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Measurement of the„g,n… reaction rates of the nuclides190Pt, 192Pt, and 198Pt
in the astrophysical g process
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The nucleosynthesis of heavy neutron-deficient nuclei in a stellar photon bath at the temperatures relevant
for the astrophysicalg process was investigated. In order to derive (g,n) 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, the (g,n) reaction rates of the platinum isotopes190Pt, 192Pt, and
198Pt were derived. The results are compared to other experimental data and theoretical calculations.
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I. INTRODUCTION

The bulk of nuclei heavier than iron have been synt
sized by neutron capture in the astrophysicalr and s pro-
cesses. These neutron-capture processes cannot accou
the synthesis of some of the heavy (A>100) neutron-
deficient nuclei. These nuclei are shielded from the chain
b2 decays by other stable isobars. The production mec
nism for these so-calledp nuclei is photodisintegration in th
astrophysicalg process by successive (g,n), (g,p), and
(g,a) reactions. The natural abundances for thep nuclei are
very low in the order of 0.01–1 %. A complete list of thep
nuclei can be found in Table 1 of Ref.@1#. The starting point
for the photon-induced reactions are heavy seed nuclei
have been synthesized in ther ands processes.

In order to reproduce the abundances ofp nuclei mea-
sured in the solar system, temperatures in theg process must
be in the range ofT95223 (T9 is the temperature in
109 K), densities aboutr'106 g/cm3, and time scalest of
the order of seconds. A possible astrophysical site that
fills these requirements could be the oxygen- and neon-
layers of type II supernovae. However, there has been
definite conclusion to this question yet. Details about theg
process and its astrophysical scenarios can be found in
reviews by Lambert@1#, Arnould and Takahashi@2#, Langa-
nke @3#, Wallersteinet al. @4#, and in Refs.@5–10#.

For the calculation of thep nuclei abundances resultin
from the g process, large reaction networks containing
relevant nuclei and reaction rates are needed@7#. Until now,
there have been almost no experimental data available
these reaction rates in the relevant energy region. Altho
in the last decades a large number of (g,n) cross sections
have been measured around the giant dipole reson
~GDR!, the energies of astrophysical interest are much low
and practically no data exist for thep nuclei because of thei
low abundance. All reaction rates have been derived theo
cally, using statistical model calculations. Reliable expe
mental data would be a great improvement to reduce
nuclear physics uncertainties of astrophysical model calc
tions, especially because of the typical uncertainties of s
statistical model calculations that are at least of the orde
a factor of 2.
0556-2813/2001/63~5!/055802~10!/$20.00 63 0558
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As a starting point for the measurement of the need
reaction rates, we have measured the (g,n) reaction rates of
the platinum isotopes190Pt~natural abundance: 0.014%!,
192Pt~0.782%!, and 198Pt~7.163%!. The natural abundance
have been taken from@11#. The (g,n) reaction rate for a
nucleus in a thermal photon bath is given by

l~T!5E
0

`

cng~E,T!s (g,n)~E!dE ~1.1!

with the speed of lightc and the cross section of the (g,n)
reactions (g,n) . The number of photonsng(E,T) at energyE
per unit of volume and per energy interval is given by t
well-known Planck distribution

ng~E,T!5S 1

p D 2S 1

\cD 3 E2

exp~E/kT!21
. ~1.2!

For the measurement of the (g,n) reaction rates we used th
method of photoactivation. We irradiated platinum samp
with bremsstrahlung. Then we measured the number of
cays of generated unstable platinum nuclei189,191,197Pt.

The biggest difficulty in the determination of the (g,n)
reaction rates is the reproduction of the thermal photon b
In our experiment, the platinum samples were irradiated w
bremsstrahlung. We are able to generate a quasithermal
ton spectrum in the relevant energy region by the superp
tion of several bremsstrahlung spectra with different e
point energies. This idea has been presented in our prev
paper@12#.

II. EXPERIMENTAL SETUP

The irradiation of the platinum samples was performed
the real photon facility of the superconducting Darmsta
linear electron accelerator S-DALINAC@13–15#. This setup
is mainly used for nuclear resonance fluorescence exp
ments that can be performed up to end-point energies o
MeV without disturbing neutron-induced background@14#.

