by irradiating the Se tar-
(p,n) channel opens already Bf,=891 keV and, therefore, 9&ts with a proton beam. The energy range frigr1.3 to
competes strongly with thép, y) reaction in the whole en- 3:6 MeV was covered with 100-300-keV steps. The sche-
ergy range investigated in the present work. Moreover, thénatic view of the target chamber can be seen in Fig. 2. After
strongesty transition following theg decay of83Br has a  the last beam defining aperture the whole chamber served as
very low relative intensityonly 1.2% of the decays lead to & Faraday cup to collect the accumulated charge. A second-
the emission of this 529.6-ke ray). The latter two facts ary electron suppression voltage of 300 V was applied at
made it impossible to observe the decay#r and to mea- the entrance of the chamber. Each irradiation lasted about
sure the 82Sgp,y) 8Br cross section. However, the 10 h with a beam current of typically 5-30A. Thus, the
823¢(p, n) 82Br cross section could be determined. collected charge varied between 180 and 360 mC. The cur-

In summary, the cross sections of three reactions haveent was kept as stable as possible but to follpw the.changes
been measured®7Sep, y) 757Br and 8Sep, n) 82Br. The the current integrator counts were recorded in multichannel
astrophysica”y relevant energy rangéamow Window for Sca“ng mOde, Ste_pplng the Channel N eVery minute. Th|S
these reactions in the temperature range frdm1.8 recorded current integrator spectrum was then used for the
X 10° K to 3.3X10° K spans from 1.25 to 3.87 MeV. This
energy region was covered by the experiment. The relevant TABLE |. Decay parameters of the Br product nuclei taken from
part of the chart of nuclides can be seen in Fig. 1 where théterature.
proton induced reactions and the decay of the reaction prod=

II. INVESTIGATED REACTIONS

B. Activation

ucts can also be seen. The decay parameters used for tReoduct Half-life Y Relative  Reference
analysis are summarized in Table I. nucleus (h) energy  intensity
(keV) per
decay
Ill. EXPERIMENTAL PROCEDURE (%)
A. Target properties 5By 1.612+0.002  286.6 8.845 (23]
The targets were made by evaporating metallic Se with 141.3 6.6+0.5
natural isotopic abundance onto a thick Al backing. Natural/Br 57.036+0.006  239.0 23.1¥0.5  [24]
targets have the advantage that the three investigated reac- 520.6 22.4+0.6
tions can be studied simultaneously in a single activation 297.2  4.16+0.21
procedure. Aluminum is ideal as backing material because népgyr 35.3+0.02 776.5 83.5+0.8 [25]
long-lived activity is produced during its bombardment with 554.3 70.8+0.7
protons in the investigated energy range. Moreover, Al can 619.1  43.4+0.4

easily be distinguished from Se in the Rutherford back

055803-2



PROTON INDUCED REACTION CROSS SECTION PHYSICAL REVIEW C 68, 055803(2003

10000

77
Br
l gr 82y

DIAPHRAGM ELECTRON

CURRENT SUPPRESSION -300V COOLING 1000 1

TARGET 100

PROTON -
BEAM

RBS s _:U
DETECTOR /’

number of counts

CURRENT
INTEGRATION

multichannel- 0 200 400 600 800 1000
INSULATOR pulse height scaling mode E, [keV]
PREAMP/ | analysis mode
AMP ACQUISITION . . . — .
FIG. 3. Activation y spectrum after irradiating a target with

2.5 MeV protons. They lines used for the analysis are indicated by
arrows. The not labeled peaks are either from laboratory back-
analysis solving the differential equation of the populationground or beam-induced background on impurities in the target and
and decay of the reaction products numericdbge Egs. backing ory lines from Se reaction products which were not
(5)—10) in Ref. [10]]. used for the analysis.

A surface barrier detector was built into the chamber at o o
©=150° relative to the beam direction to detect the backscat- 1aKing into account the detector efficiency and the rela-
tered protons and to monitor the target stability this way. ThéiVe intensity of the emittedy rays, coincidence summing
RBS spectra were taken continuously and stored regularl?ﬁeCtS were for all three reactions below 1% and were ne-
during the irradiation. In those cases when target deterioradlected.
tion was found, the irradiation was repeated with another
target. Final cross section results were derived only from IV. EXPERIMENTAL RESULTS
those measurements where no noticeable target deterioration
was found, i.e., the growth of the Se peak area in the RB
spectrum was uniform with collected charge within the sta
tistical uncertaintybelow 1%.

