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The nucleosynthesis of heavy neutron-deficient nuclei in a stellar photon bath at the temperatures relevant
for the astrophysica) process was investigated. In order to deriyen) cross sections and reaction rates, the
stellar photon bath was simulated by the superposition of several bremsstrahlung spectra with different end-
point energies. As a first test for this method, then() reaction rates of the platinum isotopE8Pt, 1%%t, and
9%t were derived. The results are compared to other experimental data and theoretical calculations.
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I. INTRODUCTION As a starting point for the measurement of the needed
reaction rates, we have measured then reaction rates of
The bulk of nuclei heavier than iron have been synthethe platinum isotopes'®Pt(natural abundance: 0.014%
sized by neutron capture in the astrophysicand s pro-  1°%P0.782%, and '°%17.163%. The natural abundances
cesses. These neutron-capture processes cannot accountigve been taken fromil1]. The (y,n) reaction rate for a

the synthesis of some of the heavAX100) neutron- nucleus in a thermal photon bath is given by
deficient nuclei. These nuclei are shielded from the chain of

B~ decays by other stable isobars. The production mecha- *

nism for these so-callepinuclei is photodisintegration in the MT)= fo cny(E,T)o,n(E)dE 1.
astrophysicaly process by successivey,f), (y,p), and

(7, ) reactions. The natural abundances forpheuclei are  with the speed of light and the cross section of the,f)
very low in the order of 0.01-1%. A complete list of tpe reactiono,, ) . The number of photons,(E, T) at energyE

nuclei can be found in Table 1 of R¢fl]. The starting point  per unit of volume and per energy interval is given by the
for the photon-induced reactions are heavy seed nuclei thajell-known Planck distribution

have been synthesized in thends processes.

In order to reproduce the abundancespohuclei mea- 1\2(1)3 E?
sured in the solar system, temperatures inytprocess must n,(ET)= (_) (%) W-
be in the range ofT¢g=2—-3 (T4 is the temperature in
10° K), densities aboup~10° g/cn?, and time scales of  For the measurement of the,1) reaction rates we used the
the order of seconds. A possible astrophysical site that fulmethod of photoactivation. We irradiated platinum samples
fills these requirements could be the oxygen- and neon-ricvith bremsstrahlung. Then we measured the number of de-
layers of type Il supernovae. However, there has been neays of generated unstable platinum nucf&!°1%pt.
definite conclusion to this question yet. Details about the The biggest difficulty in the determination of the,f)
process and its astrophysical scenarios can be found in theaction rates is the reproduction of the thermal photon bath.
reviews by Lamberf1], Arnould and TakahashR], Langa-  In our experiment, the platinum samples were irradiated with
nke[3], Wallersteinet al. [4], and in Refs[5-10]. bremsstrahlung. We are able to generate a quasithermal pho-

For the calculation of the nuclei abundances resulting ton spectrum in the relevant energy region by the superposi-
from the y process, large reaction networks containing alltion of several bremsstrahlung spectra with different end-
relevant nuclei and reaction rates are need@duntil now,  point energies. This idea has been presented in our previous
there have been almost no experimental data available fqyaper{12].
these reaction rates in the relevant energy region. Although
in the last decades a large number ofr{) cross sections Il. EXPERIMENTAL SETUP
have been measured around the giant dipole resonance
(GDR), the energies of astrophysical interest are much lower, The irradiation of the platinum samples was performed at
and practically no data exist for tigenuclei because of their the real photon facility of the superconducting Darmstadt
low abundance. All reaction rates have been derived theoretlinear electron accelerator S-DALINA{13—-15. This setup
cally, using statistical model calculations. Reliable experi-is mainly used for nuclear resonance fluorescence experi-
mental data would be a great improvement to reduce th&ents that can be performed up to end-point energies of 10
nuclear physics uncertainties of astrophysical model calculaMeV without disturbing neutron-induced backgrourid].
tions, especially because of the typical uncertainties of such As targets we used metallic platinum disks of natural iso-
statistical model calculations that are at least of the order ofopic composition with a diameter ofr220 mm and a
a factor of 2. thickness ofd=0.125 mm with masses of around 800 mg.
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FIG. 2. Relevant energy window fory(n) reactions in a ther-
FIG. 1. Photon spectra of the activated platinum disks at themal photon bath with the temperatufg=3.0. The integrand of Eg.
end-point energies 0E,=9900(x 100),9450¢ 10), and 9000 (1.1) is given by the thermal Planck distribution/(E,T) (dotted
keV, from top to bottom. Shown is the energy region between 25dine) times the ¢/,n) cross sectiowr(E) (dashed ling Note that the
and 650 keV. For a full spectrum with all relevant lines, §&2). maximum of the integrand is located ab&wt2 above the threshold
The main peaks from the decay 8%Pt, 1°Pt, and'®’Pt are indi-  energy ofEy,= 7557 keV, which was taken for th€%Pt(y,n) Pt
cated by arrows. Additional peaks from the background are labelegeaction from[28]. The GDR parameters were taken from experi-
B. The decay lines of®%Pt from the °%Pt(y,n)'8Pt reaction are mental data by Goryachev and Zalesiigb], and the threshold
close to the sensitivity limit of this experiment because of the lowbehavioro~ E—E, was matched to the Lorentzian shaped cross
0.014% natural abundance 8f°Pt. The lines of'°%Pt from the  section of the GDR 1 MeV above the threshold. Note that the as-
192pt(y,n)**%Pt reaction can hardly be seen in the lowest spectrunsumption of a typical threshold behavior is not necessary for the
because the end-point energyff=9000 keV is close to the neu- determination of the quasithermal decay ratg(see text
tron separation energy of 8676 keSee Table)l

