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144sm-a optical potential at astrophysically relevant energies
derived from #Sm(ea,a)**Sm elastic scattering
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For the determination of th&**Sm- optical potential we measured the angular distribution¥8m(e,
a)¥Ssm scattering at the enerdg,,=20 MeV with high accuracy. Using the known systematics of
a-nucleus optical potentials we are able to derive #f&m-« optical potential at the astrophysically relevant
energyE. ,=9.5 MeV with very limited uncertaintie$S0556-28187)00603-1

PACS numbsg(s): 25.55.Ci, 24.10.Ht, 26.38-k

I. INTRODUCTION WS potential and the folding potential in Ref&—7] were
taken from global parametrizations af optical potentials;

In a detailed study of nucleosynthesis in type-1l supernothese results for thé*‘Sm(a,y) 1*Gd cross section lie be-
vae, Woosley and Howard proposed the so-cajlqutocess, tween the different ESW results. First experimental results
which is important for the production of the samarium iso-on the *Sm(a,y) *8d capture cross section at somewnhat
topes 1*Sm and*®Sm[1]. The existence of ther process higher energies lie at the lower end of the different calcula-
was confirmed latef2]. Because of ther decay of 14¢Sm  tions[10].

(T1,=1.03x 1% yr) today one can find correlations be-  The aim of this work is to determine the optical potential
tween the*aNd/*Nd ratio and the Sm/Nd ratio in some at the relevant energg.,=9.5 MeV. In general, optical
meteorites[3] as a consequence of thg process. The potentials can be derived from elastic scattering angular dis-
nuclear reaction rates used in the network calculations of th&ributions. Recently, in a systematic study the energy and
v process are relatively uncertain. Especially, the reactiomass dependence ef-nucleus potentials was determined
rate for the production of**Sm by the photodisintegration [11]. In that work « scattering on'*’Sm was analyzed at
reaction'*8Gd(y,a) 1*4Sm is uncertain by a factor of 1@].  higher energies. An extrapolation to astrophysically relevant

The reaction rate for the reactiof{®Gd(y,«) *Sm was energies is possible only with very limited accuracy. At the
derived from the'*‘Sm(a,y) 1*%Gd reaction cross section us- energy E.,=9.5 MeV the *Sm(a,a) **Sm scattering
ing a detailed-balance calculatigsee, e.g.[4,5]). Usually,  cross section is given by almost pure Rutherford scattering
reaction rates are given at the relatively high temperatures dfecause of the height of the Coulomb barrier of about 20
25<Ty<3.0, or the capture cross section atMeV. For a reliable determination of the optical potential
E.m=9.5 MeV (corresponding tdy=2.8) is derived1,4—  one has to increase the energy in the scattering experiment.
7]. However, because of the energy dependence of the optical

Two ingredients enter into the Hauser-Feshbach calculapotential, the energy should be as close as possible to the
tion of the **“Sm(a, ) *8d capture cross section: transition astrophysically relevant enerds, ,=9.5 MeV. As a com-
probabilities and the nuclear level density. The transitionpromise we measured thé‘Sm(a,«) ***Sm angular distri-
probabilities were calculated using optical wave functions inpution atE,,,=20 MeV. At this energy the influence of the
an equivalent square welESW) potential[1,4], a Woods-  nuclear potential on the angular distribution is measurable,
Saxon(WS) potential[6,7], and a folding potentidl5,7]. even though it is small. Especially, the determination of the

Calculations with ESW potentials are very sensitive on ashape of the optical potential remains difficult even at this
proper choice of the radius paramefey two calculations energy. For the real part this problem vanishes because its
usingR=8.01 fm (Ref.[4], based on the ESW radius from shape is given by a folding procedure, but the shape of the
Ref.[8]) andR=8.75 fm(Ref.[1], based on Ref9)) differ  imaginary part has to be adjusted to the experimental angular
by a factor of 10 for thé“**Sm(a,y) *8Gd cross section. The distribution. For that reason the angular distribution has to be

determined with very high accuracy in the full angular range.
The increase of the real part of the optical potential at
*Present address: Instituf rfitheoretische Physik, Universita energies close to the Coulomb barrier is well knojt2].