FIG. 2. Schematic view of the target chamber.

Tables II-IV summarize the experimental results for the
Three studied reactions. The quoted errors of the center-of-
mass(c.m. energies given in the first column correspond to
The beam was wobbled across the last diaphragm to haéﬁ? energy loss in the targets calculated with ?‘.’h&" code.

e error in the cross sectiqi® factor) values is the qua-

a uniformly irradiated spot of diameter of 8 mm on the tar_dratic sum of the following partial errors: efficiency of the
t. The t t ki irectl t I ith :
ge e target backing was directly water cooled wi anHPGe detectof~7%), number of target atoms-6%y), cur-

isolated water circulating system. X
g sy rent measuremer{8%), uncertainty of the level parameters

Between the irradiation ang counting, a waiting time of S 0 . -
30 min was inserted in order to let the disturbing short-lived];OS%;')d in literature(<6%), and counting statistic¢.1 to
0).

activities decay.

TABLE II. Experimental cross section an8 factor of the

C. Detection of inducedy radiation 74Sg(p, 7) TSBr reaction

The y radiation following theB decay of the produced Br

isotopes was measured with a HPGe detector of 40% relative Ecm. Cross section S factor
efficiency. The target was mounted in a holder at a distance (keV) (ub) (10° MeV b)
of 10 cm from the end of the detector cap. The whole system
was shielded by 10-cm-thick lead against laboratory back- 1455227 3.6+0.7 56+lL1
ground. 1569+12 10.8+1.9 6.6+x1.2
The y spectra were taken for at least 12 h and stored 1698%22 20.8+3.2 6.4£1.0
regularly in order to follow the decay of the different reac- ~ 1766%12 41.7£6.7 6.1+1.0
tion products. 1858+20 60.7£9.0 5.0+0.8
The absolute efficiency of the detector was measured with ~ 1954£22 94.0£14 4.4x0.7
calibrated*®*Ba, 6°Co, and'®%u sources in the same geom- 2057+18 119+18 3.2£0.5
etry used for the measurement. Effect of the finite sample 2159+14 191+28 3.1£0.5
size(beam spot of 8 mm in diamedavas measured by mov- 2310+11 366+55 3.0+0.5
ing the pointlike calibration sources over this surface and  2456+13 467+69 2.1+0.3
measuring the difference in efficiency. This was then in-  2752+13 1039+154 1.6+0.2
cluded in the 7% error of detector efficiency. 3049+12 1561+231 0.98+0.15
Figure 3 shows an offline spectrum taken after irradia- 3348+8 1888+282 0.54+0.08
tion with 2.5-MeV protons in the first 1-h counting interval. 3547+6 2066+483 0.53+0.09

The v lines used for the analysis are indicated by arrows.
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TABLE Ill. Experimental cross section an8 factor of the
763¢p, 7) "'Br reaction. Note that above 2.148-MeV c.m. energy
the 7/Se(p, n) "’Br reaction has a contribution to the quoted experi-
mental values. See text for details.

Ecm. Cross section S factor

(keV) (ub) (10° MeV b)
145627 9.5+0.8 14.8+1.3
1569+12 10.4+0.9 6.3+0.6
1658+22 21.8+2.2 6.8+£0.7
1767+12 59.6+6.2 8.8+0.9
1859+20 53.8+5.3 4.4+0.4
1954+22 93.1+£9.2 4.4+0.4
2058+18 147+14 4.0£0.4
2160+14 207+20 3.4+0.3
2311+11 796+78 6.5+0.7
245713 1182+116 5.3x0.5
275313 3200+312 4.9+£0.5
3050+12 6467+631 4.0£0.4
3349+8 11529+1143 3.3+0.3
3548+6 17252+2044 3.1+0.4

At E,=2.176-MeV proton bombarding energy the
'Sg(p, n) "’Br reaction channel opens, having the same final
nucleus ag®Sep, y) 7'Br. Thus, above this energy these two
reactions cannot be distinguished with the activation tech-
nigue using targets with natural isotopic abundance. The
measured cross section aBdactor values above the thresh-
old are actually the weighted sum of the two cross sections:

S factor [106 MeV b]

S factor [10% MeV b)
(-]

»

12
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®

expériment —t—
standard NON-SMOKER ——
standard MOST --------

Oexp=011+0.820,, whereo, and o, are the cross sections of
6se(p, y) "Br and "'Se(p,n) "'Br, respectively, and 0.82
stands for the isotopic ratio dfSe and’®Se: 7.63%/9.36%. o

