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The elastic scattering cross section of92Mo(a,a)92Mo has been measured at energies ofEc.m.'13, 16, and
19 MeV in a wide angular range. The real and imaginary parts of the optical potential for the system92Mo-a
have been derived at energies around and below the Coulomb barrier. The result fits into the systematic
behavior ofa-nucleus folding potentials. The astrophysically relevant96Ru(g,a)92Mo reaction rates atT9

52.0 andT953.0 could be determined to an accuracy of about 16% and are compared to previously published
theoretical rates.
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I. INTRODUCTION

The nucleosynthesis of nuclei above the iron peakA
'60) proceeds mainly by neutron capture in the so-calles
andr processes. In principle, neutron-deficient nuclei in t
mass region~the so-calledp nuclei; see Ref.@1# for a com-
plete list! can be produced from more neutron-rich seed
clei either by the removal of neutrons or by the addition
protons. However, as a result of the Coulomb barrier, pro
capture is strongly suppressed. There is general agree
that heavy neutron-deficient nuclei with masses aboveA
'100 have been synthesized by photodisintegration of
viously produced nuclides at sufficiently high temperatu
of (2 –3)3109 K (T952 –3, withT9 being the temperature
in 109 deg!. This so-calledg process orp process is dis-
cussed in detail in@1–12#. Several astrophysical sites for th
g process have been proposed, whereby the oxygen-
neon-rich layers of type-II supernovas seem to be good c
didates @7,10#, but also exploding carbon-oxygen whi
dwarfs have been suggested@11#. However, no definite
conclusions have been reached yet.

Nucleosynthesis calculations for theg process require a
huge number of reaction rates. Up to about 1000 nuclei
10 000 reaction rates have been included in previous reac
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networks @8#. Recently, the complete network of the fir
self-consistent study of theg process including all relevan
nuclei up to Bi amounted to about 3000 nuclei and all th
respective reactions@13,14#. Unfortunately, almost none o
these reaction rates have been measured and the astrop
cal calculations have to rely completely on statistical mo
calculations~e.g., Refs.@15–17#!. Of special importance are
(g,a)/(g,n) branchings which determine abundance rat
of certain nuclides which, in turn, can in some cases be c
pared to abundances found in meteoritic inclusions@18–20#.
It has been stated that the uncertainties for (g,a) reaction
rates are huge@16,18,21#. The determination of the
a-nucleus potential at astrophysically relevant energies h
to reduce the uncertainties of the calculations significan
@22,23#. (g,n) reaction rates have been measured in a rec
work using a quasithermal photon spectrum, and rou
agreement between theoretical predictions and the meas
rates was found@24,25#.

The overall agreement between the calculated and the
served abundance patterns of thep nuclei is relatively good.
However, the mass region 70<A<100 is generally under-
produced in the nucleosynthesis calculations@7,12,13#. The
production among others depends on the neutron-produ
22Ne(a,n)25Mg reaction rate ~which may enhance the
s-process seed nuclei for theg process@12#! and on the
photodisintegration rates in theg process but it remains un
clear whether the underproduction can be cured by a cha
in those rates@26#. Other explanations for this discrepanc

o
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include additional production mechanisms like neutrin
induced nucleosynthesis@27# and additional production site
like the rapid proton capture (rp) process on accreting neu
tron stars~e.g.,@28,29#!. However, it is still an open questio
whetherrp material can be ejected into the interstellar m
dium in sufficient quantities from these x-ray bursters@30#.

The motivation of the experimental determination of t
a-nucleus potential for92Mo is twofold. The determination
of the a-nucleus potential at energies below the Coulo
barrier is limited in general because~i! the experimental data
show only small deviations from the Rutherford cross s
tion and~ii ! the optical potentials have ambiguities. An e
periment on92Mo allows one to extend the systematic stu
of a-nucleus potentials@22,23,31,32# to lower energies. The
second motivation refers directly to the production of thep
nuclei 92Mo and 94Mo. A possible reaction path leading t
the production of92Mo and 94Mo is shown in Fig. 1. Pho-
todisintegration reactions of the nucleus96Ru can lead to the
production of~i! 92Mo by 96Ru(g,a)92Mo and~ii ! 94Mo by
96Ru(g,n)95Ru(g,n)94Ru(23b1)94Mo. If this reaction path
were the only production mechanism for92Mo and 94Mo, the
abundance ratio between92Mo and 94Mo would be directly
related to the ratio of (g,a) and (g,n) reaction rates of
96Ru. In this case the ratio94Mo/92Mo could be a thermom-
eter for theg process because of the temperature depend
of the (g,n)/(g,a) branching ratio. However, for a quant
tative analysis contributions of therp process to92Mo and
94Mo and the weaks-process contribution to94Mo have to
be known.

The choice of the measured energies at about 13, 16,
19 MeV has the following reasons. The astrophysically r
evant energy window for (g,a) reactions atT9'2 –3 is of
the order ofEg'8 –10 MeV corresponding to 6 –8 MeV fo
the reverse reaction92Mo(a,g)96Ru. Scattering experiment
at these low energies are possible; however, a reliable d
mination of optical potentials is impossible because of
dominating Coulomb interaction. The height of the Coulom
barrier is about 15 MeV. We decided to measure at sev
energies above and below the Coulomb barrier to extract
optical potential and its energy dependence at energie

FIG. 1. Nucleosynthesis path for92Mo and 94Mo in the astro-
physicalg process. Stable nuclei are gray shaded. The nuclei92Mo
and 96Ru are marked; in this paper we determine an improved
action rate for the96Ru(g,a)92Mo reaction. Note that the (g,n)
reactions stop at the magic neutron numberN550. The circles at
the right end of the diagram mark several other stable nuclei.
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close as possible to the astrophysically relevant ene
range.