Basel, Klingelbergstr. 82, CH-4056 Basel, Switzerland. Close to the Coulomb barrier the number of open reaction
TPresent address: InstitutrfGtrahlenphysik, Universitstuttgart,  channels changes strongly; this leads to a strong variation of
Allmandring 3, D-70569 Stuttgart, Germany. the imaginary potential, and the strength of the real potential
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is coupled to the imaginary part by a dispersion relation. Aeach turntable two detectors were mounted at an angular dis-
further influence on the potential strength coming from anti-tance of 10°. Directly in front of the detectors apertures were
symmetrization effects is indicated by microscopic calcula-placed with the dimensions 1.25 m6.0 mm(lower detec-
tions which were performed for light nuclei. This “threshold tors) and 1.0 mnx6.0 mm (upper detectods Together with
anomaly” (mainly so-called in heavy-ion scattering and fu- the distance from the center of the scattering chamber
sion) was seen also i scattering on many nuclgll-16. d=195.6 mm (lower detectors and d=196.7 mm (upper
detectory this results in solid angles from
Il. EXPERIMENTAL SETUP AND DATA ANALYSIS AN=163<10 * to AQ=156<10* The ratios of the
solid angles of the different detectors were determined by
The experiment was performed at the cyclotron laboratonbverlap measurements with an accuracy much better than
at ATOMKI, Debrecen. We used the 78.8 cm diameter scat{%,.

tering chamber which is described in detail in Héf7]. Here Additionally, two detectors were mounted at the wall of
we will discuss only those properties which are important forthe scattering chamber at a fixed angledof 15° (left and
our experiment. right side relative to the beam directjoThe solid angles of
these detectors ar®()=8.10x 10 °. These detectors were
A. Targets and scattering chamber used as monitor detectors during the whole experiment.

The signals from all detectors were processed using
arge-sensitive preamplifiet®A’s), which were mounted
directly at the scattering chamber. The output signal was
further amplified by a main amplifi€gMA). The bipolar out-
put of the MA was used by a timing single channel analyzer

The samarium targets were produced by the reductiv%h
evaporation methofl8] at the target laboratory at ATOMKI
directly before the beamtime to avoid the oxidation of the
metallic samarium. A thin carbon foil (thickness

d~20 .'“g/ cnt) was _used as backing. . (TSCA) to select signals with amplitudes betweenl V
During the experiment we used one enncrféésm and and 10 V, and the unipolar output of the MA was gated with
one_natural Sm target, and one carbon _baﬂang without S83he TSCA signal using a linear gate stretclie6S). The
marium  layer. The. enrichment in .“Sm was | gs output was fed into an CAMAC ADC, and the ADC
(96'52# 0.03)%. The thickness of the samarium targets Wagyaia were stored in a corresponding CAMAC Histogram-
determined by the energy loss of theparticles in the sa-  \ning Memory module. The data acquisition was controlled
marium layer. We compared the energyaparticles elas- 5 standard PC with a CAMAC interface using the pro-
tically scattered on *“C in the carbon backing at gram MCMAIN [20]. The dead time of the system was de-
¥1ay=162° using the pure carbon target as reference anflymined by test pulses, which were fed into the test input of
both samarium targets. The stopping poweEdx of the  gach pA. 1t turned out that the deadtime was negligible
a particles in samarium at the relevant energies?B MeV (<0.2%) except the runs at very forward angles.
(incidenta) and E=5.2 MeV (backward scattered) were The achieved energy resolution was better than 0.5% cor-
taken from Ref. [19]. The resulting thicknesses are respondingAE<100 keV atE,~20 MeV.
d=142 uglen? (**4Sm) and d=218 ug/cn? (natural Sm “
with uncertainties of about 10%. The pure carbon target was
used also for the angular calibrati¢see Sec. I ¢
Additionally, two apertures were mounted on the target Because of the strong angular dependence of the scatter-
holder to check the beam position and the size of the bearfig cross section especially at forward angles the angular
spot directly at the position of the target. The smaller apercalibration was done very carefully by two kinematic meth-
ture had a width and height of 2 mm and 6 mm, respectivelyods. The carbon backing contained some hydrogen contami-
This aperture was placed at the target position instead of theation. Therefore, we used the steep kinematics of
Sm target before and after each variation of the beam cur*H(«,@)*H scattering at forward angles (1€°9,,<15°).
rent. Because practically no current could be measured oWe measured the energies of theparticles scattered from
this aperture the width of the beam spot was definitely'H [note, two peaks with different energies corresponding
smaller than 2 mm during the whole experiment, which isto two center-of-mass scattering angles can be found at one
very important for the precise determination of the scatteringaboratory scattering angle, labeledin Eq. (2.1)] and from
angle. In contrast, the relatively poor determination of the?C (ground state and 2 state at 4.44 MeY/ and we deter-
height of the beam spot does not disturb the claimed precimined the ratio
sion of the scattering anglsee Sec. || € Furthermore, the 1 <
position of the beam on the target was continuously con- - (9)= Eo(7Cys) —EL(TH) 2.0
trolled by two monitor detectors. No evidence was found for q Ea(lzcg_s)— E.(*Cy+) '
a change of the position by determining the ratio of the count
rates in both detectorsee Sec. IR