V. COMPARISON WITH PREDICTIONS

In Figs. 4-6 we show the comparison of the experimental = 3}
data with theoretical results. At first, we discuss the standarcg er], | T

TABLE IV. Experimental cross section anfl factor of the

825¢p, n) 82Br reaction

experiment ——

8 MeV b)

S factor

Ecm. Cross section S factor 2l

(keV) (ub) (10° MeV b)
1258+31 0.75+0.14 8.2+1.5 $400 1800 200 2600 3000 2400 2800
1457427 3.6+0.3 5.6+0.5 Ee.m. eV
1571+£12 11.8+1.2 7.2£0.7 FIG. 4. Experimenta$ factor of the reactiof*Se(p, y) ®Br and
1660£22 17.6+1.7 5.5+0.5 statistical model calculations. The standard predictionsvo$t
1768+12 44.1+4.3 6.5+0.6 (INP-1) and NON-sMOKER (INP-5) are compared to the dai@).
1860+20 79.8+7.6 6.6+0.6 Below, the effect of varying the nuclear level density with fixed
1956422 137+13 6.5+0.6 proton optical potential30] is shown(b), as well as the effect of
2060+18 219+21 5.9+0.6 varying the optical potentidk). In part(c), the curves labeled from
2162+14 367+35 6.0+0.6 INP-1 to INP-3 include the level density of RdR9], while the
2313+11 742471 6.1+0.6 ones Iabelec_j INP-5-INP-8 include that of Rg¥1]. See Table V for
2459+13 1142+109 51405 an explanation of the labels.
2755+13 3330+317 5.1+0.5
3052+12 67781647 4.2+0.4 predictions of the Hauser-Feshbach codessT and NON-
3352+8 12448+1208 3.6+0.4 SMOKER, shown in Figs. @), 5a), and Ga). Two different
3552+6 19329+2257 3.5+0.4 combinations of nuclear level densiti@sLD) and optical

potentials(OMP) are used by each code, the OMP of Ref.
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FIG. 5. ExperimentaBfactor of the reactior®Sep, y) "’Br and FIG. 6. Experimenta$ factor of the reactio§Sg(p, n) 82Br and

the statistical model calculations. The standard predictiomgosfr the statistical model calculations. The standard predictiomsosfr

(INP-1) and NON-sMOKER (INP-5) are compared to the daia). (INP-1) and NON-sMOKER (INP-5) are compared to the dai@).

Below, the effect of varying the nuclear level density with fixed Below, the effect of varying the nuclear level density with fixed
proton optical potential30] is shown(b), as well as the effect of proton optical potentiaJ30] is shown(b), as well as the effect of
varying the optical potentigk). In part(c), the curves labeled from varying the optical potentidk). In part(c), the curves labeled from
INP-1 to INP-3 include the level density of RgR9], while the INP-1 to INP-3 include the level density of R4R9], while the
ones labeled INP-5-INP-8 include that of REf1]. See Table V for  ones labeled INP-5-INP-8 include that of RgF1]. See Table V for
an explanation of the labels. an explanation of the labels.

[28] with the NLD of Ref.[29] in mOsT, and the OMP of cally higher(by a factor of 3 than the latter at all studied

Ref. [30] with the NLD of Ref.[31] in NON-SMOKER From  energies. Concerning the energy dependence, a decrease at
the figures it is apparent that for the Se isotopes studietbw energy is seen fdt°Se(p, n) 82Br which seems not to be
herein, the results of the former combination are systematipresent in the data. The predictions of the latter input com-
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TABLE V. Overview of the inputs in the Hauster-Feshbach calculations.

Label Level density Optical potential
INP-12P Demetriou and Goriely29] Baugeet al. [28]
INP-2 Demetriou and Goriely29] Jeukenneet al. [30]
INP-3 Demetriou and Goriely29] Koning [32]
INP-4° Thielemannet al. [33] Jeukenneet al. [30]
INP-5>¢ Rauscheet al. [31] Jeukenneet al. [30]
INP-6° Rauscheet al. [31] Equivalent square we[i34]
INP-7° Rauscheet al. [31] Becchetti and Greenleg85]
INP-&° Rauscheet al. [31] Perey[36]

INP-9° Holmeset al. [34] Jeukenneet al. [30]
INP-10° Thielemannet al. [33] Jeukenneet al. [30]

Calculated withmOST.

bSee Ref[41].