As targets we used metallic platinum disks of natural is
topic composition with a diameter of 2r 520 mm and a
thickness ofd50.125 mm with masses of around 800 m
©2001 The American Physical Society02-1
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The platinum disks were sandwiched between two thin bo
layers with masses of about 650 mg each. In order to n
malize the photon flux we measured spectra of resona
scattered photons from nuclear levels of11B during the ac-
tivation. For this measurement, we used two high-purity g
manium~HPGe! detectors with 100% efficiency~relative to
a 3 in.3 3 in. NaI detector! which were mounted at 90° an
127° relative to the beam axis of the incoming photons. F
ther information on the (g,g8) experiments can be found i
@16#.

The platinum samples were irradiated for about 24 h, th
their activity was measured for another 24 h. For the m
surement of the activity the samples were mounted dire
in front of a third HPGe detector with 30% relative effi
ciency. Some typical activation spectra are shown in Fig
Altogether, six measurements with end-point energies of
bremsstrahlung spectra between 7650–9900 keV in step
450 keV were performed.

III. ANALYSIS OF THE EXPERIMENTAL DATA

The aim of this experiment was the determination of
(g,n) reaction rates of several platinum isotopes. These
action rates are given by Eq.~1.1!.

The result of the analysis of the platinum activation sp
tra is an integral over the (g,n) cross section

I s5E
0

`

Ng
brems~E0 ,E!s (g,n)~E!dE ~3.1!

FIG. 1. Photon spectra of the activated platinum disks at
end-point energies ofE059900(3100),9450(310), and 9000
keV, from top to bottom. Shown is the energy region between
and 650 keV. For a full spectrum with all relevant lines, see@12#.
The main peaks from the decay of189Pt, 191Pt, and197Pt are indi-
cated by arrows. Additional peaks from the background are lab
B. The decay lines of189Pt from the 190Pt(g,n)189Pt reaction are
close to the sensitivity limit of this experiment because of the l
0.014% natural abundance of190Pt. The lines of191Pt from the
192Pt(g,n)191Pt reaction can hardly be seen in the lowest spectr
because the end-point energy ofE059000 keV is close to the neu
tron separation energy of 8676 keV~see Table I!.
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where Ng
brems(E0 ,E) is the total number of bremsstrahlun

photons at energyE per area and per energy interval durin
the irradiation.E0 is the end-point energy of the respectiv
bremsstrahlung spectrum. In order to determine the (g,n)
reaction rates from these results we used two different m
ods ~see Secs. III B and III C!.

A. The Gamow-like window for „g,n… reactions

The integrand of Eq.~1.1! is given by the product of the
photon flux cng , which decreases exponentially with in
creasing energy, and the (g,n) cross sections (g,n) , which
increases withE to the GDR. Additionally, the threshold
behavior has to be parametrized because the Lorentzian
rametrization of the GDR is not valid close to the (g,n)
threshold~see Sec. III B!. The Planck distribution, a typica
(g,n) cross section, and the resulting integrand of Eq.~1.1!
are shown in Fig. 2 for198Pt at T953.0. The maximum of
the integrand is located at aboutkT/2 above the (g,n)
threshold. The behavior of the integrand is similar to t
well-known Gamow window ~see, e.g., Ref.@17#! for
charged particle reactions at thermonuclear energies.
properties of the window for (g,n) reactions have been dis
cussed in detail in@18#.

B. The conventional analysis

One can assume the shape of the (g,n) cross section to
show a typical threshold behavior

s~E!5s0A~E2Ethr!/Ethr. ~3.2!

e

0

d

FIG. 2. Relevant energy window for (g,n) reactions in a ther-
mal photon bath with the temperatureT953.0. The integrand of Eq.
~1.1! is given by the thermal Planck distributionng(E,T) ~dotted
line! times the (g,n) cross sections(E) ~dashed line!. Note that the
maximum of the integrand is located aboutkt/2 above the threshold
energy ofEthr57557 keV, which was taken for the198Pt(g,n)197Pt
reaction from@28#. The GDR parameters were taken from expe
mental data by Goryachev and Zalesnyı˘ @25#, and the threshold
behaviors;AE2Ethr was matched to the Lorentzian shaped cro
section of the GDR 1 MeV above the threshold. Note that the
sumption of a typical threshold behavior is not necessary for
determination of the quasithermal decay ratelqt ~see text!.
2-2
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This equation holds only in the vicinity of the reactio
threshold. Nevertheless, it should be sufficiently accur
since only a small energy region above the threshold ene
is relevant for the analysis. By combining Eqs.~3.1! and
~3.2! it is possible to derive the parameters0 from our ex-
perimental data. From the parameters0 we calculated the
(g,n) reaction rate using Eq.~1.1!. The serious drawback o
this method is that it is not possible to estimate how mu
the real shape ofs(E) deviates from the approximation b
Eq. ~3.2!.