In the following paper we first present our experimen
setup~Sec. II!. The experimental results are analyzed us
systematic folding potentials, and discrete and continu
ambiguities are discussed in detail~Sec. III!. The optical po-
tential at astrophysically relevant energies is determined
extrapolation using the systematic behavior ofa-nucleus po-
tentials@31,32#, and the (g,a) reaction rates are calculate
~Sec. IV!. Finally, some conclusions are given~Sec. V!. A
preliminary analysis of this experiment was presen
already in@33#.

II. EXPERIMENTAL SETUP AND PROCEDURE

The experiment was performed at the cyclotron laborat
at ATOMKI, Debrecen. We used the 78.8 cm diameter sc
tering chamber which is described in detail in Ref.@34#. Here
we discuss only those properties which are important for
present experiment. A similar setup has been used in
previous 144Sm(a,a)144Sm experiment@22#.

A. Targets

The 92Mo targets were produced by evaporation
97.33%-enriched92MoO3 on a thin (20 mg/cm2) carbon
backing directly before the beam time at the target laborat
of ATOMKI. The target was mounted on the target holder
the center of the scattering chamber. The surface of
evaporated92MoO3 turned out to be not very flat, leading t
relatively broad low-energy tails in the spectra of the ela
cally scattereda particles~see Fig. 2!. The target which was
used during the whole experiment had a thickness of ab
200 mg/cm2. The target stability was monitored during th
whole experiment to avoid systematic uncertainties fr
changes in the target foil.

B. Scattering chamber

A remote-controlled target ladder was placed in the cen
of the scattering chamber. Additionally, two apertures w
mounted on the target holder to check the beam position
the size of the beam spot directly at the position of the targ
The two apertures had a width and height of 236 mm2 and
636 mm2, respectively. The apertures were placed at
target position instead of the92MoO3 target before and afte
each variation of the beam energy and beam current.
beam was optimized until no current could be measured
the larger aperture, and the current on the smaller aper
was minimized~typically less than 1 nA compared to abo
300 nA beam current!. The width of the beam spot wa
smaller than 2 mm during the whole experiment, which
very important for the precise determination of the scatter
angle. Note that the relatively poor determination of t
height of the beam spot does not disturb the claim
precision of the scattering angle~see Sec. II D!.

C. Detectors and data acquisition

For the measurement of the angular distribution we u
four silicon surface-barrier detectors with an active areaA

-
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550 mm2 and thicknesses betweenD5300 m m and D
51500 m m. The detectors were mounted on an upper an
lower turntable, which can be moved independently. On e
turntable two detectors were mounted at an angular dista
of 10°. Directly in front of the detectors apertures we
placed with the dimensions 1.25 mm35.0 mm ~lower de-
tectors! and 1.0 mm36.0 mm ~upper detectors!. Together
with the distance from the center of the scattering cham
d5195.6 mm~lower detectors! and d5196.7 mm~upper
detectors! this results in solid angles fromDV51.63
31024 to DV51.5531024. The ratios of the solid angle
of the different detectors were determined by over
measurements with an accuracy better than 1%.

Additionally, two detectors were mounted at the wall
the scattering chamber at a distance ofd5351.3 mm and at
a fixed angle ofq515° ~left and right sides relative to th
beam direction!. These detectors were used as monitor de
tors to normalize the measured angular distribution and
determine the precise position of the beam spot on the ta
The solid angle of both monitor detectors isDV58.10
31026.

The signals from all detectors were processed us
charge-sensitive preamplifiers~PAs!, which were mounted
directly at the scattering chamber. The output signal was
ther amplified by a main amplifier~MA ! and fed into analog-
to-digital converters~ADCs!. The data were collected usin
the commercially available system WinTMCA which pr
vides an automatic dead time control which was found to
reliable in a previous experiment@35#. For the coincidence
measurements~Sec. II D! additionally the bipolar signals o
the MAs were fed into timing single-channel analyze
~TSCAs!, and the unipolar outputs of the MAs were gat
using linear gate stretchers~LGSs!.

The energy resolution of the detectors was tested be
the experiment using a mixeda source and values bette
than 20 keV were measured. During the experiment
achieved energy resolution is determined mainly by the
ergy spread of the primary beam and by the thickness
flatness of the target. Depending on the measured angle
achieved energy resolution was between 0.5% and 2%
responding toDE'200 keV atEa'20 MeV. Two typical
spectra are shown in Fig. 2. The relevant peaks from ela
92Mo-a scattering are well separated from inelastic and fr
background peaks.

D. Angular calibration

The angular calibration of the setup is of crucial impo
tance for the precision of a scattering experiment at ener
close to the Coulomb barrier because the Rutherford c
section depends sensitively on the angle with sin24(q/2). A
small uncertainty of 0.1° in the determination ofq leads to a
cross section uncertainty of 2.0%~1.0%, 0.6%! at an angle
q520° (40°, 60°). The following methods were applied
measure the precise scattering angleq.

The position of the beam on the target was continuou
controlled by two monitor detectors. The precise position
the beam spot was derived from the ratio of the count rate
both monitor detectors. Typical corrections were smaller th
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1 mm, leading to corrections inq of the order of 0.1°. How-
ever, because of the minor beam quality at the 16 MeV m
surement, larger corrections had to be applied to this ang
distribution leading to larger uncertainties in the determin
tion of the optical potential.