C. Angular calibration

from the experimentally measured energies and from a cal-
culation of the reaction kinematics. The angular offset is
B. Detectors given by the mean value of the differencesdrderived from

For the measurement of the angular distribution we useall determined values otﬁ;(pt and gg,.. The following re-
four silicon surface-barrier detectors with an active aressults can be obtained from this procedure:
A=50 mn? and thicknesses betweed=300 um and A gse= —0.38°+0.02° (lower detectors and
d=1500 um. The detectors were mounted on an upper and\ Jy¢se= +0.32°+£0.02° (upper detectops (Note that these
a lower turntable, which can be moved independently. Oroffsets cannot be a consequence of a beam spot which is not
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FIG. 1. Relative yield of'>C recoil nuclei in coincidence with L 3
elastically scattered particles. The shaded area shows the angle 10
and the uncertainty which is expected from the calibration using the 10° TR L ]
steep kinematics o?H(a,a_) H. The dotted line is a Gaussian fit to 1000 1200 1400 1600 1800
the experimental data points to guide the eye. channel

exactly centered on the target; for the measured offset of G, 2. Typical spectra of*Sm(a,«) 144Sm at9,,,=25° (up-
about 0.35° the beam spot would have been outside the ager diagram and atd,,= 130° (lower diagran.
erture with a width of 2 mm, which can be placed at the

position of the target, see Sec. I)AThe uncertainty of the  the scattering cross section from the accumulated charge and
adjustment of the angle is given by the standard deviation ofhe target thickness agrees within the quoted uncertainties
each single measurememt:¥,q,si< = 0.1° (all detectors with the relative determination using the monitor detectors.
In a second step we measured a kinematic coincidence |n the measured angular range the cross section covers
between eIaSticaIIy scatteredparticles and the correspond- more than 4 orders of magnitude_ The result of the experi-
ing C recoil nuclei. One detector was placed atment, normalized to the Rutherford cross section, is shown in
Fapo=77° (lower detector, left side relative to the beam Fig. 3. The error bars in Fig. 3 contain statistical uncertain-
axig), and the signals from elastically scatteegarticles on  ties (<1% for almost any angjeand systematic uncertain-
12C were selected by an additional TSCA. This TSCA outputties coming from the accuracy of the angular adjustment of
was used as gate for the signals from another detector whiahe detectors and from contributions of other samarium iso-
was moved around the correspondildC recoil angle topes in the!#4Sm target(chemical impurities of the targets
Dab,recoi=42° (Upper detector, right sideThe maximum re-  are negligible.
coil count rate was found almost exactly at the expected At forward angles the accuracy of the angular adjustment
angle(see Fig. 1 (<=0.1°) leads to an uncertainty of about 1% in the deter-
mination of the cross section, at backward angles this uncer-

D. Experimental procedure, uncertainties

With this setup we measured spectra from tt&sm and 12
the natural Sm target at angles from 15° to 172° in steps of {3
1° (9<140°) and 2° ¢>140°). Two typical spectra mea- 1.0 | trrT
sured at forward ¢=25°) and at backward {=130°) 09 [ 1

angles are shown in Fig. 2. The measuring times were be- 038 |
tween some secondgorward angles and several hours 207