C. The superposition of bremsstrahlung spectra

In order to derive the (g,n) reaction rates directly from
our experimental data, that is to say without any assumpt
on the shape of thes(E) curve, we approximated the the
mal Planck spectrumng(E,T) in Eq. ~1.2! by the superposi-
tion of several bremsstrahlung spectra with different e
point energies

cng~E,T!'(
i

ai~T!Ng
brems~E0,i ,E!, ~3.3!

where theai(T) are strength coefficients that have to
adjusted for each temperatureT. With these strength coeffi
cients, the (g,n) reaction rates can be obtained by combini
Eq. ~3.3! with Eq. ~1.1!

l~T!5(
i 51

N

ai~T!E Ng
brems~E0,i ,E!s~E!dE. ~3.4!

An example for this superposition is shown in Fig. 3. In t
energy range from 7.5 to 10 MeV the agreement between
thermal Planck spectrum atT952.0 and the weighted sum o
the different bremsstrahlung spectra is reasonably go
Typical deviations are of the order of 10%. Obviously, t
huge deviations at energies below the (g,n) reaction thresh-
old are not relevant for our analysis.

D. Analysis of the platinum activation spectra

Figure 1 shows three partial platinum activation spec
Lines from the decay of the platinum isotopes189Pt, 191Pt,
and 197Pt can clearly be identified in the upper spectrum t
shows the decay of a platinum sample that has been irr
ated with a bremsstrahlung spectrum with an end-point
ergy of 9900 keV. In the two lower spectra, which corr
spond to end-point energies of 9450 keV and 9000 k
respectively, the lines from the decay of189Pt and191Pt van-
ish because the end-point energies of the bremsstrahlun
close to the neutron separation energies of these isotopes~see
Table I!. In the complete activation spectrum~see@12#! sev-
eral additional lines, including two lines from the decay
195mPt can be identified; this isomer is mainly populated
the (g,g8) reaction. The spectra were analyzed using
computer codeTV @19#.

For the derivation of the (g,n) reaction rates of the plati
num isotopes190Pt, 192Pt, and198Pt, the integral~3.1! must
be calculated from the number of countsA in the decay lines
of the platinum isotopes189Pt, 191Pt, and197Pt, respectively.
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The dependence of these quantities is given by

A5eI g

Tlife

Treal

Ndecay

Ntotal
NPtE s~E!Ng

bremsdE, ~3.5!

wheree is the absolute detector efficiency,I g the absolute
intensity of the platinum decay lines per decay,Tlife /Treal the
ratio from lifetime to realtime, andNPt the total number of
platinum nuclei of the respective isotope in the targ
Ndecay/Ntotal is the ratio between the number of nuclei th
decay during the measurement and the total number of
duced unstable nuclei. This ratio is given by

Ndecay/Ntotal5e2lTloss
~12e2lTirr!

lTirr
~12e2lTmeasure!,

~3.6!

where Tmeasureis the duration of the measurement,Tirr the
duration of the irradiation, andTloss the time between the en
of the irradiation and the beginning of the measureme
These equations only hold for a constant production rate d
ing the irradiation, which is approximately given for our e
periment since the electron beam current was approxima
constant.

The energies and relative intensities of the examined li
of the platinum isotopes are shown in Table I. Note that

FIG. 3. The superposition of several bremsstrahlung spe
~full line! with different end-point energiesE0 is compared to the
thermal Planck spectrumng(E,T) ~dashed line! at the temperature
of T952.0. Good agreement is found from 7.5 to 10 MeV with t
superposition of only six end-point energies. The six contribut
bremsstrahlung spectraNg

brems(E0,i ,E) are shown as dotted lines
The arrow indicates the lowest (g,n) threshold in our experimen
from the 198Pt(g,n)197Pt reaction (Ethr57557 keV). A figure that
shows the superposition for a temperature ofT952.5 can be found
in @12#.
2-3
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TABLE I. Properties of the examined platinum isotopes and the decayg rays following the electron
capture orb2 decays. The absolute intensities have been taken from@29#. Note the big errors in the absolut
intensities, resulting from a large uncertainty in the conversion factor from relative to absolute intensi
@29#.