The position of the four detectors was calibrated using
steep kinematics of1H(a,a)1H scattering at forward angle
(10°,q lab,15°) @22#. The results of our previous
experiment could be confirmed within the uncertainties@22#.

Finally, we measured a kinematic coincidence betwe
elastically scattereda particles and the corresponding12C
recoil nuclei using a carbon backing without molybdenum
target. One detector was placed atq lab,a570° ~left side rela-
tive to the beam axis!, and the signals from elastically sca
tered a particles on 12C were selected by a TSCA. Thi
TSCA output was used as gate for the signals from ano
detector which was moved around the corresponding12C
recoil angleq lab,recoil545.5° ~right side!. The maximum re-
coil count rate was found almost exactly at the expec
angle~see Fig. 3!.

In summary, the overall uncertainty of the anglesq in this
experiment is about 0.1° for the measurements at 13 and
MeV and about 0.2° for the 16 MeV measurement.

E. Experimental procedure and data analysis

Three angular distributions have been measured at e
gies ofEa519.50, 16.42, and 13.83 MeV. The beam curre
was between 80 nA and 320 nA. The experiment covers
full angular range from forward angles ofq520° to back-
ward angles ofq5170° in steps of about 1° at all thre
energies. The statistical uncertainties of each data point v
from <0.1% at forward angles to about 1% –2% at bac
ward angles.

FIG. 2. Typical spectra atE'19 MeV and qa525° ~upper
diagram! and E'13 MeV and qa5145° ~lower diagram!. The
peak from elastic 92Mo-a scattering is well separated from
12C-a, 16O-a elastic scattering~upper! and from inelastic92Mo-a
scattering~lower diagram!.
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Zs. FÜLÖP et al. PHYSICAL REVIEW C 64 065805
The count ratesN(q) in the four detectors have bee
normalized to the number of counts in the monitor detect
Nmon(q515°):

S ds

dV D ~q!5S ds

dV D
mon

~q515°!
N~q!

Nmon~q515°!

DVmon

DV
,

~2.1!

with DV being the solid angles of the detectors. These m
sured cross sections have been transferred to the cente
mass system. The cross section at the monitor posi
qmon515° is given by the Rutherford cross section. T
relative measurement eliminates the typical uncertaintie
absolute measurements which come mainly from change
the target and from the beam current integration. Never
less, the beam current was measured by standard curre
tegration in the Faraday cup, and the absolute value of
cross section was consistent with the measured relative c
sections.

The three angular distributions are shown in Fig. 4. T
lines are the result of optical model calculations~see Sec.
III !. The measured cross sections cover five orders of m
nitude between the highest~forward angles atE513 MeV!
and the smallest cross section~backward angles atE519
MeV! with almost the same accuracy. Further details of
experimental setup and the data analysis can be found in
@36#.

III. OPTICAL MODEL ANALYSIS

The theoretical analysis of the scattering data was p
formed in the framework of the optical model~OM!. The
complex optical potential is given by

U~r !5VC~r !1V~r !1 iW~r !, ~3.1!

whereVC(r ) is the Coulomb potential, andV(r ) andW(r )
are the real and imaginary parts of the nuclear poten
respectively.

FIG. 3. Relative yield of12C recoil nuclei in coincidence with
elastically scattereda particles. The shaded area shows the an
and the uncertainty which is expected from the calibration using
steep kinematics of1H(a,a)1H. The dotted line is a Gaussian fit t
the experimental data points to guide the eye.
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A. Folding potential

The real part of the optical potential was calculated b
double-folding procedure:

Vf~r !5E E rP~r P!rT~r T!veff~E,r

5rP1rT ,s5urW1rWP2rWTu!d3r Pd
3r T , ~3.2!

where rP and rT are the densities of projectile and targe
respectively, andveff is the effective nucleon-nucleon inte
action taken in the well-established DDM3Y parametrizati
@37,38#. Details about the folding procedure can be found
Refs. @39,31#. The folding integral in Eq. ~3.2! was
calculated using the codeDFOLD @40#.

The resulting real part of the optical potentialV(r ) is
derived from the folding potentialVf(r ) by two minor
modifications:

V~r !5lVf~r /w!. ~3.3!

First, the strength of the folding potential is adjusted by t
usual strength parameterl with l'1.121.3. This leads to
volume integrals of the real potential@see Eq.~3.4!# of about
JR'320–350 MeV fm3 in the analyzed energy rang
@22,31,32#. Second, the densities of thea particle and the
92Mo nucleus were derived from the experimentally know

e
e

FIG. 4. Experimental cross sections of92Mo(a,a)92Mo at
Ec.m.'13, 16, and 19 MeV normalized to the Rutherford cross s
tion. The lines are the result of optical model calculations~see Table
I!.
5-4
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charge density distributions@41#, assuming identical proton
and neutron distributions. ForN'Z nuclei up to 90Zr (Z
540, N550) this assumption worked well@31#. However,
to take the possibility into account that the proton and n
tron distributions are not identical in the nucleus92Mo (Z
542, N550) a scaling parameterw for the width of the
potential has been introduced, which remains very close
unity.

For a comparison of different potentials we use the in
gral parameters volume integral per interacting nucleon
JR and the root-mean-square~rms! radiusr rms,R , which are
given by

JR5
1

APAT
E V~r !d3r , ~3.4!

r rms,R5F E V~r !r 2d3r

E V~r !d3r
G 1/2

, ~3.5!

FIG. 5. Calculated cross sections of92Mo(a,a)92Mo at Ec.m.