where Nl;remP(Eo,E) is the total number of bremsstrahlung
The platinum disks were sandwiched between two thin bOI’OI’r})hotonS at energff per area and per energy interval during
layers with masses of about 650 mg each. In order to northe irradiation.E, is the end-point energy of the respective
malize the photon flux we measured spectra of resonantlbremsstrah|ung spectrum. In order to determine ﬂymx

scattered photons from nuclear levels'dB during the ac-  reaction rates from these results we used two different meth-
tivation. For this measurement, we used two high-purity gerpds (see Secs. 11l B and Il ©

manium(HPGe detectors with 100% efficiencirelative to
a 3in.X 3in. Nal detectorwhich were mounted at 90° and o .
127° relative to the beam axis of the incoming photons. Fur- A. The Gamow-like window for (y,n) reactions

ther information on the ¢, y") experiments can be found in  The integrand of Eq(1.1) is given by the product of the
[16]. _ o photon flux cn,,, which decreases exponentially with in-
The platinum samples were irradiated for about 24 h, the'&reasing energy, and theyn) cross sectior ., ,, which
their activity was measured for another 24 h. For the meancreases withE to the GDR. Additionally, the threshold
surement of the activity the samples were mounted directlyehavior has to be parametrized because the Lorentzian pa-
in front of a third HPGe detector with 30% relative effi- \gmetrization of the GDR is not valid close to the, ()
ciency. Some typical activation spectra are shown in Fig. lthreshold(see Sec. Ill B. The Planck distribution, a typical
Altogether, six measurements with end-point energies of the,, 1) cross section, and the resulting integrand of €ql)
bremsstrahlung spectra between 7650—9900 keV in steps Q(e shown in Fig. 2 for%8Pt at Te=3.0. The maximum of
450 keV were performed. the integrand is located at aboWfl/2 above the ¥,n)
threshold. The behavior of the integrand is similar to the
1. ANALYSIS OF THE EXPERIMENTAL DATA well-known Gamow window (see, e.g., Ref[17]) for

charged particle reactions at thermonuclear energies. The

The aim.Of this eXperiment was the d-etermination of theproperties of the window for*’n) reactions have been dis-
(v,n) reaction rates of several platinum isotopes. These recyssed in detail ifi18].

action rates are given by EL.1).
The result of the analysis of the platinum activation spec-

. . ; B. The conventional analysis
tra is an integral over they,n) cross section

One can assume the shape of then) cross section to
show a typical threshold behavior

— * \jbrems
' fo Ny B0 D)o (B B 30 7(E)=0o\(E~ Egn)/Eq. (3.2
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This equation holds only in the vicinity of the reaction T T T T T T T T T ]
threshold. Nevertheless, it should be sufficiently accurate AN - };9=2'0 tuney ]
since only a small energy region above the threshold energy 10" \\ o bréﬁ:ﬁsﬁlﬂ ung) |
is relevant for the analysis. By combining Eg8.1) and B N g
(3.2) it is possible to derive the parameteg from our ex- N

perimental data. From the parametef we calculated the L s -
(y,n) reaction rate using Ed1.1). The serious drawback of 100 AN -
this method is that it is not possible to estimate how much ~ N .
the real shape of(E) deviates from the approximation by

Eqg. (3.2.

)

N
¥y
7

n'g (keV' fm"
3

C. The superposition of bremsstrahlung spectra

In order to derive the ¢,n) reaction rates directly from -
our experimental data, that is to say without any assumptions -
on the shape of the(E) curve, we approximated the ther- 10% -
mal Planck spectrum (E,T) in Eq. (1.2) by the superposi-
tion of several bremsstrahlung spectra with different end- L
point energies -

0%

cn(E,T)~ 2 a(T)NI™Ey; ,E), (3.3 0 5000 10000
I

where thea;(T) are strength coefficients that have to be FiG. 3. The superposition of several bremsstrahlung spectra
adjusted for each temperatufe With these strength coeffi-  (full line) with different end-point energieg, is compared to the
cients, the {,n) reaction rates can be obtained by combiningthermal Planck spectrum,(E,T) (dashed lingat the temperature
Eq. (3.3 with Eq. (1.2) of Tg=2.0. Good agreement is found from 7.5 to 10 MeV with the
superposition of only six end-point energies. The six contributing
N brem f
brem bremsstrahlung spectis’ {Eo; ,E) are shown as dotted lines.
)‘(T):Z*l ai(T)f Ny iEOvi’E)U(E)dE' 3.4 The arrow indicates the lowesty(n) threshold in our experiment
from the %8t(y,n) Pt reaction Ey,=7557 keV). A figure that
An example for this superposition is shown in Fig. 3. In the;hows the superposition for a temperaturd gf 2.5 can be found
energy range from 7.5 to 10 MeV the agreement between th@ [12].
thermal Planck spectrum &t = 2.0 and the weighted sum of o
the different bremsstrahlung spectra is reasonably good.n€ dependence of these quantities is given by
Typical deviations are of the order of 10%. Obviously, the T N
huge deviations at energies below ther() reaction thresh- A=el y_l_"fe %"NPJ o(E)NSYE, (3.5
old are not relevant for our analysis. real Ntotal