(backward anglés and the corresponding beam currents = 0.6 — i

were between 30 nA and 600 rikde?” ions. The beamwas ~ ° 05 - ]

stopped in a Faraday cup rougt?2 m behind the scattering 04 | * 9

chamber, and the current was measured by a current integra- 03[ ]

tor. 02 \\\‘r—
For each run the scattering cross section was determined 0.1 ]

relative to the monitor count rate: 0 T e % o 15'0 T

Fe.m. (deg)

do N(9) AQyon

(o
PToY (19)=<—) (9=15°) — 15
dQ) dQ/yon Nion(9=15%) AL FIG. 3. Elastic scattering cross section 8fSm(a,a) *‘Sm
(2.2 normalized to the Rutherford cross section. The line is the result of
an OM calculation using folding potentials and corresponds to fit 1
and by assuming that the cross sectiodgt=15° is given  of Tables | and li(see Sec. l). The insets show magnifications of
by pure Rutherford scattering. An absolute determination ofhe forward and backward angular range.
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tainty in the cross section practically disappears. In contrast, [ll. OPTICAL MODEL ANALYSIS
at forward angles the elastic scattering cross section of all . . .
samarium isotopes is very close to the Rutherford cross sec- The t.heoretlcal analysis of the sc_:atterlng data was per-
tion, however at backward angles the cross section measurdgfMed in the framework of the optical modeDM). The
with the natural samarium target is about 20% to 30%COMPlex optical potential is given by

smaller than the'**Sm scattering cross section. Because of

the high enrichment96.52% of the 144Sm target the result- .

ing uncertainty remains smaller than 1% even at backward U(r)=Vc(r)+V(r)+iw(r), 3.0
angles. Therefore, we renounced of a correction of the

1445m scattering cross section.

The resulting high accuracy of this experiment is bettetwhereV¢(r) is the Coulomb potential, and(r) andW(r)
than 2%(including both statistical and systematic uncertain-are the real and the imaginary part of the nuclear potential,
ties) even for the very backward angles where the cross sedespectively.
tion is more than 4 orders of magnitude smaller than at the The real part of the optical potential was calculated by a
forward angles measured in this experiment. double-folding procedure:

Vf(r):f fpP(rP)pT(rT)Ueﬁ(Evp:pP+pTvS:|F+FP_FT|)d3rPd3rT- (3.2

wherepp, pr are the densities of projectile and target, re-v, at  Egp=20 MeV  (with A=w=1) are
spectively, and . is the effective nucleon-nucleon interac- j.—260.41 MeV fn# andr ,g=5.573 fm.
tion taken in the well-established DDM3Y parametrization '~ The Coulomb potential is taken in the usual form of a

[21,22. Details about the folding procedure can be found inhomogeneously charged sphere where the Coulomb radius
Refs.[16,11), the folding integral in Eq(3.2) was calculated R was chosen identically with the rms radius of the folding
using the codeFoLD [23]. The strength of the folding po- potentialv, : Re="rmsr="5.573 fm.

tential is adjusted by the usual strength paramatewrith For the imaginary ’part of the potential, different param-

A~12-13. _ » etrizations were chosen: the usual Woods-Safi$) po-
The densities of thex particle and the***Sm nucleus tential

were derived from the experimentally known charge density

distributions[24], assuming identical proton and neutron dis- Wiys(r)=W,[ 1+exp(r —R)/a] P, (3.6)
tributions. ForN~Z nuclei up to®%Zr (Z=40, N=50) this

assumption works well, however, in the case #fPb whereR is usually given byR:RO-A%B and a series of
(2=82,N=126) a theoretically derived neutron distribution Fourier-Besse(FB) functions

and the experimental proton distribution had to be used to

obtain a good description of the elastic scattering angular n
distribution[11]. To takg the pc_)35|blllty into a_ccou_nt thr?\t the Weg(r) = 2 asin(kar/Reg)/ (K7t I Reg) (3.7)
proton and neutron distributions are not identical in the k=1