'19 MeV using five different parametrizations of the imagina
part of the potential. These five fits look very similar; however,
1, 4, and 5 have a significantly smallerx2 ~see Tables I and III!.
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for the real part of the potentialV(r ), and corresponding
equations hold forW(r ). AP andAT are the nucleon number
of projectile and target. Note that in the discussion of volu
integralsJ usually the negative sign is neglected; also in t
paper all J values are actually negative. The valu
for the folding potential Vf ~with l5w51) are JR
5267.88 MeV fm3 and r rms,R54.989 fm.

The Coulomb potential is taken in the usual form of
homogeneously charged sphere where the Coulomb ra
RC is chosen identically with the rms radius of the foldin
potentialVf : RC5r rms,R54.989 fm.

B. Imaginary potential

Different parametrizations of the imaginary part of th
optical potential were chosen. Volume and surface Woo
Saxon ~WS! potentials are defined by the followin
equations:

WV~r !5W0f ~x!, ~3.6!

WS~r !5W0

d

dx
f ~x!, ~3.7!

with

f ~x!5~11ex!21 with x5~r 2R!/a. ~3.8!

The depthW0, the radius parameterR, and the diffusenessa
have been adjusted to the experimental elastic scatte
data.

Fourier-Bessel~FB! potentials are given by

WFB~r !5 (
k51

n

ak sin~kpr /RFB!/~kpr /RFB!, ~3.9!

with the cutoff radiusRFB . Again, the Fourier-Bessel coeffi
cientsak are adjusted to the experimental data.
TABLE I. Potential parameters of the imaginary part of the optical potential~combination of volume and
surface WS parametrizations!, derived from the angular distribution of92Mo(a,a)92Mo at E513, 16, and 19
MeV, and its integral potential parametersJ and r rms of their real and imaginary parts.

Fit E WV(MeV) RV(fm) aV(fm) WO(MeV) RO(fm) aO(fm)

1 19 21.584 1.7667 0.2659 334.25 1.2605 0.2073
- 16 29.558 1.668 0.248 308.20 1.348 0.099
- 13 25.128 1.656 0.002 467.06 1.369 0.071

Fit E l w JR r rms,R JI r rms,I x2/F
~MeV! (MeV fm3) (fm) (MeV fm3) (fm)

1 19 1.257 1.003 337.2 4.991 86.2 5.806 2.15
- 16 1.346 0.9974 357.8 4.976 85.9 5.992 4.84
- 13 1.352 0.9758 336.7 4.869 67.3 6.043 1.26
5-5
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TABLE II. Potential parameters of the imaginary part of the optical potential~volume and surface WS
parametrization!, derived from the angular distribution of92Mo(a,a)92Mo at E519 MeV, and its integral
potential parametersJ and r rms of their real and imaginary parts.

Fit WV(MeV) RV(fm) aV(fm) WO(MeV) RO(fm) aO(fm)

2 210.806 1.7116 0.3601
3 121.76 1.4947 0.4206

Fit l w JR r rms,R JI r rms,I x2/F
No. (MeV fm3) (fm) (MeV fm3) (fm)

2 1.237 1.010 341.1 5.037 57.9 6.131 3.67
3 1.188 1.021 338.9 5.095 80.6 6.957 4.28
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C. Results and continuous and discrete ambiguities

1. 19 MeV data

The elastic scattering cross sections were calculated f
optical potentials with the computer code A0@42#. The code
allows a variation of the potential parameters and determ
the best-fit values from ax2 test.

In the first analysis the potential parametersl and w of
the real part were kept close to the expected values from
systematic study@22,31,32#: l'1.1–1.3 andw'1.0. Sev-
eral parametrizations of the imaginary potential were tes
It was found that different imaginary potentials reproduc
the experimental data with similar quality. Five different fi
are shown in Fig. 5 and the potential parameters are give
Tables I, II, and III. It turns out that the real potential
practically identical in all these fits, but the shape of t
imaginary part shows strong variations. The five imagin
potentials are shown in Fig. 6.

Since we want to determine the optical potential at as
physically relevant energies, we have to extrapolate from
present measurements. Because of the oscillating behavi
the Fourier-Bessel potentials we decided to use the comb
tion of a volume and surface Woods-Saxon potential as b
for the extrapolation. Thex2 obtained with this potential is
practically identical to thex2 obtained from the Fourier
Bessel potentials. The calculations with a pure volu
Woods-Saxon or a pure surface Woods-Saxon show sig
cantly worsex2 values.

In a second analysis the strength parameterl and the
width w of the real potential were varied in a wider range.
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was found that it is not possible to get a good fit to the d
when thew parameter deviates from 1.0 by more than a f
percent. However, a variation ofl leads to the known so
called ‘‘family problem.’’ It is possible to obtain comparabl
fits to the experimental data with variousl parameters. This
phenomenon was discussed in detail for a similar experim
in @22#. In Fig. 7 we present thex2 values which were ob-
tained from the following procedure:~i! the parameterl was
varied from about 0.5 to 3.5 and~ii ! the width parameterw
and the imaginary part of the potential~consisting of a com-
bination of volume and surface Woods-Saxon potentia!
were adjusted to the experimental data for each value of
strength parameterl. One can clearly see the families 2, 3,
and 5 as minima inx2, corresponding tol values of
0.81–1.52. Note that the minima are more pronounced t
in the previous144Sm(a,a)144Sm experiment@22# because
the ratio E/VC between the energyE and the Coulomb
barrierVC is much higher in this92Mo experiment.