where € is the absolute detector efficiendy, the absolute
intensity of the platinum decay lines per dec@ / T ea the
Figure 1 shows three partial platinum activation spectraratio from lifetime to realtime, antp, the total number of
Lines from the decay of the platinum isotop&§Pt, *'Pt,  platinum nuclei of the respective isotope in the target.
and 1Pt can clearly be identified in the upper spectrum thaiN gecay/ Niotal is the ratio between the number of nuclei that
shows the decay of a platinum sample that has been irradiecay during the measurement and the total number of pro-
ated with a bremsstrahlung spectrum with an end-point enduced unstable nuclei. This ratio is given by
ergy of 9900 keV. In the two lower spectra, which corre-

D. Analysis of the platinum activation spectra

spond to end-point energies of 9450 keV and 9000 keV, T (1—e Mim) T
respectively, the lines from the decay ¥fPt and %Pt van- Naecay Niota =€ "o T, (1—e " measug,
ish because the end-point energies of the bremsstrahlung get (3.6)

close to the neutron separation energies of these isofepes

Table |). In the complete activation spectruisee[12]) sev-  where TeasureiS the duration of the measuremeitt,, the

eral additional lines, including two lines from the decay of duration of the irradiation, anfl,,ssthe time between the end

195mpt can be identified; this isomer is mainly populated byof the irradiation and the beginning of the measurement.

the (y,y') reaction. The spectra were analyzed using theThese equations only hold for a constant production rate dur-

computer codav [19]. ing the irradiation, which is approximately given for our ex-
For the derivation of the,n) reaction rates of the plati- periment since the electron beam current was approximately

num isotopes®®Pt, 192pt, and %%, the integral3.1) must  constant.

be calculated from the number of courtsn the decay lines The energies and relative intensities of the examined lines

of the platinum isotoped®®Pt, 19%Pt, and'®"Pt, respectively. of the platinum isotopes are shown in Table I. Note that the
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TABLE I. Properties of the examined platinum isotopes and the decagys following the electron
capture orB~ decays. The absolute intensities have been taken [f2Z8inNote the big errors in the absolute
intensities, resulting from a large uncertainty in the conversion factor from relative to absolute intensities in

[29].
Reaction Einr Daughter Decay Energy Intensity
(keV) (keV) per decay

190pt(y,n) 1%t 8911 89y € 568.9 0.0710.006
608.0 0.0810.021

192pt(y,n) %Pt 8676 9%y € 360.0 0.06-0.015
409.4 0.08-0.021
538.9 0.13%0.035

19%pt(y,n) 7Pt 7557 S\ B~ 77.4 0.172-0.025
191.4 0.03%0.004
268.8 0.0023 0.0003

relatively big uncertainties in the absolute intensities are respectra could not be determined by th® lines alone, be-
sponsible for the major part of the errors in our results asause there are only two lindsee Table 1l in the high
seen in Table II. energy region.

For the calculation of the factoNgecay/Niotar, Precise Therefore, we tried to reproduce the measut&l lines
knowledge of the half-lives of the produced unstable plati-hy using theoretical formulas. The energy distribution of
num isotopes is necessary. Because of that, those half-livegemsstrahlung is approximately given by the Schiff formula

have been determined in an additional measurer2éjt [22]. However, this formula is only valid for bremsstrahlung
o from thin radiator targets, which means that each electron
E. Determination of the photon flux participates only in one scattering process and therefore

For the approximation of the thermal Planck spectrum theemits only one photon. In our experiment, the electron beam
precise shape of the different bremsstrahlung spectra esp@as completely stopped within the radiator target. Thus, nei-
cially in the high energy region had to be determined. Therether the Schiff formula nor newer approximation formulas
fore Monte Carlo simulations using the computer codegiven by Seltzer and Bergé23] reproduce the shape of our
GEANT [21] were performed. To check the uncertainties ofbremsstrahlung spectra with sufficient accuracy. Especially
the GEANT calculations f,y") measurements of well-known in the high energy region, the deviations are still consider-
11B lines have been performed during the irradiation of theable.
platinum samples in order to normalize theaNT generated Therefore, the shape of the bremsstrahlung spectra was
photon spectra. At the energies of thé$B lines, the abso- interpolated in the high energy region between 80% and
lute photon flux could be calculated. For these calculations]00% of the end-point energy using cubic splines with the
the efficiencies of the two detectors used for the measuret'B lines as points of support. Unfortunately, in the spectrum
ment during the irradiation of the platinum samples had to bavith the lowest end-point energy of 7650 keV, AtB line
calibrated up to the energy of 10 Melgee Sec. IlI can be seen in the relevant energy region. Therefore, no

However, the shape of the bremsstrahlung spectra derivegbints of support are available for the spline interpolation of
from the results of they,v') measurements and the spectrathis spectrum. So we adjusted tBeANT calculated spectra
from the GEANT calculations show deviations near the end-in the high energy region by multiplying an energy-
point energy. Unfortunately, the shape of the bremsstrahlundependent correction factér