nucleus#sm (Z=62,N=82) a scaling parameter for the
width of the potential was introduced, which is very close towith the cutoff radiusRgg.
unity. The resulting real part of the optical potential is given A fitting procedure was used to minimize the deviation

by x° between the experimental and the calculated cross sec-
tion:
V(r)y=N-Vi(riw). (3.3
— . 2
For a comparison of different potentials we use the inte- Y2= 2 Texpi (V) ~ Ocaicj (D) (3.9
gral parameters volume integral per interacting nucleon pair =1 AT eypi(D)
Jr and the root-mean-squatams) radiusr,sg, Which are
given by The calculations were performed using the cedd25].
The parameters of the imaginary part, the potential
3 1 J V(r)dr (3.4) strength parametex and the width parametev of the real
R ApRA ' ' part, and the absolute value of the angular distribution were

adjusted to the experimental data by the fitting procedure.
IV(r)r2d3 |2 The ratior of the calculated to the experimental absolute
fV(nddr | 35 value of the angular distribution is very close to 1 in all fits:

r=1.006=0.002. Therefore, we renormalized the measured
for the real part of the potentia¥(r) and corresponding angular distribution by this ratio. This renormalization of
equations hold foV(r). The values for the folding potential 0.6% lies well within our experimental uncertainties.

rmsR™
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TABLE I. Potential parameters of the imaginary part of the optical potential derived from the angular
distribution of *4Sm(a,a)'*‘Sm atE,,,=20 MeV.

Fit Wy(MeV) Ry (fm) a (fm) p

1 10.64 1.6758 0.1680 1

2 10.70 1.7132 0.2265 2

Fit Reg (fm) a; a, as a, as ag a; ag

3 15.0 -11.65 -16.66 6.09 21.31 10.79 - - -

4 15.0 -9.50 -6.50 19.42 14.84 -23.51 -35.83 -14.88 -1.06
5 a VO:185 MeV,W0:25 MeV, RO,R: RO’|:l.4 fm,aR:a|:0.52 fm

3Referencd6].

Four parametrizations of the imaginary part of the potenproblems result from discrete ambiguitidthe so-called
tial were used to determine the influence of the type of‘family problem”) and from continuous ambiguities.
imaginary parametrization on the resulting volume integrals. The problem of continuous ambiguities is reduced to a
They are labelled 1, 2, 3, and 4 in Tables | and Il. Labels Igreat extent by the use of folding potentials because the
and 2 correspond to WS potentials wifh=1 andp=2, shape of the folding potential is better fixed compared to
respectively. For parametrizations 3 and 4, FB functionsstandard potentials of WS type. The width parameter of the
were used with 5 and 8 FB coefficients, respectively. Theolding potential, which was introduced in Sec. IlI, should
results are listed in Tables | and Il, the calculated angularemain very close to unity; otherwise the parameters ex-
distributions are shown in Figs. 3 and 4. In addition, thetracted from this calculation are not very reliable.
angular distribution derived from a “standard” WS potential ~ The “family problem” is illustrated in Fig. 5. Because of
is also shown, which was used in previous calculations of théhe reasons mentioned above, we used the simplest param-
149Sm(a,y) 1*%d capture cross sectidh,7]. Fits 1-4 look  etrization of the imaginary potential, the standard WS type
very similar; thex?/F varies from 1.74 to 1.82. However, with p=1 as employed in fit 1. If one now varies continu-
fits 3 and 4 using FB functions in the imaginary part show aously the depth of the real part of the optical potentia.,
slightly oscillating imaginary potential; fit 4 even shows athe strength parametar) and adjusts as well the width pa-
small unphysical region where the imaginary part becomesameterw and the parameters of the imaginary part to the
positive. experimental data, then one obtains a continuous variation of

Of course, they?/F of fit 5 is inferior compared to fits w andJg, but oscillations iny?/F correlated with oscilla-
1-4 because the WS parameters taken from the study of Refons in J,. Each(local) minimum in y?/F, shown as data
[6] were not adjusted to the experimental angular distribupoints in Fig. 5, corresponds to one family of the optical
tion. potential. Obviously, the deepest minima yt/F can be

obtained for families 4, 5, and @ee Fig. 5. This restriction
IV. DISCUSSION on the number of the family is confirmed by the behavior of
the width parametew, which should be very close to 1. Fit
1 in Sec. lli(see Figs. 3 and)4an be found here as family