“Calculated withNON-SMOKER

dStandard prediction as published in Rdfs9,20Q; see Ref[42].

bination are in very good agreement with the data for ener- A. "'Sep, y) "Br

gies larger than 1.7 MeV iffSe(p, y) "Br, but cannot repro- The comparison of the results for different NLDs and

duce the ol_aserved energy (_jependence at smaller energigfvips is shown in Figs. ) and 4c). The labels are ex-

;'Ghey are7§1|gher than experiment by factors of 1.25-2 f0r|qineq in Table V. It should be noted that INP-1 and INP-5
Sep, ) “’Br above 1.8 MeV and cannot reproduce the eX-5y6 the default predictions also shown in Figa)4Moreover,

perimental variation in thé& factor at lower energies. They |\p_4 and INP-10 both use the same level denaity opti-

?Zre abIe82 to reproduce the data very well for the.y potential. The remaining difference between them has to
Sep,n) *“Br reaction above 1.7 MeV. Again, the features g ayributed to further differences in other nuclear inputs

in the experimental factors below that energy cannot be (g ch as the photon widtbecause the basic approach is the
reproduced. However, the deviations do not exceed a factQl; e in both calculations. One has to keep in mind this ad-

of 1.5. As will become evident in Sec. VI, these deviations alyjtional small difference when comparing results obtained
the lower end of the measured energy range do not contribute, 1, the two codegresults from INP-1 to INP-4 and from
significantly to the astrophysical reaction rate for the tem-\p_5 to INP-10 respectively

peratures given there. As can be seen from the figure, the dependence on the

In summary, contrary to some previous measurements qhyp js much stronger than the sensitivity to the NLD, es-
(P, ) reactions(see, e.g., Ref.15)), the standard predictions eially at the lower end of the studied energy range. All of

using the nuclear inputs of Reff30,3] are in good agree- the calculations with the same OMP but different NLDs

ment with the present experimental d{;\fta and most of ﬁth%how a similar energy dependence whereas a change in the
proton capture datpt0]. Even more so, if one considers that o ntia| not only leads to different absolute values but also

:Bﬁe(éatlgﬂlﬁgosgi cL:fSE r?llj(é?;lir?\%ﬂggteggrvgnfﬁ g?g?)ar:(?arlcr:ﬁtb different excitation functions. At the low energies studied
lations, a 30% deviation averaged over all nuclei is not un_here, with no other open channels tfigmy), the cross sec-

usual, similarly to what was found for neutron capt{®&]. ]E!O.n depekr:ds only onhthe incident protc:n transmlsglqn Coﬁf'
Locally, larger errors are possible, of course. Within this icients, t € NLD in the compou_nd nucieus determlr_ung the
range of uncertainty the predictions agree very well, espephOton widths, 'and the NLD in the target entering the
cially regarding the astrophysical rates as given in Sec. VIcCOmpound-elastic proton channel. The effect of the NLD in
However, as can already be seen from the comparison of iHbe IaFter channel_ls small, as_transmon_s Wl_th higher proton
standard predictions, the results are sensitive to the nucle§fergies to low-lying states will be dominating and because
inputs] even though the reaction mechanism, and thus tH@ese states are eXperImentally and eXp|ICIt|y included in the
reaction model to be applied, is unambiguous. Therefore, t6alculation. From Fig. &) it is evident that none of the
better understand the contributions of different model input$MPs are able to reproduce the data at low energies, except
it is necessary to disentangle the effects of mainly the NLDfor the ones of Ref[32] (INP-3) and Ref.[34] (INP-6). The

and the OMP. This will also help to constrain future, im- equivalent square-well potential of RgfB4] and the phe-
proved parametrizations of these nuclear properties. For thisomenological OMP of Ref{32] are able to give the most
purpose, additional calculations were performed using botlsatisfactory overall description of the data. The latter phe-
codes and varying the NLD and OMP models. The combi-nomenological potential has been obtained for energies from
nation of NLDs and OMPs used in each calculation are sumi keV up to 200 MeV, using a unique, flat functional form
marized in Table V. In the following sections, we discussfor the energy dependence. This may be the reason why it
each reaction separately. gives a relatively flatter variation with energy compared to
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the other OMPs. What is somewhat surprising is the good TABLE VI. Experimental reaction rates computed from t8e
agreement obtained with the simple equivalent square-weffctor of the’*Se(p, y) "Br reaction and comparison to predicted