It is not possible to extract the correct family from the
experimental data only. But together with the systematic
havior of the volume integrals found in@22,31,32# we can
decide that ‘‘family No. 4’’ (l51.256) should be used fo
the description of the experimental scattering data and for
extrapolation to astrophysically relevant energies~see Sec.
IV !. As mentioned above, family No. 4 withJR
'340 MeV fm3 corresponds to the values of aboutJR
'320–350 MeV fm3 which are expected from the system
atics of a-nucleus potentials and also from other syste
@43–45#. Neither family No. 3 withJR'280 MeV fm3 nor
rs

3
4

TABLE III. Potential parameters of the imaginary part of the optical potential~FB parametrization!,
derived from the angular distribution of92Mo(a,a)92Mo at E519 MeV, and its integral potential paramete
J and r rms of their real and imaginary parts.

Fit RFB (fm) a1 a2 a3 a4 a5 a6 a7

4 12.8 154.94 2311.98 839.41 2325.97 880.41 - -
5 12.0 167.94 2329.11 1103.43 2592.10 1666.61 2346.79 1118.06

Fit l w JR r rms,R JI r rms,I x2/F
No. (MeV fm3) (fm) (MeV fm3) (fm)

4 1.272 0.998 338.8 4.979 68.2 4.524 2.2
5 1.287 0.991 336.0 4.947 53.9 4.319 2.1
5-6
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92Mo(a,a)92Mo SCATTERING, THE 92Mo-a OPTICAL . . . PHYSICAL REVIEW C 64 065805
family No. 5 with JR'400 MeV fm3 fits into the systemat-
ics. Numerical problems in the fitting routine showed up
very shallow and very deep real potentials, and a cl
determination of families 1 and 6 –10 was not possible.

One further interesting fact has to be mentioned. The
potentials corresponding to the families 1 –10 are shown
Fig. 8. The potentials from families 2 –5 which are well d
fined as minima inx2 ~see Fig. 7! have the same dept
V(r )522.66 MeV at the radiusr 58.52 fm. However, not
all potentials which have this depth do describe the d
equally well; additionally, one has to find a minimum inx2

in Fig. 7. This behavior of a so-called ‘‘one-point potentia
has been observed in several experiments, and the rele
radius has also been called ‘‘sensitivity radius’’~see, e.g.,
@46#!; however, to our knowledge the additional restriction
a significant minimum inx2 has only been observed in th
analysis of the144Sm(a,a)144Sm data so far@22# which has
been performed at a similar energy.

2. 13 and 16 MeV data

The procedure described in the previous Sec. III C 1 w
repeated for the lower energies of 13 and 16 MeV, and si
lar results were obtained. The imaginary part of the poten

FIG. 6. Imaginary potentials of fits 1–5 of92Mo(a,a)92Mo at
Ec.m.'19 MeV. The potential parameters are given in Tables I,
and III. For further details, see the text.

FIG. 7. The variation of the strength parameterl of the real
potential in a wide range shows the so-called ‘‘family problem
Several minima inx2 can be found. For further details, see the te
06580
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for all energies is taken as a combination of volume a
surface Woods-Saxon potentials. The potential parame
are listed in Table I, and the calculations have been compa
to the experimental data already in Fig. 4. However, the
MeV data do not fit very well into the systematic behavi
shown in Fig. 9. The potential extracted from the 16 Me
data has larger uncertainties than at the other ener
because of experimental problems~see Sec. II D!.

3. 30 MeV data from the literature

Two angular distributions at energies of about 30 MeV a
available in the literature@47,48#. Unfortunately, both angu-
lar distributions show systematic deviations between e
other, and both distributions have not been measured in
full angular range, but in the ranges 15°<qc.m.<75° @47#
and 15°<qc.m.<95° @48#. If one adjusts the potential param
eters to these discrepant angular distributions, discrepan
tical potentials are obtained. The potential parameters
labeled in Table IV. However, the potentials extracted fro
the data of@47# fit into the systematics, whereas the data
@48# do not fit. In both cases the limited angular range
stricts the sensitivity of the potential parameters significan
In Fig. 9 only the volume integrals derived from@47# are
shown.

4. Backward angle excitation function

The excitation function for92Mo(a,a)92Mo has been
measured by Eisenet al. @49# at q lab5170° from 7 to 16
MeV. We have calculated this excitation function from o
best-fit potentials at 13, 16, and 19 MeV, and we find exc
lent agreement between the experimental and the calcul
excitation function. The measured and the calculated exc
tion function atq lab5170° are shown in Fig. 10. The calcu
lation with the 13 MeV potential underestimates the dev
tion from the Rutherford cross section at higher energ
Such a behavior can be expected because of the smaller
ume integral of the imaginary part in the 13 MeV data co

,

’
.

FIG. 8. Real potentials for the different families 1–10 from Fi
7. The potentials from families 2–5 which are well defined
minima in x2 ~see Fig. 7! have the same depthV(r )522.66 MeV
at the radiusr 58.52 fm.
5-7
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FIG. 9. Volume integrals of the real~A, upper! and imaginary
part ~B and C, center and lower diagram! of the optical potential
derived from 92Mo(a,a)92Mo scattering. For comparison volum
integrals derived from 90Zr(a,a)90Zr,144Sm(a,a)144Sm,
208Pb(a,a)208Pb scattering@31,22#, and froma emitters@32# were
added. The lines in the upper diagram show Gaussian parame
tions of the new92Mo(a,a)92Mo data ~solid line! and from Ref.
@32# ~dotted line!. The lines in the center diagram show the resu
of BR parametrizations@52# of the imaginary part. In the lowe
diagram the lines are the result of a Fermi-like parametrization fr
Grama and Goriely~GG! @53#, using the parameters proposed
the authors and the ones derived in this work~solid line!. For
details, see the text.
06580
responding to weaker absorption. However, the measu
scattering cross sections at one special backward angl
not contain enough information to fix the optical potent
and its energy dependence.