We extracted a definite optical potential from the experi-4.
mental elastic scattering data of*Sm(a,a)*Sm at A more detailed analysis of the resulting real potentials
E..,=20 MeV. First of all, very accurately measured scat-shows that all potentials have the same depth at the radius
tering data are necessary for this determination, and further-=10.61 fm:V(r=10.61 fm)= —0.54 MeV. This result is
more a definite solution has to be selected from several pashown in Fig. 6.(An exception was found for family 1, but
tentials which describe the data almost identically. Thesdor the region of this familyy?/F does not show a certain

A. Ambiguities of the optical potential

TABLE IlI. Integral potential parametetkandr s of the real and imaginary part of the optical potential
derived from the angular distribution df*Sm(e,a)*Sm atE,,,=20 MeV.

Flt N w ‘]R rrms’R J| rrms’| XZ/F

no. (MeV fnt) (fm) (MeV fm?d) (fm)

1 1.2568 1.0220 349.34 5.6961 52.57 6.8311 1.823
2 1.2580 1.0216 349.29 5.6940 52.41 6.8142 1.823
3 1.3425 0.9976 347.04 5.5600 57.49 6.0756 1.807
4 1.2771 1.0067 339.31 5.6110 51.30 6.8868 1.738
54 Woods-Saxon 557.59 6.0026 75.35 6.0026 41.0

8Referencd 6]
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FIG. 4. Calculated elastic scattering cross section of
¥Sm(a, @) ***Sm normalized to the Rutherford cross section. The
lines are the result of different OM calculations using folding po-
tentials (fits 1—4, which have almost the sanyé/F) and using a
standard WS potentiaffit 5) from Ref. [6]. The parameters are
shown in Tables | and II.
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minimum, see Fig. 5.A similar result was already found by
Badawy et al. [26] by analyzing excitation functions ok
scattering measured close ta3=180° at energies I
10 MeV=E;,=<20 MeV: These authors stated that “at en- b23 4N§, Of6fam7ﬂy8 9 101
ergies near the Coulomb barrier theparticle scattering data
are fitted by any Woods-Saxon potential whose depth at F|G. 5. Parameters of different familiggumbered 1—11of
r=R, is 0.2 MeV.” For Sm they derived optical potentials derived from thé*Sm(a,e)%“Sm scattering
Ro=11.04-0.02 fm. However, in contradiction to that data: strength parameter width parametew, volume integrals of
statement we point out that one has to choose one of thi&e real and imaginary padiz andJ, , respectively, and the devia-
discrete values of the real volume integraisdetermined by ~ tion per degree of freedomg?/F (from top to bottorh. The data
the minima in XZ/F (families 1-1). Choosing, e.g., a point_s are results of _fits of real and imaginary_ parts us?ng _different
strength parameter=1.35 (which is exactly between fami- starting valugs, the lines are the result of an |nterpolat|0)q. and
lies 4 and % and adjusting w so that VVV( tio 6‘?}2”5; g"; 4 h;lea\lj pj"tth .Of _the potter;tltil o
) . r=10.61 fm)=—0. eV, and the imaginary part of the po-

V(_r=10.61 fm)= —0.54_M_eV (w=1.018) resqlts INaSI9-  tential was again adjusted to the experimgelntalydgta. The dgepest
nificantly worse description of the experimental dataminima iny%F are obtained for families 4, 5, and 6.
(x?/F=1.92 compared tq?/F =1.82 for families 4 and 5
Of course, this discrimination is only possible if very accu- 4 4
rately measured scattering data are available. Q=2N+ L=2 (2ni+li)=2 g; . 4.0

The “family problem” can usually be solved at higher =1 =1
energies. The *Sm(x,a)'**Sm scattering data at
Ei.p=120 MeV[27] can be described well by a calculation
using a folding potential witllz=286.8 MeV fnt [11], and

X'/F
— )
© o
T T T T
. { " |

—
=]
T
!