Reaction Ethr Daughter Decay Energy Intensity
~keV! ~keV! per decay

190Pt(g,n)189Pt 8911 189Ir e 568.9 0.07160.006
608.0 0.08160.021

192Pt(g,n)191Pt 8676 191Ir e 360.0 0.0660.015
409.4 0.0860.021
538.9 0.13760.035

198Pt(g,n)197Pt 7557 197Au b2 77.4 0.17260.025
191.4 0.03760.004
268.8 0.002360.0003
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relatively big uncertainties in the absolute intensities are
sponsible for the major part of the errors in our results
seen in Table II.

For the calculation of the factorNdecay/Ntotal, precise
knowledge of the half-lives of the produced unstable pla
num isotopes is necessary. Because of that, those half-
have been determined in an additional measurement@20#.

E. Determination of the photon flux

For the approximation of the thermal Planck spectrum
precise shape of the different bremsstrahlung spectra e
cially in the high energy region had to be determined. The
fore Monte Carlo simulations using the computer co
GEANT @21# were performed. To check the uncertainties
theGEANT calculations (g,g8) measurements of well-know
11B lines have been performed during the irradiation of
platinum samples in order to normalize theGEANT generated
photon spectra. At the energies of these11B lines, the abso-
lute photon flux could be calculated. For these calculatio
the efficiencies of the two detectors used for the meas
ment during the irradiation of the platinum samples had to
calibrated up to the energy of 10 MeV~see Sec. III F!.

However, the shape of the bremsstrahlung spectra der
from the results of the (g,g8) measurements and the spec
from the GEANT calculations show deviations near the en
point energy. Unfortunately, the shape of the bremsstrahl

TABLE II. Results for the cross section parameters0. The val-
ues are weighted averages over all measured lines of the respe
isotope. The values in the last column are weighted averages o
first two, except for190Pt, where the result of an additional me
surement has been included~for details see Sec. IV A!.

Isotope s0 ~mb! s0 ~mb! s0 ~mb!

interpolation correction factor average

190Pt 4886146 5186153 3006100a

192Pt 118634 103630 111632
198Pt 161627 142624 152625

aIncluding additional measurement~see Sec. IV A!.
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spectra could not be determined by the11B lines alone, be-
cause there are only two lines~see Table III! in the high
energy region.

Therefore, we tried to reproduce the measured11B lines
by using theoretical formulas. The energy distribution
bremsstrahlung is approximately given by the Schiff formu
@22#. However, this formula is only valid for bremsstrahlun
from thin radiator targets, which means that each elect
participates only in one scattering process and there
emits only one photon. In our experiment, the electron be
was completely stopped within the radiator target. Thus, n
ther the Schiff formula nor newer approximation formul
given by Seltzer and Berger@23# reproduce the shape of ou
bremsstrahlung spectra with sufficient accuracy. Especi
in the high energy region, the deviations are still consid
able.

Therefore, the shape of the bremsstrahlung spectra
interpolated in the high energy region between 80% a
100% of the end-point energy using cubic splines with
11B lines as points of support. Unfortunately, in the spectr
with the lowest end-point energy of 7650 keV, no11B line
can be seen in the relevant energy region. Therefore,
points of support are available for the spline interpolation
this spectrum. So we adjusted theGEANT calculated spectra
in the high energy region by multiplying an energ
dependent correction factorF

tive
he

TABLE III. Properties of the11B levels that were used for the
determination of the shape of the bremsstrahlung spectra by
11B(g,g8) measurement. The decay widthsG were taken from the
compilation@30#. I is the energy-integrated cross section.

Ex G0 /G G I
~keV! ~eV! (103 eV fm2)

2124.7 1 0.12 5.160.4
4443.9 1 0.56 16.360.5
5019.1 0.856 1.963 21.960.8
7282.9 0.87 1.149 9.560.7
8916.3 0.95 4.368 28.661.4
2-4
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F5H 12531024S E20.8E0

keV D 3/4

, E.0.8E0 ,

1, E<0.8E0 ,

~3.7!

whereE0 is the end-point energy of the respective brem
strahlung spectra. The shapes of the bremsstrahlung sp
resulting from both methods are shown in Fig. 4 for all me
sured end-point energies. The results of the spline interp
tion are represented by the dashed lines, the results o
GEANT simulations multiplied by the correction factorF are