5. „a,n…-induced reactions

A set of experimental data corresponding to the react
92Mo(a,n)95Ru is available in@50# @Sec. IV B, Fig. 6~a!#.
We have calculated the cross section from our model in
measured energy range, and found very good conformity
tween our calculations and the existing experimental d
However, the available data from the different experime
show discrepancies, which make it difficult to fix the ener
dependence of the optical potential. Also the existing re
tion data do not cover the astrophysically interesting ene
range~between 7 and 9 MeV; see Table V!, which would be
helpful in order to confirm our predictions~see Sec. IV!.

D. Discussion

Volume integrals for variousa-nucleus potentials in a
broad range of masses and energies are shown in Fig. 9
the real Fig.~9A! and the imaginary part Figs.~9B and 9C!
of the optical potential. The systematic behavior of volum

za-

FIG. 10. Excitation function of92Mo(a,a)92Mo scattering at
q lab5170° normalized to the Rutherford cross section. The exp
mental data are taken from Ref.@49#. The dotted~dashed, solid!
curves have been calculated from potentials which were adjuste
the 13~16, 19! MeV angular distributions.
TABLE IV. Potential parameters of the imaginary part of the optical potential~combination of volume and
surface WS parametrizations!, derived from the angular distribution of92Mo(a,a)92Mo from Refs.@47,48#,
and its integral potential parametersJ and r rms of their real and imaginary parts.

Ref. WV(MeV) RV(fm) aV(fm) WO(MeV) RO(fm) aO(fm)

@47# 24.91 1.78 0.40 183.13 1.13 0.36
@48# -3.51 1.72 0.95 337.06 1.26 0.23

Ref. l w JR r rms,R JI r rms,I

No. (MeV fm3) (fm) (MeV fm3) (fm)

@47# 1.19 1.022 334.76 5.098 90.95 5.704
@48# 1.15 1.014 315.49 5.056 107.91 6.014
5-8
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TABLE V. Extrapolated values of the potential paramters of the imaginary part of the optical poten
the astrophysically relevant energiesE055.8 MeV (T952.0) andE057.6 MeV (T953.0), and its integral
potential parametersJ and r rms of their real and imaginary parts.

E WV(MeV) RV(fm) aV(fm) WO(MeV) RO(fm) aO(fm)

7.6 21.466 1.717 0.268 36.86 1.295 0.419
5.8 21.091 1.720 0.270 27.44 1.297 0.420

E l w JR r rms,R JI r rms,I x2/F
~MeV! (MeV fm3) (fm) (MeV fm3) (fm)

7.6 1.219 1.000 327.1 4.991 26.2 6.085 -
5.8 1.209 1.000 324.3 4.991 19.6 6.095 -
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integrals is also confirmed for lighter target nuclei@39,51#
and in various other systems which have been analyzed
cently @43–45#. For the extrapolation of the optical potenti
to astrophysically relevant energies~Sec. IV! parametriza-
tions of the real and imaginary volume integrals are need

As can be seen from Fig. 9A, there is only a weak ene
dependence of the real volume integralJR at energies below
the Coulomb barrier. As well as in Ref.@32#, a Gaussian
parametrization is adjusted to the new data

JR~Ec.m.!5JR,0 exp@2~Ec.m.2E0!2/D2#, ~3.10!

with JR,05337 MeV fm3, E0521.55 MeV, and D
5147.01 MeV, leading to a curve~solid line! which is some-
what flatter than the one proposed in Ref.@32# ~dotted line!.
The uncertainties for extrapolations to lower energies are
the order of less than 5%, corresponding to ab
10–20 MeV fm3. Furthermore, the shape of the real pote
tial is given by the folding procedure~Sec. III A!. This
means that the real part of thea-nucleus optical potential ca
be determined at energies below the Coulomb barrier w
relatively small uncertainties because~i! continuous ambigu-
ities can be avoided using the folding potential and~ii ! dis-
crete ambiguities can be resolved from the system
behavior ofa-nucleus potentials.

The situation for the imaginary part of the potential
much worse. The volume integralJI of the imaginary part
depends strongly on the energy because many reaction c
nels open at energies around the Coulomb barrier. Diffe
parametrizations have been proposed@20,52,53#. As an ex-
ample we present the so-called Brown-Rho~BR! parametri-
zation @52#

JI~Ec.m.!5H 0 for Ec.m.<E0 ,

J0•
~Ec.m.2E0!2

~Ec.m.2E0!21D2
for Ec.m..E0 ,

~3.11!
06580
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with the excitation energyE0 of the first excited state. The
saturation parameterJ0 and the rise parameterD are adjusted
to the experimentally derived values. Another Fermi-like p
rametrization of the imaginary volume integral, fir
introduced in Ref.@20#, reads

JI~Ec.m.!5
J0

11 exp@~E* 2Ec.m.!/a* #
, ~3.12!

with a similar saturation valueJ0 and the parametersE* and
a* . The latter shape was also used for an attempt to deri
global a potential @53#, with E* and a* depending onE0.
However, the line derived with the parameters given in@53#
shows clear deviations from the new92Mo data. Therefore,
we have adjusted this Fermi-like function to the experime
tal data. Both parametrizations utilizing our fit paramete
are shown in Figs. 9B~Brown-Rho! and 9C~Fermi-like! for
our new 92Mo data. The parameters are listed in Table VI.
the following, we will always use the parameters given
that table for the two descriptions unless specified otherw

In general, the shapes of the BR and the Fermi param
zations are quite similar: there is a saturation valueJ0 and a
parameter that describes the steep rise ofJI : D for BR and
a* for the Fermi shape. However, there are also import
differences because the BR parametrization leads to a so
what flatter rise ofJI than that of the Fermi function, an
consequently, the extrapolation to lower energies is lower
the Fermi parametrization than for BR. Consequences
these small differences will be given in Sec. IV C. Neverth
less, it should be noted that the BR parametrization o
contains two free parameters, becauseE0 is fixed, whereas
the Fermi shape has three free parameters, in principle.