TABLE Il. Results for the cross section parametey The val- TABLE lIl. Properties of the!'B levels that were used for the
ues are weighted averages over all measured lines of the respecti??term'?at'on of the shape of the bremsstrahlung spectra by the
isotope. The values in the last column are weighted averages of theB(7,7") measurement. The decay widthisvere taken from the
first two, except for'®®Pt, where the result of an additional mea- compilation[30]. I is the energy-integrated cross section.

surement has been includéfdr details see Sec. IVA

E, ry/T r |
Isotope oo (mb) oo (mb) oo (mb) (keV) (eV) (10° evfm?)
interpolation correction factor average 2124.7 1 0.12 5404
190pt 488+ 146 518-153 300:1002 ~ 4443.9 1 0.56 1630.5
8916.3 0.95 4.368 28:61.4

4ncluding additional measureme(gee Sec. IV A
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represented by the straight lines. The overall good agreement

—
=
W

10 Eo=7650keV 3 between these curves and the data points oftBemeasure-
Tg 10° F ] ments is quite satisfactory. Since the spline interpolation is
> not reliable for the spectrum with 7650-keV end-point en-
< 10° F ergy, we used the bremsstrahlung spectra adjusted by the
z : correction factoi for the calculations of the reaction rates.
The correction factoF leads to a significant reduction of the
10t E photon flux close to the end-point ener@gy. A precise
‘*E knowledge of this energy region is essential for the superpo-
2 10°F sition of the quasithermal spectrum. If one neglects this cor-
E ; rection in the bremsstrahlung spectra, the reaction rates are
100 F underestimated by up to a factor of 2.
. :
i F. Determination of detector efficiencies
ﬁ'; 107 1. Detectors for photon flux normalization
‘.‘: 10" F The calibration measurement was performed in two steps.
o b First, a measurement of the absolute efficiency usfi@p,
10 137Cs, and®’Na calibration sources was performed. This was
Z followed by a second measurement using’®€o source.
ul Since the intensity of this source was not calibrated, only a
o 107 ¢ relative efficiency could be determined, but these data points
E ol were adjusted to fit those of the absolute efficiency measure-
s 107 ¢ ment. Since there were no decay lines of these sources at
g o energies above 3548.3 keV, an additiogahNT calculation
= 10" ¢ was performed to determine the efficiency in the high energy
region.
101 E As can be seen in Fig. 5, the results of the measurement
S ; and the calculation correspond well with each other, and it
_5 100 has been shown that the detection efficiencies of large vol-
'% : ume HPGe detectors can be calculated with good accuracy
< Pk [24]. The decrease in the efficiency at low energies results
z : from lead and copper filters that were mounted in front of the
detectors in order to reduce low energy background.
1 L
w; 107 2. Detector for activation measurements
— 10°F Because the activity of the platinum samples was rela-
E i tively low, they have been mounted directly in front of the
- 10°F 30% HPGe detector used for the activation measurement.
Z . Since the activity of the available calibration sources was

much higher, only a small number of lines could be used for
the calibration measurements of the HPGe detector. How-
ever, some of the calculated data points for the efficiency
FIG. 4. Photon flux spectra calculated using the computer cod&lill have relatively big errors, as is shown in Fig. 6. These
GEANT (dotted line at different end-point energie,. In the high ~ €rrors are mainly due to summing effects resulting from the
energy region, theEanT spectra have been adjusted by the correc-high count rate of the detector. For the calculations we used
tion factor F in Eq. (3.7) (full line). The dashed lines show the @ doubly logarithmic interpolation of the data points in the

results of the cubic spline interpolation. The squares represent th@levant energy interval.
data points from thé'B(y,y') measurement. It had to be considered that due to the thickness of the

platinum disks of 0.125 mm a portion of the emittgdays

0 5000 10000
E, (keV)

E— 3/4 was absorbed within the disks. This portion has been esti-
1-5X% 10‘4<ke—v> , E>0.8E,, mated using the computer cod&ANT. The necessary cor-

= (3.7 rections were of the order of a few percent, except for the
1, E<O0.85, 77.4 keV line of the'®’Pt, where approximately two-thirds

) ) ) of the y rays were absorbed within the platinum sample.
where E, is the end-point energy of the respective brems-

strahlung spectra. The shapes of the bremsstrahlung spectra IV. EXPERIMENTAL RESULTS
resulting from both methods are shown in Fig. 4 for all mea-
sured end-point energies. The results of the spline interpola-
tion are represented by the dashed lines, the results of the The cross section parameterg from Eq. (3.2 have been
GEANT simulations multiplied by the correction factbrare  calculated twice for every isotope, using both the spline in-

A. Results for the cross sectiono(,,
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10 L= 127" s s ®co,”Na_|
56, 2
8 - _
10 | ]
< 6 |- - o
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2 — —
i i -2 | 1
0 : : : : ‘H : ;2 10 5 10% 2 5 10° 2
| 8= 90° a e ¥, Na | E (keV)
° 56C
o)
i + GEANT 1 FIG. 6. Absolute efficiency of the 30% HPGe detector: The data
8 — — points are from the measurements with the calibration sources, the
L ) i drawn line is an interpolation, which has been fitted to the data
6 ® points with a least squares fit. Note the doubly logarithmic scale.
26| .
T T 8 and absolute intensities of the decay lines have been consid-
4 _ ered. In order to estimate the error resulting from the uncer-
i | tainty in the shape of the photon spectra, we calculated the
mean difference of the interpolated spectra and the spectra
2r 7] that were adjusted by the correction factarFor %%t an
i . additional error of 7% has been considered, resulting from an
0 ' ' ' ' L L L uncertainty in the natural abundance of this isotope.
0 5000 10000
E (keV)