FIG. 4. Photon flux spectra calculated using the computer c
GEANT ~dotted line! at different end-point energiesE0. In the high
energy region, theGEANT spectra have been adjusted by the corr
tion factor F in Eq. ~3.7! ~full line!. The dashed lines show th
results of the cubic spline interpolation. The squares represen
data points from the11B(g,g8) measurement.
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represented by the straight lines. The overall good agreem
between these curves and the data points of the11B measure-
ments is quite satisfactory. Since the spline interpolation
not reliable for the spectrum with 7650-keV end-point e
ergy, we used the bremsstrahlung spectra adjusted by
correction factorF for the calculations of the reaction rate
The correction factorF leads to a significant reduction of th
photon flux close to the end-point energyE0. A precise
knowledge of this energy region is essential for the super
sition of the quasithermal spectrum. If one neglects this c
rection in the bremsstrahlung spectra, the reaction rates
underestimated by up to a factor of 2.

F. Determination of detector efficiencies

1. Detectors for photon flux normalization

The calibration measurement was performed in two ste
First, a measurement of the absolute efficiency using60Co,
137Cs, and22Na calibration sources was performed. This w
followed by a second measurement using a56Co source.
Since the intensity of this source was not calibrated, onl
relative efficiency could be determined, but these data po
were adjusted to fit those of the absolute efficiency meas
ment. Since there were no decay lines of these source
energies above 3548.3 keV, an additionalGEANT calculation
was performed to determine the efficiency in the high ene
region.

As can be seen in Fig. 5, the results of the measurem
and the calculation correspond well with each other, an
has been shown that the detection efficiencies of large
ume HPGe detectors can be calculated with good accu
@24#. The decrease in the efficiency at low energies res
from lead and copper filters that were mounted in front of
detectors in order to reduce low energy background.

2. Detector for activation measurements

Because the activity of the platinum samples was re
tively low, they have been mounted directly in front of th
30% HPGe detector used for the activation measurem
Since the activity of the available calibration sources w
much higher, only a small number of lines could be used
the calibration measurements of the HPGe detector. H
ever, some of the calculated data points for the efficien
still have relatively big errors, as is shown in Fig. 6. The
errors are mainly due to summing effects resulting from
high count rate of the detector. For the calculations we u
a doubly logarithmic interpolation of the data points in t
relevant energy interval.

It had to be considered that due to the thickness of
platinum disks of 0.125 mm a portion of the emittedg rays
was absorbed within the disks. This portion has been e
mated using the computer codeGEANT. The necessary cor
rections were of the order of a few percent, except for
77.4 keV line of the197Pt, where approximately two-third
of the g rays were absorbed within the platinum sample.

IV. EXPERIMENTAL RESULTS

A. Results for the cross sections
„g,n…

The cross section parameterss0 from Eq.~3.2! have been
calculated twice for every isotope, using both the spline
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-
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K. VOGT et al. PHYSICAL REVIEW C 63 055802
terpolated and by the factorF corrected photon spectra. Th
two results are given in Table II, averaged over all measu
ments with different end-point energies.

For 190Pt an additional measurement has been perform
This was necessary because the evaluation of the190Pt lines
was close to the statistical limit. For this measurement
platinum target was placed directly behind the radiator tar
because of the much higher photon flux. In this target po
tion the (g,g8) lines of the 11B samples could not be mea
sured. Therefore, the shape of the photon spectrum could
be determined. However, since the neutron separation e
gies of 190Pt and of 192Pt are close to each other~Table II!,
we were able to calculate the ratio of the cross section
these isotopes by determining the ratio of the number
counts in their respective lines. Then we calculated the c
section of 190Pt by multiplying this ratio with the known
value for the cross section of192Pt from the previous mea
surement. This value is considered in the average in Tabl

For the calculation of errors, the uncertainties in the
tector efficiencies, the statistical errors from the number
counts in the respective peaks, and the errors in the rela

FIG. 5. Absolute efficiencies of the two detectors used for
11B(g,g8) measurements. The detectors were placed atu590° and
127° relative to the incoming photon beam at distances of abou
cm. The efficiencies have been determined using several calibr
sources and are compared to aGEANT simulation. The data points
from theGEANT simulation are connected by a line to guide the e
The decrease at low energies comes from lead and copper filte
front of the detectors to reduce the background at low energies
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and absolute intensities of the decay lines have been con
ered. In order to estimate the error resulting from the unc
tainty in the shape of the photon spectra, we calculated
mean difference of the interpolated spectra and the spe
that were adjusted by the correction factorF. For 190Pt an
additional error of 7% has been considered, resulting from
uncertainty in the natural abundance of this isotope.