The shown ambiguities do not allow to determine t
shape of the imaginary part. These ambiguities reduce
reliability of extrapolations to lower energies. A more stri
s

TABLE VI. Parameters of the BR and Fermi parametrizations of the imaginary volume integralJI for
92Mo(a,a)92Mo.

Parametrization Saturation value Rise parameter Other parameter

BR J0599.8 MeV fm3 D57.68 MeV E051.51 MeV
Fermi J0591.0 MeV fm3 a* 52.78 MeV E* 510.24 MeV
5-9



re
e
gh
e

s-

f

n

he
m

em

pu
e

rk
re
s
th
r

are
of
ing
ions

o-

n
am-

as

f

me
ram-
i-

0%.
ing
f

the
he

us
e
ect

te

ow-
not

a-

s
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gent determination of the shape of the imaginary part
quires extremely precise scattering data over a wide rang
energies. A scattering experiment at about 50 MeV mi
help to reduce these uncertainties and to find the b
parametrization of the imaginary volume integrals.

IV. EXTRAPOLATION TO ASTROPHYSICALLY
RELEVANT ENERGIES

A. Astrophysically relevant energy for „g,a… reactions

The astrophysical decay ratet21 is given by

t21~T!5E
0

`

cng~E,T!s (g,a)~E!dE, ~4.1!

with the speed of lightc, the cross sections (g,a)(E) of the
(g,a) reaction, and the photon densityng(E,T) of a thermal
photon bath at temperatureT:

ng~E,T!5S 1

p D 2S 1

\cD 3 E2

exp~E/kT!21
. ~4.2!

The integrand of Eq.~4.1! can be analyzed under the a
sumption that the astrophysicalS factor of the reverse (a,g)
reaction is constant:S(a,g)(E)5const. Then the maximum o
the integrand in Eq.~4.1! is found at the energy

E0~g,a!5Ethr1EG
1/3S kT

2 D 2/3

, ~4.3!

with EG52m(pZPZTe2/\)2 and the threshold energyEthr
for the (g,a) reaction. The most effective energyE0(g,a)
for (g,a) reactions is given by the energy of the well-know
Gamow windowE0(a,g) for the inverse (a,g) reaction
plus the separation energyEthr of thea particle. Note that the
energyE0(g,a) is the energy of the photon, whereas t
energyE0(a,g) is the center-of-mass energy in the syste
92Mo-a. The astrophysically relevant energies for the syst
92Mo-a are listed in Table VII.

In all astrophysical applications reaction rates are in
only for reactions with positiveQ value and the inverse rat
is then computed by applying detailed balance~see, e.g.,
@15#!. That way, numerical stability of the reaction netwo
is guaranteed and the proper equilibria of forward and
verse rates can be attained for a given channel. The rate
the two directions depend linearly on each other and thus
change of, say, thea potential equally influences both, in ou

TABLE VII. Most effective energiesE0 for the 92Mo(a,g)96Ru
and the96Ru(g,a)92Mo reactions.

T9 E0(a,g) E0(g,a)

2.0 5.81 7.51
2.5 6.75 8.44
3.0 7.62 9.31
06580
-
of
t
st

t

-
in
e

case thea capture as well as the photodisintegration witha
emission. This relation is valid provided that stellar rates
used in both directions, accounting for thermal excitation
the respective targets. Because of that fact, in the follow
sections we make use of rate ratios so that the conclus
apply to the forward and inverse rates as well.

B. Extrapolation of the optical potential

As stated in Sec. III D, the extrapolation of the real p
tential can be performed reliably leading toJR
'325 MeV fm3 at astrophysically relevant energies with a
uncertainty of about 5%. The corresponding strength par
eter isl'1.2. The width parameter was fixed atw51.0.

The extrapolation of the imaginary part was performed
follows. In a first step the volume integralJI was determined
from the BR and Fermi parametrizations leading toJI
523.9 MeV fm3 ~BR! and JI515.4 MeV fm3 ~Fermi! at
Ec.m.55.81 MeV~corresponding toT952.0). The average o
these values isJI519.664.2 MeV fm3 which was used for
the following calculations.

The shape of the potential was taken as sum of volu
and surface Woods-Saxon potentials where the radius pa
eterR and the diffusenessa were estimated from the exper
mental data. The contribution of the volume term toJI is
assumed to be 30%, and the surface term contributes to 7
This ratio is determined from the experimental scatter
data atE513, 19, and 30 MeV. The effect of a variation o
the relative contributions of volume and surface term toJI
will be discussed below. These and other variations of
potentials allow an estimation of the uncertainties of t
calculated reaction rates.

C. 96Ru„g,a…

92Mo reaction rate

The variation of the reaction rates when using vario
potentials is shown in Tables VIII and IX. In Table VIII th
ratios of rates obtained with the different potentials in resp
to a standard rate~taken from Refs.@15,17# and using ana
potential from Ref.@54#! are shown. As can be seen, the ra
calculated with the global potential of Ref.@53# is lower by
about two orders of magnitude than the standard rate. H
ever, it was already stated above that this potential does
describe the92Mo data at higher energies. A simple equiv

TABLE VIII. Ratio j5r x /r 0 of the astrophysical reaction rate
r x obtained with different imaginary potentials to a standard rater 0

@15,17#.