potential. values.
The OMPs with the largest deviation are the ones of Ref:
[35] (INP-7) and Ref.[28] (INP-1). The former OMP has To Experimental rate Predictiof20]
been derived for energies above 20 MeV, so it is not surpris- (10° K) (cm®s™t mol™) (cm® s™t mol™)
ing that it fails. The latter is based on microscopic nuclear , 4 2 720 104+5.301 3.75¢ 10
matter calculations to start with, but has been subsequently , o, 2 177 10P+3.978x 10 2 55X 10
readjusted to reproduce an extensive database of reaction ob- 3.00 9 454¢ 10P+1 663 102 1.02% 168
_ser\_/ables. fl:_oyveverr,] the relliagility of thedrefzsulting renor_ma:]- 3'50 2'813< 103;4.843>< 10 2.92>< 10°
ization coefficients has only been tested for energies in the ° ’ T ’
10—-30-MeV range. The overprediction of the data could thus 4.00 6.490¢10°+1.104x 10° 6.75x 10°
be attributed to inappropriate values of the renormalization 4.50 1.252¢10+2.116x 10° 1.33x10*
coefficients at low energies. Another important effect might ~ 2:%° 2.117%10"+3.566x 10° 2.36x10¢
6.00 4.616<10°£7.764% 10° 5.79x 10

be caused by deformation which we further discuss in Sec.
VI.

76 77 factor although the shape of the energy dependence agrees
B. PSdp. v) "Br well. Much better is the agreement of the OMP of H&2]

In this case, the data cannot be straightforwardly com{INP-3). However, its energy dependence is slightly too flat.
pared with the predictions because of the complication withAgain, very good agreement with the data over the whole
the 7/Se(p, n) channel. As discussed in Sec. 1V, the experi-energy range is found with the equivalent square-well poten-
ment was not able to distinguish betweéisep, y) and tial of Ref. [34] (INP-6). The microscopic potential of Ref.
"ISgp, n) because they have the same final nuclé{@r. [30] (INP-2, INP-5 describes well the data above 1.7 MeV
Therefore, only the points measured below then) thresh-  but shows a different energy dependence below that energy.
old atE,=2.176 MeV are included in the comparison.

The effect of varying the NLDs and the OMPs is shown in
Fig. 5. The labels are explained in Table V. What was said
for “Se(p, 7) applies equally here. Again, the dependence on  We have measured three proton induced reactions in the
the OMP is the strongest one and a large spread in absoluigtrophysically relevant energy rang&’%dp, y) ">7Br
values and energy dependence is found. The OMPs of Refand 82Sgp, n) 82Br. Using an activation technique we were
[35,29 significantly overestimate the data, for the possibleaple to obtain reaction cross sections a@dactors in the
reasons mentioned in the preceding section. The OMPs &nergy range relevant to the astrophysipaprocess. The
Refs.[34,32 give a very flat energy dependence which de-new data were compared with predictions of the Hauser-
scribes the data well over most of the energy region. On thgeshbach statistical theory using global models of OMPs and
other hand, the slightly steeper excitation functions obtainety|Ds. An extensive investigation of the sensitivity of the
with the OMPs of Refs[36,30 are able to give an overall theoretical calculations to the different inputs was presented.
reasonable account of the data. As expected, in this astrophysically relevant low-energy re-

The low-energy structure found in the experiméfitst  gion the results are more sensitive to the OMP than to the
and fourth data point at the lowest energieannot be repro-  NLD. The best overall agreement is obtained with the global
duced by any of the OMPs and it is doubtful whether such anicroscopic optical potential of Ref30] and an equivalent
behavior of theS factor could be found in a statistical model square-well potential34]. The latter, somewhat surprising,
calculation at all. observation seems to be in contradiction with a previous

comparison of rates using these two potent[&8|, where
C. 825¢(p, n) 82Br the largest deviations between them were found in the mass

The effect of different NLDs and OMPs is shown in Fig.
6. The labels are explained in Table V. What was said fo
74sgp, y) in Sec. V A applies similarly here.