B. Results for the „g,n… reaction rates

The (g,n) reaction ratesl have been determined froms0
and with the superposition method~see Sec. III!. With both
methods, the reaction rates in the complete relevant temp
ture region (T95223) have been calculated. The results a
given in Tables IV, V, and VI. These results are averag
over all evaluated lines of the respective isotopes. For
superposition of the bremsstrahlung spectra, the bremss
lung spectra adjusted by the correction factorF of Eq. ~3.7!
have been used. For the conventional method, only the
ues ofs0 calculated with the corrected photon spectra ha
been used in order to be able to compare the results of
methods. For the isotope190Pt the superposition metho
could not be used because the decay lines of189Pt could not
be evaluated in all measurements. For this isotope the a
age value ofs0 that is given in Table II has been used for th
calculation in the conventional method. The relative err
for the reaction rates calculated by the conventional met
are the same as the error for the parameters0.

The temperature dependence of the reaction rate
shown in Fig. 7 for the isotopes190Pt, 192Pt, and198Pt. The
given values are calculated using the superposition meth
The comparison of the results of both methods shows g
overall agreement. The error of the conventional meth
seems to be smaller than the error of the superposi
method because of the additional error resulting from
difference between thermal and superposed photon spect
has to be pointed out that the most important system
uncertainty in the conventional method cannot be estima
i.e., the uncertainty regarding how well Eq.~3.2! approxi-

e

5
on

.
in

FIG. 6. Absolute efficiency of the 30% HPGe detector: The d
points are from the measurements with the calibration sources
drawn line is an interpolation, which has been fitted to the d
points with a least squares fit. Note the doubly logarithmic scal
2-6
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mates the shape of the cross section energy depend
Therefore, the superposition method should prove m
more reliable.

C. Comparison with other results

In Fig. 8 our result for the (g,n) cross section of the
isotope 198Pt is compared with a previous experiment

TABLE IV. Average weighted values of the (g,n) reaction rate
l for the nucleus192Pt in the complete temperature range relev
for the astrophysicalg process.

Temperature l conventionala,b l superpositiona

(109 K) (s21) (s21)

2.0 (9.660.7)31026 (10.762.7)31026

2.1 (1.1460.09)31024 (1.2860.29)31024

2.2 (1.0960.08)31023 (1.2260.25)32.1023

2.3 (8.5060.63)31023 (9.6761.83)31023

2.4 (5.6260.42)31022 (6.4661.13)31022

2.5 0.32060.024 0.37260.060
2.6 1.6060.12 1.8860.29
2.7 7.1160.53 8.4761.22
2.8 28.462.1 34.364.7
2.9 10468 126617
3.0 346626 428655

aThe calculated values ofl are subject to an additional error o
27.8% resulting from the uncertainty in the absolute intensity of
respective191Pt lines and the uncertainty in the efficiency of th
detectors used for the (g,g8) measurement.
bAn additional error resulting from the approximation of the sha
of the cross section taken from Eq.~3.2! cannot be estimated.

TABLE V. Average weighted values of the (g,n) reaction rate
l for the nucleus198Pt in the complete temperature range relev
for the astrophysicalg process.

Temperature l conventionala,b l superpositiona

(109 K) (s21) (s21)

2.0 (7.1960.25)31023 (5.6861.00)31023

2.1 (6.2660.22)31022 (5.1460.84)31022

2.2 0.44960.016 0.38360.057
2.3 2.7360.10 2.3960.33
2.4 14.360.5 12.961.7
2.5 65.662.3 60.867.3
2.6 269610 255629
2.7 996635 9616102
2.8 (3.3760.12)3103 (3.3160.33)3103

2.9 (1.0560.04)3104 (1.0560.1)3104

3.0 (3.0360.11)3104 (3.0760.27)3104

aThe calculated values ofl are subject to an additional error o
16.3% resulting from the uncertainty in the absolute intensity of
respective197Pt lines and the uncertainty in the efficiency of th
detectors used for the (g,g8) measurement.
bAn additional error resulting from the approximation of the sha
of the cross section taken from Eq.~3.2! cannot be estimated.
05580
ce.
h

Goryachev and Zalesnyı˘ et al. @25#. They measured the
(g,n) cross section at various energies in and below
GDR region whereas we determined the cross section pa
eters0. Therefore a comparison of both results is only po
sible if one assumes the behavior of the cross section
follow Eq. ~3.2!. Since this parametrization only holds in th
vicinity of the threshold energy, the deviations at higher e
ergies are not surprising.