T9 GG a ESWb A c (T952) B d (T953) AB e

2.0 0.014 0.121 0.453 0.497 0.503
3.0 0.012 0.140 0.546 0.579 0.585

aPotential from Ref.@53#.
bEquivalent square well potential, e.g., as in Ref.@55#.
cImaginary part from the extrapolated values atE55.8 MeV in
Table V.
dImaginary part from the extrapolated values atE57.6 MeV in
Table V.
ePotential depths are from A, the geometry parameters from B.
5-10
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TABLE IX. Variation of the imaginary part of the potential derived forT952.0. Rate ratios are shown i
respect to the rate obtained with the parameters forE55.8 MeV (JI519.6 MeV fm3, 70% surface contri-
bution! from Table V.

Variation of JI Surface contribution

T JI5 JI5 JI519.6 MeV fm3

109 K 15.4 MeV fm3 23.9 MeV fm3 90% 80% 60% 50%

0.5 0.942 1.077 0.952 0.976 1.019 1.043
1.0 0.949 1.070 0.949 0.975 1.032 1.057
1.5 0.913 1.078 0.937 0.968 1.029 1.057

2.0 0.902 1.077 0.937 0.969 1.029 1.056

2.5 0.918 1.062 0.945 0.974 1.026 1.049
3.0 0.945 1.050 0.958 0.981 1.020 1.040
3.5 0.968 1.027 0.966 0.984 1.016 1.030
4.0 0.991 1.013 0.977 0.988 1.010 1.021
4.5 1.007 1.001 0.983 0.992 1.006 1.014
5.0 1.019 0.995 0.989 0.995 1.005 1.009
6.0 1.028 0.991 1.000 1.000 1.000 1.009
7.0 1.031 0.985 0.999 0.999 1.000 1.000
8.0 1.026 0.987 1.000 1.000 1.000 0.996
9.0 1.020 0.990 1.004 1.002 0.998 0.996

10.0 1.011 0.994 1.005 1.002 0.998 0.994
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lent square well potential@55# also yields a factor of 8 lowe
cross sections but neither does it describe the data nor
considered to be reliable for this application@26#. When us-
ing the two potentials with the extrapolated parameters
T952.0 andT953.0 from Table V, a reduction of the rate o
about 40–50% is found.

Case AB explores the dependence on the geometry o
potential. A change in the geometry parameters of o
0.1–0.7% leads to a variation in the ratio of 7% –10% in
rate ratios which underlines the importance of additio
scattering experiments to determine the shape of the im
nary optical potential. However, it should be mentioned t
case AB is not fully consistent within our approach beca
it has a slightly different volume integralJI and rms radius
due to the unchanged depths of the volume and sur
terms, but the differences are only of the same order
magnitude as those in the geometry parameters.

The sensitivity of the rates to variations in the extrap
lated volume integralJI and the relative contributions of vol
ume and surface term are studied in Table IX. Here the
ied rates are compared to the rate obtained in case A of T
VIII. The ratios are given in the temperature range 0.5<T9
<10.0 in order to show the temperature dependence of th
effects although strictly speaking the potential was deriv
assumingT952.0.

The contribution of the surface term toJI was varied
within a reasonable range of 70620 %. This resulted in a
variation of the rate of about66 %. Another uncertainty is
introduced by the fact that we assumed the extrapolatedJI to
be the mean between the value obtained by the BR
Fermi parametrizations. Using the higher BR value ofJI
523.9 MeV fm3 increases the rate by 8% while using t
06580
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lower value ofJI515.4 MeV fm3 a suppression by abou
10% is obtained. Thus, the error introduced by the differ
shapes of the parametrizations used for the extrapolatio
JI to low energies is dominating but still within satisfacto
accuracy.

Closing this section we conclude that the recommen
rates are case A forT952.0 and case B forT953.0 from
Table VIII with an error of 16%, mainly introduced by th
ambiguities of the extrapolation of the imaginary part dow
to the relevant energies. The recommended rate is rough
factor of two lower than the standard rate given in previo
tabulations@15,17#.

V. SUMMARY

We measured the elastic scattering cross section
92Mo(a,a)92Mo in a wide angular range at energies
Ec.m.' 13, 16, and 19 MeV. Additionally, data from th
literature have been analyzed@47–50#. The real and imagi-
nary parts of the optical potential for the system92Mo -a
have been extracted from the data and extrapolated dow
the astrophysically relevant energies around and below
Coulomb barrier. The result fits well into the known syste
atic behavior ofa-nucleus folding potentials. The extrapola
tion of the imaginary part is not unique but our study sho
that the use of two different energy dependences introdu
an error in the obtained rate of not more than 15%.

The derived stellar rates@for 92Mo(a,g)96Ru as well as
96Ru(g,a)92Mo] are 50%260% of the rates given in
Refs.@15,17# at stellar temperaturesT952.0–3.0. Assuming
the 96Ru(g,n)95Ru rate to remain unchanged, this wou
5-11
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lead to a corresponding decrease in the abundance
Y92Mo

/Y94Mo
with respect to an abundance ratio calcula

with the previous rate in theg process~as, e.g., in@13,14#!.
It is interesting to note that many network calculations
the g process@7–11# show an overproduction of92Mo rela-
tive to 94Mo which may be reduced by the results of th
work. However, as mentioned in the Introduction, a compl
analysis has not only to follow theg process consistently bu
also to account for the possiblerp- ands-process contribu-
tions. This is beyond the scope of this paper.
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