B. Results for the (y,n) reaction rates
FIG. 5. Absolute efficiencies of the two detectors used for the

1B(v,v") measurements. The detectors were placet=20° and . " :
127¢ relative to the incoming photon beam at distances of about zgnd with the superposition methgsee Sec. Ill. With both

cm. The efficiencies have been determined using several calibratio eth0d§, the reaction rates in the complete relevant tempera-
sources and are compared t@BaANT simulation. The data points tu_re reglon To=2-3) have been calculated. The results are
from theGEANT simulation are connected by a line to guide the eye.91Ven in Tables 1V, V, and VI. These results are averaged
The decrease at low energies comes from lead and copper filters fVer all evaluated lines of the respective isotopes. For the

front of the detectors to reduce the background at low energies. Superposition of the bremsstrahlung spectra, the bremsstrah-
lung spectra adjusted by the correction fadfoof Eq. (3.7)

terpolated and by the factér corrected photon spectra. The have been used. For the conventional method, only the val-
two results are given in Table Il, averaged over all measureues ofo, calculated with the corrected photon spectra have
ments with different end-point energies. been used in order to be able to compare the results of both
For 1°%t an additional measurement has been performednethods. For the isotopé®Pt the superposition method
This was necessary because the evaluation of Rt lines  could not be used because the decay line&#t could not
was close to the statistical limit. For this measurement thde evaluated in all measurements. For this isotope the aver-
platinum target was placed directly behind the radiator targefge value ofr, that is given in Table Il has been used for the
because of the much higher photon flux. In this target posiealculation in the conventional method. The relative errors
tion the (y,y") lines of the!B samples could not be mea- for the reaction rates calculated by the conventional method
sured. Therefore, the shape of the photon spectrum could nate the same as the error for the parametgr
be determined. However, since the neutron separation ener- The temperature dependence of the reaction rates is
gies of 1%Pt and of 1%Pt are close to each othéFable I,  shown in Fig. 7 for the isotope¥Pt, 19%Pt, and*°%t. The
we were able to calculate the ratio of the cross sections afiven values are calculated using the superposition method.
these isotopes by determining the ratio of the number offhe comparison of the results of both methods shows good
counts in their respective lines. Then we calculated the crossverall agreement. The error of the conventional method
section of Pt by multiplying this ratio with the known seems to be smaller than the error of the superposition
value for the cross section df%Pt from the previous mea- method because of the additional error resulting from the
surement. This value is considered in the average in Table Idifference between thermal and superposed photon spectra. It
For the calculation of errors, the uncertainties in the de-has to be pointed out that the most important systematic
tector efficiencies, the statistical errors from the number ofuncertainty in the conventional method cannot be estimated,
counts in the respective peaks, and the errors in the relativiee., the uncertainty regarding how well E.2) approxi-

The (y,n) reaction rated have been determined frooy
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TABLE IV. Average weighted values of they(n) reaction rate TABLE VI. Average weighted values of they(n) reaction rate
X for the nucleust®?Pt in the complete temperature range relevanth for the nucleus'®®Pt in the complete temperature range relevant
for the astrophysicay process. for the astrophysical process. Calculated using the conventional

method.
Temperature \ conventionaf” \ superpositior?
(10° K) (s™h (sY Temperature A\ 2P
- - (10’ K) (s
2.0 (9.6:0.7)x10° ¢ (10.7£2.7)x10°®
2.1 (1.14-0.09)x 104 (1.28+0.29)x 10" * 2.0 7.3810°°
2.2 (1.09-0.08)x10°%  (1.22+0.25)x2.10 3 2.1 9.3%10°°
2.3 (8.50-0.63)x 103 (9.67+1.83)x 1073 2.2 9.3%x 104
2.4 (5.62£0.42)x 1072 (6.46=1.13)x 1072 2.3 7.731078
25 0.326:0.024 0.372:0.060 2.4 5.36x 1072
2.6 1.60-0.12 1.88-0.29 25 0.319
2.7 7.11-0.53 8.471.22 2.6 1.66
2.8 28.4:2.1 34.3:4.7 2.7 7.65
2.9 104+ 8 126+ 17 2.8 31.7
3.0 346+ 26 428+ 55 2.9 119
3.0 409

&The calculated values of are subject to an additional error of
27.8% resulting from the uncertainty in the absolute intensity of the*The calculated values of are subject to an error of 33%.
respective’®Pt lines and the uncertainty in the efficiency of the "An additional error resulting from the approximation of the shape
detectors used for they(y') measurement. of the cross section taken from E@.2) cannot be estimated.

bAn additional error resulting from the approximation of the shape
of the cross section taken from E@.2) cannot be estimated.

Goryachev and Zalesnyet al. [25]. They measured the
(v,n) cross section at various energies in and below the

mates the shape of the cross section energy dependen&’éDR region whereas we determined the cross section param-

Therefore, the superposition method should prove mucl§t€r oo Therefore a comparison of both results is only pos-
more reliable. sible if one assumes the behavior of the cross section to

follow Eq. (3.2). Since this parametrization only holds in the
vicinity of the threshold energy, the deviations at higher en-
ergies are not surprising.