Previous direct experiments had to be performed w
huge amounts of highly enriched target material of the or
of several grams. Such an amount of highly enriched ma
rial is not available for the low abundant platinum isotop
190Pt and192Pt, and hence no data exist in literature for the

FIG. 7. Temperature dependence of the (g,n) reaction ratesl in
the complete relevant temperature region fromT95223. The val-
ues have been calculated by the superposition of the diffe
bremsstrahlung spectra.T9 is the temperature in 109 K. Note the
much larger reaction rate of198Pt because of the significantl
smaller neutron separation energy.

t

e

e

t

e

e

TABLE VI. Average weighted values of the (g,n) reaction rate
l for the nucleus190Pt in the complete temperature range releva
for the astrophysicalg process. Calculated using the convention
method.

Temperature l a,b

(109 K) (s21)

2.0 7.3831026

2.1 9.3231025

2.2 9.3731024

2.3 7.7331023

2.4 5.3631022

2.5 0.319
2.6 1.66
2.7 7.65
2.8 31.7
2.9 119
3.0 409

aThe calculated values ofl are subject to an error of 33%.
bAn additional error resulting from the approximation of the sha
of the cross section taken from Eq.~3.2! cannot be estimated.
2-7
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isotopes and for thep isotopes of other elements@26,27#. To
the best of our knowledge our data are the first experime
(g,n) cross sections and astrophysical reaction rates m
sured for thep nuclei.

V. THEORETICAL CONSIDERATONS

A. Calculation of laboratory and stellar rates

Experimental data can only provide photodisintegrat
rates of targets in their ground state. In a stellar plasma of
required temperature and density, nuclei are thermally eq
brated with their environment and therefore also exci
states will be populated. The laboratory cross sections (g,n)

lab

5(ns0n has to be replaced by the stellar cross section

s* ~E,T!5

(
m

~2Jm11!exp~2Em/kT!(
n

smn~E!

(
m

~2Jm11!exp~2Em/kT!

,

~5.1!

wherem andn denote the target states and the states in
final nucleus, respectively. Depending on plasma temp
ture T, spins Jm, and locationEm of the target states, th
stellar cross section can become considerably different f
the one measured in the laboratory.

Up to now, astrophysical photodisintegration rates w
calculated in a purely theoretical way by deriving them fro
capture rates via detailed balance~e.g., @31–33#!. It should
be noted that onlystellar capture rates can be used to co
rectly apply detailed balance and, vice versa, only ste

FIG. 8. Comparison of our results for the (g,n) cross section of
198Pt to a previous experiment by Goryachev and Zalesnyı˘ @25#.
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photodisintegration rates can be used for the derivation of
respective stellar capture rates. Those stellar capture rate
usually also calculated theoretically. Detailed balance
valid for exoergic reactions (Q.0) and it has recently bee
shown that it is still quite accurate for charged particle ca
ture with Q,0 @34#.

Nevertheless, laboratory measurements are an impo
way to check the validity of the involved assumptions a
the nuclear properties needed for the prediction of cross
tions and rates. A direct measurement of the (g,n) cross
section cannot only test detailed balance but also the des
tion used for the low-energy tail of the GDR and the neutr
optical potential for nuclei in excited states. Measureme
using neutron capture are more limited in this respect.

Here, we compare the experimental results to calculati
with the statistical model codeNON-SMOKER @33#. For the
calculations presented here, the codeNON-SMOKER was
modified in such a way to be able to calculate photodisin
gration reactions directly instead of deriving them via d
tailed balance~like, e.g., in Ref.@33#!. This modification also
allows to compute rates for targets in the ground state
can easily be compared to our experimental results. The
oretical results are collected in Table VII and a comparis
of the data is shown in Table VIII.

B. Discussion

In general, the theoretical rates are in good agreem
with the present data, as can be seen from Table VIII. For
global statistical model calculations compared here, a typ
average deviation of the order of 30% should be expec
but locally larger deviations up to a factor of 2 are possib
In this sense, the agreement is excellent for198Pt and accept-
able for the other isotopes, depending on which error is us
A visible trend of the accuracy with mass cannot be est
lished.

The temperature dependence of the ratios from Table V
can, in principle, be used to study how well the energy

TABLE VIII. Ranges of the ratiolg.s./lexp determined by the
quoted errors on the experimental rates. Except for190Pt, the values
extracted by the superposition method are used.