For this case, the dependence on the optical potential

VI. SUMMARY AND CONCLUSIONS

r TABLE VII. Experimental reaction rates computed from tBe
factor of the reactiongSe(p, y) "’Br and’’Sep, n) “’Br, and com-
i|%r:1rison to predicted values.

much stronger than the sensitivity to the NLDs over the Prediction[20]
whole energy region. The neutron emission channel opens at . Experimental rate 05y +0.827 1)
the energy of 0.8 MeV and rapidly becomes the most domi- 11 O
X (10° K) (cm® st mol™ (cm? st mol™)
nant channel at all measured energies. In such a case, the HE
cross section depends mainly on the incident proton trans- 2.50 4,540k 10°+5.671x 10 6.05x 107
mission coefficients which is exactly what is observed in the  3.00 2.18% 10°+2.590x 107 3.17x10°
figures. Similar to the results obtained for the other Se iso- 3.50 7.23 10°+8.343x 1(? 1.14x 10
topes, the OMP of Ref28] (INP-1) and Ref.[35] (INP-7) 4.00 1.821x 10°+2.078x 103 3.18x10*
overpredict the data by at least a factor of 2. Here, also the 450 3.758 10°+4.275xX 10° 7.42% 10

potential of Ref.[36] (INP-8) yields a significantly highes
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TABLE VIlI. Experimental reaction rates computed from tBe  reaction rates computed from our data including errors. The
factor of the®?Se(p, n) #Br reaction and comparison to predicted temperature range for each reaction was chosen numerically
values. so that all significant contributions to the integration over the
proton energy came from within the energy range of our

To Expenr?lental_llrate Pred_'ft'o[m_?] data. Also shown is a comparison to the rates from the stan-
K (e s mol™) (e s mol™) dard NON-SMOKER prediction [20]; reaction rates for the
1.50 1.610+1.54% 101 2.07x 1P cases from INP-1 to INP-10 can be derived considering the
2.00 4.561x 10'+4.639 4.91x 10 fact that rates from slowly varyin® factors scale approxi-
2.50 437K 107+4.515x 10 4.45x 107 mately with theS factor. Excellent agreement is found for
3.00 2.231X 103+2.333% 102 2.32x10° 74sep, y) ™Br and 8°Sdp, n) 82Br. This illustrates how de-
3.50 7.519K 103+7.982x 107 8.52x10° viations with respect to the data are averaged out by the
4.00 1.90% 10*+2.054x 10° 2.45x 10 integration involved in the calculation of the reaction rate,

especially at the edge of the respective Gamow window. The
prediction overestimates the rate of®Sep,y) ""Br
range A>70. However, this is strongly energy dependenty77sgp, n) 7Br (Table VII) by factors of 1.18-1.77, with
since in Fig. 4 of Ref[37] the largest deviations arise at even petter agreement at lower temperature. Thus, the present
lower proton energies and the differences vanish quickly ajyork confirms the trend seen in previous investigations of
higher energies. Likewise, we expect to find larger differ-proton induced reactions for intermediate mass targets, that
ences between the predictions with the two potentials whethere is overall acceptable or good agreement between data
going to even lower energy. and global predictions. Apart from a few cases where some

Further good agreement with absolute values of thejeviations seem to persist independent of nuclear indut
present data is found with the potential of RES2]. How-  jsotopes studied in Ref15]), the discrepancies between the-
ever, the obtained energy dependence ofSfector remains  gretical calculations are not as large as those observed for
slightly too flat. This is caused by the functional dependencgjifferent optical @ potentials(see, e.g., Refs[11,38,39).
on the energy assumed in the definition of this potential. This seems to hold for the mass range</<100 [9-17].

The Se isotopes considered here are deformed and thergevertheless, more measurements are required to completely
fore deformation effects might be important. For the calcu-cover the relevant mass region and provide constraints on the

lations using the OMPs of Reff30,35 the well-known ap-  nyclear input used in Hauser-Feshbach calculations.
proach of employing a spherical equivalent to a deformed

potential (with a larger diffuseness parametexas used.
However, from our analyses above it can be seen that even a
purely spherical potential, such as the equivalent square well,
can yield satisfactory results. On the other hand, deformation This work was partially supported by OTK&rant Nos.
is important for interpreting the results obtained with theT034259, T042733, and FO04340&e NATO CRG program
OMP of Ref.[28]. A significant fraction of the shown devia- (Project No. CRG961086 the Greek-Hungarian bilateral
tions is due to the spherical treatment. A further investigatiorcollaboration program (Project No. GSRT/Demokritos/
of dependencies on the OMP parameters and how to includg797), and the Swiss NSEGrant No. 2000-061031.02The
deformation effects in OMPs, and more particularly coupledauthors are grateful to 1. Borbély-Kiss for carrying out the
channels calculations, is beyond the scope of this paper. PIXE measurements. T.R. acknowledges Swiss NSF Grant
Reaction rates are the relevant quantities in astrophysicélo. 2024-067428.01. F.Zs. and Gy.Gy. axknowledge support
applications. In Tables VI-VIII we give such astrophysical from the Bolyai grant.
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