In Fig. 8 our result for the {,n) cross section of the Previous direct experiments had to be performed with
isotope 98Pt is compared with a previous experiment by huge amounts of highly enriched target material of the order

of several grams. Such an amount of highly enriched mate-

TABLE V. Average weighted values of they(n) reaction rate  fal is not available for the low abundant platinum isotopes
\ for the nucleusi®Pt in the complete temperature range relevant - Pt and®?Pt, and hence no data exist in literature for these
for the astrophysicay process.

C. Comparison with other results

T T T T T T
Temperature \ conventionaf” \ superpositiorf F—— pt ]
(10 K) (s (s'h
2.0 (7.19:0.25)x 103 (5.68+1.00)x 103
2.1 (6.26-0.22)x 102 (5.14+0.84)x 102
22 0.449-0.016 0.383:0.057 2
2.3 2.73-0.10 2.39-0.33 =
2.4 14.3-0.5 12.9-1.7
25 65.6-2.3 60.8-7.3
2.6 269+ 10 255+ 29
2.7 996+ 35 961+ 102
2.8 (3.37:0.12)x 10° (3.31+0.33)x 1C°
2.9 (1.05-0.04)x 10 (1.05+0.1)x 10 2'0 2'5 3'0
3.0 (3.03:0.11)x 10* (3.07+0.27)x 10* ' ' '

#The calculated values of are subject to an additional error of FIG. 7. Temperature dependence of then) reaction ratea in
16.3% resulting from the uncertainty in the absolute intensity of thethe complete relevant temperature region frog=2— 3. The val-
respective’®’Pt lines and the uncertainty in the efficiency of the ues have been calculated by the superposition of the different
detectors used for they(y’) measurement. bremsstrahlung spectrdy is the temperature in 20K. Note the

bAn additional error resulting from the approximation of the shapemuch larger reaction rate of%Pt because of the significantly

of the cross section taken from E@.2) cannot be estimated. smaller neutron separation energy.
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0.15 : | , | y | : | , TABLE VIIl. Ranges of the ration9°/A®* determined by the
— this experiment quoted errors on the experimental rates. Except®®t, the values
F* Goryachev et al. 1 extracted by the superposition method are used.
I
011 . Temperature 190pt 19%p¢ 198p¢
] ! 10° K NOS/\EP NIS/\EP NOS/\SP
2 ]
© 2.0 0.42-0.83 1.3+2.19 1.03-1.46
2.5 0.42-0.84 1.32-1.83 0.85-1.08
3.0 0.44-0.87 1.28-1.65 0.75-0.90

s 80 35 90 95 100 photodisintegration rates can be used for the derivation of the
E (MeV) respective stellar capture rates. Those stellar capture rates are

usually also calculated theoretically. Detailed balance is

valid for exoergic reactions@>0) and it has recently been

shown that it is still quite accurate for charged particle cap-

. . ture with Q<0 [34].

isotopes and for thp isotopes of other eleme_r{t26,2ﬂ. TO Nevertheless, laboratory measurements are an important

the best of our knowledge our data are the f|r§t expenment%ay to check the validity of the involved assumptions and

(v,n) cross sections and astrophysical reaction rates Megqe ' clear properties needed for the prediction of cross sec-

FIG. 8. Comparison of our results for the,f) cross section of
198t to a previous experiment by Goryachev and Zaleg25).

sured for thep nuclei. tions and rates. A direct measurement of then| cross
section cannot only test detailed balance but also the descrip-
V. THEORETICAL CONSIDERATONS tion used for the low-energy tail of the GDR and the neutron

optical potential for nuclei in excited states. Measurements
) ) . . using neutron capture are more limited in this respect.
Experimental data can only provide photodisintegration  pere we compare the experimental results to calculations
rates of targets in their ground state. In a stellar plasma of thgii, the statistical model cod8ON-SMOKER [33]. For the
required temperature and density, nuclei are thermally equiliz|culations presented here, the CONON-SMOKER was
brated with their environment and therefore also excitedyqgified in such a way to be able to calculate photodisinte-
states will be populated. The laboratory cross sectifi, gration reactions directly instead of deriving them via de-
=3,0°" has to be replaced by the stellar cross section  tajled balancélike, e.g., in Ref[33]). This modification also
allows to compute rates for targets in the ground state that

A. Calculation of laboratory and stellar rates

2 (234 + 1) exp( — E"/kT)E (E) can easily be compared to our experimental results. The the-
“(ET)= v oretical results are collected in Table VII and a comparison
o (BET)= ' of the data is shown in Table VIII.

> (23#+1)exp — E#/KT)
M . -
(5.1 B. Discussion

In general, the theoretical rates are in good agreement
whereu and v denote the target states and the states in thevith the present data, as can be seen from Table VIII. For the
final nucleus, respectively. Depending on plasma temperaglobal statistical model calculations compared here, a typical
ture T, spinsJ*, and locationE* of the target states, the average deviation of the order of 30% should be expected
stellar cross section can become considerably different frorbut locally larger deviations up to a factor of 2 are possible.
the one measured in the laboratory. In this sense, the agreement is excellentfPt and accept-

Up to now, astrophysical photodisintegration rates wereable for the other isotopes, depending on which error is used.
calculated in a purely theoretical way by deriving them fromA visible trend of the accuracy with mass cannot be estab-
capture rates via detailed balan@eg.,[31-33). It should lished.
be noted that onlystellar capture rates can be used to cor- The temperature dependence of the ratios from Table VI
rectly apply detailed balance and, vice versa, only stellacan, in principle, be used to study how well the energy de-

TABLE VII. Theoretical (y,n) reaction rates in 1/s for the target in the ground sidt&and a thermally
excited targed*, calculated with thet\ON-SMOKER code.