Temperature 190Pt 192Pt 198Pt
109 K lg.s./lexp lg.s./lexp lg.s./lexp

2.0 0.4220.83 1.3122.19 1.0321.46
2.5 0.4220.84 1.3221.83 0.8521.08
3.0 0.4420.87 1.2821.65 0.7520.90
TABLE VII. Theoretical (g,n) reaction rates in 1/s for the target in the ground statelg.s. and a thermally
excited targetl* , calculated with theNON-SMOKER code.

Temperature 190Pt 192Pt 198Pt
109 K lg.s. l* lg.s. l* lg.s. l*

2.0 4.1131026 1.7031022 1.7531025 4.5831022 6.8531023 1.663100

2.5 1.8031021 7.473102 5.7131021 1.413103 5.793101 1.493104

3.0 2.373102 9.233105 6.163102 1.353106 2.523104 6.323106
2-8
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pendence of the cross section is reproduced. The latte
turn, is mainly determined by the low-energy tail of th
GDR. In addition, there is a weaker dependence on the n
tron potential in the exit channel. The effect of possible
accuracies in the theoretical description of those proper
are weakened, however, by the smoothing due to the inte
tion over the effective Gamow-like energy window in th
derivation of the rate. A direct comparison of cross sectio
may be more sensitive but the relevant quantity for as
physics is the reaction rate.

As discussed before~Sec. IV B!, the values derived by the
use of the conventional method agree well with those of
superposition method, indicating that the threshold beha
of the (g,n) cross section is roughly reproduced by E
~3.2!. This is supported by the comparison to the (g,n) cross
sections of Ref.@25#. However, it cannot be expected in ge
eral that the cross section exhibits a structureless beha
proportional toAE2Ethr. The astrophysically relevant cros
section depends on the dipole strength distribution in a n
row region above the threshold. Therefore, it is of imp
tance to study this strength distribution experimentally. It
well known that theE1 strength exhibits significant fin
structure like the so-called ‘‘pygmy resonance’’ close to t
particle threshold@16,35–37#. The presence or absence
such a strength accumulation can change the astrophy
reaction rates significantly, while it will affect the positio
and width of the Gamow-like window on a small scale on

There seem to be minor deviations between the two m
ods at T952.0 for 198Pt and atT953.0 for 192Pt. These
minor discrepancies can be explained by the fact that
assumed threshold behavior of the cross section under
mates the cross section at higher energies~see also Fig. 8!
that leads to a somewhat smaller slope of the reaction ra
the conventional analysis.

Within the errors the temperature dependence of the
oretical rates agrees with the data. Oddly enough, th
seems to be a slight difference for198Pt that is otherwise
reproduced best. However, further conclusions can only
drawn pending a reduction of the experimental error bar

Since the theoretical (g,n) values have been confirme
for laboratory rates, detailed balance can be tested by c
paring our stellar rates to the stellar photodisintegration ra
derived from stellar neutron capture rates, as provided
s

K.
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Refs. @33,38#. We find perfect agreement in all cases, co
firming the validity of detailed balance.

As can be seen from Table VII, the stellar rates are lar
by several orders of magnitude than the laboratory rates
to the facilitation of photodisintegration for thermally excite
targets. This effect is sensitive to the used level density
structure but cannot be directly tested in the laboratory.

VI. SUMMARY AND CONCLUSIONS

It has been shown that a thermal distribution of photons
astrophysically relevant temperatures can be simulated
the appropriate superposition of several bremsstrahl
spectra with different end-point energies. Several platin
samples were irradiated with this quasithermal photon sp
trum, and the (g,n) reaction of 190Pt, 192Pt, and 198Pt was
analyzed using the photoactivation technique. The high s
sitivity of this method allows the measurement of the (g,n)
reaction even for isotopes with very low natural abundanc

The measured reaction rates in the laboratory have b
compared to a statistical model calculation, and good ag
ment was found for all analyzed isotopes. Furthermore, s
lar reaction rates have been calculated that are enhance
the thermal population of excited states in the target nucle

These photon induced reactions are important for the
cleosynthesis of the neutron-deficientp nuclei that are syn-
thesized in the astrophysicalg process in supernova explo
sions at temperatures ofT95223. Almost no experimenta
data exist for the reactions relevant for theg process. For a
better understanding of theg process more experimental da
for (g,n) and (g,a) reactions in the astrophysically releva
energy region are required. A systematic study is neces
to verify the predictions of statistical model calculations.
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