Using Q=18 (corresponding ta};=5 oscillator quanta for
each neutron in thef2,, shell andg; =4 oscillator quanta for
each proton in the &, shell, see, e.g.[28]) one has to

a stimitl_aT vqllum(irintegfg: '\[/;/]as fon:nd i'::. RSQJ] u.singf\]{va_ adjust the folding potential strength to reproduce the binding
potentia's. Together with the systematic behavior o1 101diNgg 4y of thel48Gd ground state. One obtains=1.159 and

potentials for nuclei withA=90 [11], which can be de- Jp=311.2 MeV fn? at E= +3.2 MeV (the nucleus™%Gd

scribed by the interplay of the energy dependence of th o e .
NN interactionv o and the effect of the so-called “threshold Egﬁgﬁllisolr)ﬁ;r:ifgl v\\g:ﬁrrLZtisnltgt;r ;Elljnown systematic

anomaly” [12,1€], one expects volume integrals of about :
) . For all these reasons we chose the calculations corre-
Jr~330-340 MeV fnt at the low energies analyzed in sponding to family 4 with Jg~349 MeV f? and

this work (see Fig. 7, upper part and Sec. I¥.Brom this J,~52.5 MeV fn? (see Sec. Il obtained with the standard

point of view we can decide that family 4 corresponds to th o : : o
volume integrall(E,=120 MeV)=286.8 MeV fri. eX\r/fj ﬁ)arametnzatmn of the imaginary pdfit 1 in Tables |

There is a further confirmation for family 4. The ground
state wave function of*%Gdy='*Smga can be calcu-
lated[11]. The number of noded and the angular momen-
tum L of the « particle outside thé**Sm core are related to  For the calculation of thé*Sm(a,y)*%d reaction cross
the oscillator quantum numbe€p by section at the astrophysically relevant energy

B. Extrapolation to E.,=9.5 MeV
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FIG. 6. Real part of different families of optical potentidla-
beled 1-11 derived from the'*Sm(a,a)'*Sm scattering data: in
the inset one can see that all potentials have the same depth at the FIG. 7. Volume integrals of the reélippe) and imaginary part
radiusr =10.61 fm:V(r=10.61 fm)= —0.54 MeV. For family 1 ~ (lower diagram of the optical potential derived from

(dashed lingone finds an exception but for the region of this family **Sm(a,@)**'Sm scattering. For comparison the volume integrals
¥2/F does not show a certain minimufsee Fig. 5. derived from*°Zr(a,a) °°Zr scattering[11] were added. The lines

in the lower diagram show the results of BR parametrizations of the

E.m=9.5 MeV one has to determine the optical potential atmagmary par(see text

that energy. The following methods were applied to extract
the real and imaginary part of the potential. and because the BR parametrization is not very well defined

In a first step the folding potential in the real part wasby two data point§and two parameters to be adjustede
calculated at the energ§.,=9.5 MeV [this is necessary also used the well-defined BR parametrization Y&r taken
because of the energy dependence of the interactipnsee  from Ref.[11]: J,=84.3 MeVfn? andA=11.8 MeV. This
Eq.(3.2)]. Second, the width parametarwas taken from fit  |eads toJ,(E.,=9.5 MeV)=25.5+0.3 MeV fn? using ei-

1: w=1.022. Third, because of the rise of the volume inte-ther E,=1.66 MeV adjusted to'**Sm or E,=1.78 MeV
grals Jz at low energies which is aboutAJgr/AE  adjusted to°Zr. Combining the values derived from the BR
~1-2 MeV fm¥MeV [11] we adjusted the parameterto  parametrizations of*/Sm and®%Zr, we adopt a volume in-
obtain a vqume3 integral of Jr(E.m=9.5 tegral ofJ,(E,=9.5 MeV)= 22-5—?3 MeV fm3.
MeV)=334x6 MeV im A =1.1965-0.0216. The uncer-  “rpe ghane of the imaginary potential is not as certain as
tainties ofJr and\ were estimated from the uncertainties of i o1 me integral. Several parametrizations lead to almost