Temperature 190p¢ 19%pt 19%p¢

10° K A9 A Ao A Ao A
2.0 4.11x10°% 1.70x102 1.75x10°° 458<102 6.85x10°% 1.66x10°
25 1.80<10°* 7.47< 107 5.71x10°* 1.41x 10° 5.79x< 10 1.49x 10*
3.0 2.3 107 9.23x 10° 6.16xX 107 1.35x 1¢° 2.52x 10" 6.32x10°
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pendence of the cross section is reproduced. The latter, iRefs.[33,38. We find perfect agreement in all cases, con-
turn, is mainly determined by the low-energy tail of the firming the validity of detailed balance.

GDR. In addition, there is a weaker dependence on the neu- As can be seen from Table VII, the stellar rates are larger
tron potential in the exit channel. The effect of possible in-by several orders of magnitude than the laboratory rates due
accuracies in the theoretical description of those propertiet the facilitation of photodisintegration for thermally excited
are weakened, however, by the smoothing due to the integréargets. This effect is sensitive to the used level density and
tion over the effective Gamow-like energy window in the Structure but cannot be directly tested in the laboratory.
derivation of the rate. A direct comparison of cross sections

may be more sensitive but the relevant quantity for astro- VI. SUMMARY AND CONCLUSIONS

hysics is the reaction rate. o
Phy It has been shown that a thermal distribution of photons at

As discussed beforgSec. IV B), the values derived by the s .
@strophysically relevant temperatures can be simulated by

use of the conventional method agree well with those of th X " f | b hl
superposition method, indicating that the threshold behaviof€ @PPropriate superposition of several bremsstrahlung

of the (y,n) cross section is roughly reproduced by Eq_spectra with di.ffere_nt end—_point. energi.es. Several platinum
(3.2). This is supported by the comparison to ther() cross samples were irradiated with this quasithermal photon spec-

H 19 19 19
sections of Ref[25]. However, it cannot be expected in gen- trun?, ar:jd th_e ﬁﬂ) rer?cttlont_of t_OPt,t 2hpt., and T::P thv_vellqs
eral that the cross section exhibits a structureless behaviG'&YZ€C Using the photoactivation technique. 1he high sen-

proportional toyE— Ey,. The astrophysically relevant cross Sggg:?ggf;\?ésn r;:)ertg%?oalézwviittﬁ3;:6%3\5?;?52' sztuhr? drgnces
section depends on the dipole strength distribution in a nar- P y ’

row region above the threshold. Therefore, it is of impor- The measured r_ea_ctlon rates in the I_aboratory have been
tance to study this strength distribution experimentally. It iscompared fto adstfatlsthcal rr1|ode(|jc_alculat|on, ang good agretla—
well known that theEl strength exhibits significant fine :~nent was foun c;]ra atljnayze Ils?topdesh Furt ermrc])re, Stjet')
structure like the so-called “pygmy resonance” close to the :;:r riactlonl ratesl ave feen ca dcu ate .t a; are en ancle y
particle threshold16,35-37. The presence or absence of the thermal population of excited states in the target nucleus.

such a strength accumulation can change the astrophysicale-lc;zers]tehep;gt%? :Eguﬁggtrfﬁztg&s a:?ulcTe??[EZF;grsthﬁ-nu-
reaction rates significantly, while it will affect the position y m y

and width of the Gamow-like window on a small scale onIy.thes'Zed in the astrophysicel process in supernova explo-

There seem to be minor deviations between the two meths 0" at temperatures 8, =2-3. Almost no experimental

ods atTy=2.0 for 9Pt and atTe=3.0 for 1%t These data exist for the reactions relevant for therocess. For a

minor discrepancies can be explained by the fact that th etter understanding of tbeprgcess more expgrimental data
assumed threshold behavior of the cross section underesf’ (7:1) and (y,a) reactions in the astrophysically relevant
mates the cross section at higher energsee also Fig. B energy region are r_eqwred. A systematic study is necessary
that leads to a somewhat smaller slope of the reaction rate e verify the predictions of statistical model calculations.

the conventional analysis.

Within the errors the temperature dependence of the the-
oretical rates agrees with the data. Oddly enough, there We thank the S-DALINAC group around H.-D. Grior
seems to be a slight difference fdP%t that is otherwise the reliable beam during the photoactivation and U. Kneissl
reproduced best. However, further conclusions can only band A. Richter for valuable discussions. This work was sup-
drawn pending a reduction of the experimental error bars. ported by the Deutsche Forschungsgemeinsci@adintract

Since the theoreticaly,n) values have been confirmed Nos. Zi 510/2-1 and FOR 272/2:1T.R. was supported by
for laboratory rates, detailed balance can be tested by conthe Swiss National Science FoundatigBrant Nos. 2124-
paring our stellar rates to the stellar photodisintegration rate855832.98, 2000-061822.0@nd by the NSHGrant No.
derived from stellar neutron capture rates, as provided ilNSF-AST-97-31568

ACKNOWLEDGMENTS

[1] D. L. Lambert, Astron. Astrophys. Re®, 201(1992. [9] N. Prantzos, M. Hashimoto, M. Rayet, and M. Arnould, As-
[2] M. Arnould and K. Takahashi, Rep. Prog. Phy2 395 tron. Astrophys238 455(1990.
(1999. [10] W. M. Howard, B. S. Meyer, and S. E. Woosley, Astrophys. J.
[3] K. Langanke, Nucl. PhysA564, 330c(1999. Lett. 373 L5 (19912).
[4] G. Wallersteinet al,, Rev. Mod. Phys69, 995(1997. [11] K. J. R. Rosman and P. D. P. Taylor, Pure Appl. Ch&®).
[5] K. Ito, Prog. Theor. Phy=26, 990(1961). 217(1998.
[6] S. E. Woosley and W. M. Howard, Astrophys. J., Suga, [12] P. Mohr, K. Vogt, M. Babilon, J. Enders, T. Hartmann, C.
285(1978. Hutter, T. Rauscher, S. Volz, and A. Zilges, Phys. Letdd8,
[7] M. Rayet, N. Prantzos, and M. Arnould, Astron. Astrophys. 127 (2000.
227, 271(1990. [13] A. Richter, inProceedings of Fifth European Particle Accel-
[8] M. Rayet, M. Arnould, M. Hashimoto, N. Prantzos, and K. erator ConferenceBarcelona, 1996, edited by S. Myestal.
Nomoto, Astron. Astrophys298 517 (1995. (IOP, Bristol, 1996, p. 110.

055802-9



K. VOGT et al. PHYSICAL REVIEW C 63 055802

[14] P. Mohr, J. Enders, T. Hartmann, H. Kaiser, D. Schiesser, S[26] S. S. Dietrich and B. L. Berman, At. Data Nucl. Data Tables

Schmitt, S. Volz, F. Wissel, and A. Zilges, Nucl. Instrum. 38, 199(1988.

Methods Phys. Res. A23 480(1999. [27] 1. N. Boboshin, A. V. Varlamov, V. V. Varlamov, D. S.
[15] A. Zilges and P. Mohr, Prog. Part. Nucl. Phyil, 39 (2000. Rudenko, and M. E. Stepanov, The Centre for Photonuclear
[16] T. Hartmann, J. Enders, P. Mohr K. Vogt, S. Volz, and A. Experiments Data (CDFE) nuclear databases, http://

Zilges, Phys. Rev. Let85, 274(2000. depni.npi.msu.su/cdfe, INP preprint 99-26/584, Moscow,
[17] C. E. Rolfs and W. S. Rodnegauldrons in the CosmdJhe 1999.

University of Chicago Press, Chicago, 1388 [28] G. Audi and A. H. Wapstra, Nucl. Phy&595, 409 (1995.

[18] P. Mohr, M. Babilon, J. Enders, T. Hartmann, C. Hutter, K. 5] ENSDF database, revision of 19-Aug-1999, using NNDC On-
Vogt, S. Volz, and A. Zilges, iProceedings of the Conference line Data Service

Nuclei in the Cosmos VI,”Aarhus, Denmark, 2000, edited [30] F. Ajzenberg-Selove, Nucl. Phya506, 1 (1990).

by K. Langanke(Nucl. Phys. A, in pregs [31] W. A. Fowler, G. E. Caughlan, and B. A. Zimmerman, Annu
[19] J. Theuerkauét al., programTv, Institute for Nuclear Physics, Rev. Astron. Astrophys5, 525 (1967.

Universita zu Kaln (unpublished .
[20] P. Mohr, C. Hutter, K. Vogt, J. Enders, T. Hartmann, S. Volz, [32] J. Holmes, S. Woosley, W. Fowler, and B. Zimmerman, At.
Data Nucl. Data Table8, 305(1976.

and A. Zilges, Eur. Phys. J. & 45 (2000. )
[21] R. Brun and F. CarminatiGEanT Detector Description and [33] T. Rauscher and F.-K. Thielemann, At. Data Nucl. Data Tables

Simulation Tool, CERN Program Library Long Writeup 75, 1(2000.
W5013 edition(CERN, Geneva, 1993 [34] T. Rauscher, F.-K. Thielemann, and H. Oberhummer, Astro-
[22] L. I. Schiff, Phys. Rev. (83, 252 (1951). phys. J. Lett451, L34 (1995.
[23] S. M. Seltzer and M. J. Berger, Nucl. Instrum. Methods Phys[35] J. Kopecky and M. Uhl, Phys. Rev. €1, 1941(1990.
Res. B12, 95 (1985. [36] M. Igashira, H. Kitazawa, M. Shimizu, H. Komano, and N.
[24] V. Kolle et al, Nucl. Instrum. Methods Phys. Res.481, 160 Yamamuro, Nucl. PhysA457, 301 (1986.
(1999. [37] J. Enderset al, Phys. Lett. B486, 279 (2000.
[25] A. M. Goryachev and G. N. ZalesnyVad. Fiz. 27, 1479  [38] Z. Y. Bao, H. Beer, F. Kppeler, F. Voss, K. Wisshak, and T.
(1978 [Sov. J. Nucl. Phys27, 779(1978]. Rauscher, At. Data Nucl. Data Tablés, 1 (2000.

055802-10