AJr/AE andJg(Ejgy=20 MeV). identical fits atE;,;,=20 MeV. For our extrapolation we
The volume integral of the imaginary part can be param- . : .
etrized according to Brown and RKBR) [29]; used the geometry of the potential derived in fisgée Tables

I and Il), because the shape of the imaginary potential should

0 for Ech<Eqy, not change dramatically from E,,=20 MeV to
(Eom—Eqo)? Ecn=9.5 MeV, and we adjusted the depth
IEem) =9 - em__ for E¢m>Eo, W,=4.55"35F MeV to obtain a potential with the correct

=RV
(Ecm—Eo)"+A imaginary volume integral.

4.2

with the excitation energy, of the first excited state, and ~ C- ***Sm(a,y) **Gd and the ***Sm/***Sm production ratio
the saturation parametdg and the rise parametér, which . )
are adjusted to the experimentally derived values. Reaction rates for the reaction*Sm(a,y)'*%Gd at
From the #Sm scattering data &,,;,=20 MeV and To=2.5andTy=23.0 are listed in Table Ill. To determine the
Es=120 MeV [27] one obtainsJ,=79.98 MeV fn influence of the optical potential on th&“Sm(a,y)'*%Gd
and A=12.84 MeV. The excitation energy of the first ex- cross section the calculations of Refs,7] were repeated
cited 2" state in*‘Sm isE,=1.660 MeV. This leads to a only changing the optical potentials. Compared to a previous
volume integral at E.,,=9.5 MeV of J(E.,=9.5 calculation using a folding potential with parameters derived
MeV)=21.7 MeVfn?. Because of the weak mass depen-from a global systematids,7], the reaction rate is reduced
dence of the imaginary part for heavy nuclei with a magicby a factor of about 1.5. The optical potential is well defined
neutron or proton number(see Fig. 7, lower part by the scattering data. With the optical potential determined
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TABLE lll. Reaction rates of*Sm(a,y) 148d at temperatures @fq=2.5 andT4=23.0.

Potential Potential &,y) Na-(ov)(cm®s Tmol™1)

from Ref. from Ref. Tg=25 T9=3.0
ESW,R=8.01 fm [8] [4] 3.72x 10716 2.58x 10713
ESW,R=8.75 fm [9] [1] 3.75x 10715 2.35x 10712
WS [6] [6,7] 1.95x 107 1° 1.22x 1012
Folding, \=1.159 [5,7] [5.7] 1.27x 1071° 7.56x 10718
Folding This work This work 7.9%x 10716 5.63x 10713

in this work the calculated and the preliminary experimentalg,,=20 MeV to the astrophysically relevant energy

14Sm(a,y)*®Gd capture cross section agree reasonablf_ . =95 MeV was possible with very limited uncertain-

well. ties. The **Sm(a,y) 1*8Gd cross section is reduced by a
The reaction rate does not depend strongly on the chosefactor of about 1.5 compared to a previous folding potential

family because the scattering data are reproduced quite wedklculation, it still lies between the two ESW calculations

from calculations using potentials of families 3, 4, and 5. Thegiffering by a factor of 10. The uncertainty of th¥“Sm

capture cross section decreagexreasep by about 11% (4,v) 4Gd cross section coming from continuous and dis-

(10%) using family 3(5) instead of family 4. A similar in-  crete ambiguities of the optical potential is reduced by a

crease of about 8% compared to family 4 is obtained wheyreat amount. The use of systematic folding potentials is

one uses a potential between families 4 and 5 as mentionqqghh/ recommended for the ana|ysis of |ow-eneiglscat_

in Sec. IVA because of the somewhat larger imaginary parfering anda capture reactions because of the reduced num-

of the potential. ber of free parameters compared to previous calculations us-
The influence of the reaction rate on tH€Sm/*‘Sm  jng WS potentials, respectively, because of the reduced

production ratio was analyzed in R¢#]. Our reduced reac- yncertainties in the radius parameter compared to ESW cal-

tion rate lies between cas€sandD of Table | in Ref.[4] culations.

corresponding to a production ratio of about 0.3 which is

well between the experimentally derived limits of 0.1 to 0.7
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