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Proton capture cross sections of the ruthenium isotopes
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The proton capture cross sections of the stable ruthenium isotopes 96, 98, 99, and 104 have been measured
by means of the activation method in the proton energy range between 1.5 and 3 MeV. Thin layers of natural
ruthenium were irradiated at the Karlsruhe 3.75 MV Van de Graaff accelerator with proton beams of 20–50
mA. The activity induced by (p,g) reactions was measured with a calibrated HPGe detector. In this way, six
(p,g) cross sections for populating ground states and isomers in four different Rh isotopes could be deter-
mined simultaneously with systematic uncertainties of typically 4–5 %. The fact that experimental data are
almost completely missing in theA.70 region illustrates the need of checking and complementing the
statistical model calculations which are so far the only data used inp process studies.
@S0556-2813~98!05307-2#

PACS number~s!: 25.40.Lw, 26.30.1k, 27.60.1j, 97.10.Tk
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I. INTRODUCTION

The elements heavier than iron are predominantly p
duced via neutron capture andb2 decays in thes and r
processes, as first suggested by Burbidge, Burbidge, Fow
and Hoyle~BBFH! @1#. However, there are 32 stable isotop
between74Se and196Hg on the proton-rich side of the valle
of stability that are shielded from the neutron capture p
cesses by stable isobars. These so-calledp nuclei are typi-
cally 10–100 times less abundant than their neutron-rich
topes, but their abundance curve almost parallels those o
r ands nuclei. This leads to the conclusion that thep nuclei
originate from anr - ands-process seed that is modified b
either photodisintegration or proton capture.

The presently favored sites for photodisintegration re
tions are the explosively burning O/Ne layers in superno
of type II ~SN II!, where temperatures of 2 – 33109 K are
reached@2#. While the abundances of most heavyp nuclei
are reproduced within a factor of 3, this model implies
significant underproduction of the abundantp nuclei 92Mo,
94Mo, 96Ru, and98Ru ~Fig. 1!. This problem results from the
lack of sufficient seed nuclei to account for their rather la
isotopic abundances of 14.84%, 9.25%, 5.52%, and 1.8
respectively.

An alternative origin of these nuclei could be via (p,g)
reactions. High temperatures and proton densities are
quired for these reactions to proceed with significant ra
While BBFH suggested the exploding H-rich outer layer
SN II as a possible site, this was later proved impossible@3#.
Astrophysically more plausible are events where hydroge
burnt explosively under degenerate conditions as it occur
novae or x-ray bursters@4#. Another possible site are SNe I
where free protons are released via the12C(12C,p)23Na chan-
nel during explosive carbon burning in the core. Theore
cally suggested, but yet unobserved candidates are Tho
Żytkow objects, which develop from a close binary syste
when the neutron star sinks into the center of the red gian
fully convective envelope transports seed nuclei to the bu
PRC 580556-2813/98/58~1!/524~12!/$15.00
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ing zone right above the neutron core@5# where temperatures
of 1 – 23109 K and densities of 103– 104 g/cm3 are reached.
The producedp nuclei are then flushed back to the out
layers of the red giant. Their observation in the envelo
would be a proof for the existence of such an object. Ho
ever, recent calculations indicate that Thorne-Z˙ ytkow objects
are gravitationally unstable which puts their existence i
question@6,7#.

Extended network calculations have been perform
simulating nucleosynthesis in the discussed sites, but
studies had to rely on theoretical (p,g) rates based on the
Hauser-Feshbach model, since experimental data are al
completely missing in the mass regionA>70. Therefore,
systematic (p,g) cross section measurements were initia
at the Karlsruhe Van de Graaff accelerator in theA;100
region using the activation technique. The experimen
setup and the problems related to the irradiations and
analysis were recently reported together with the (p,g) cross

FIG. 1. The main nucleosynthesis mechanisms in the mass
gion between Zr and Ru are thes and r processes. Both reactio
flows bypass the abundantp nuclei 92Mo, 94Mo, 96Ru, and98Ru.
524 © 1998 The American Physical Society
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PRC 58 525PROTON CAPTURE CROSS SECTIONS OF THE . . .
sections for a number of molybdenum isotopes@8#. This
work is being complemented by the present study of vari
ruthenium nuclei.

II. TARGET PREPARATION

The activation technique does not require one to use
riched targets, because each isotope is represented ing
spectrum by its characteristic lines, and even small quant
are sufficient for detection. Hence, the cross sections of
eral isotopes could be determined simultaneously by acti
ing natural ruthenium.

Two points, however, have to be taken into account wh
preparing the samples: The target thickness should not
ceed 3000 Å to keep the energy loss in the target wit
;30 keV, and the cohesion of the material on the back
has to be good enough to stand a proton bombardmen
several hours. Both requirements are easily met when
samples are produced by sputtering thin Ru layers ont
mm thick aluminum disks. Aluminum was chosen for seve
reasons: the good heat conductivity allows for effective co
ing during the proton irradiations, the low atomic numb
yields sufficiently good separation of the Rutherford ba
scattering~RBS! signal from that of the Ru layers~see be-
low!, and proton captures are producing stable28Si, thus
avoiding background activities.

The target thickness was determined in two ways, by R
and via x-ray fluorescence~XRF! analysis. Figure 2 shows
typical RBS spectrum of ruthenium sputtered onto a th
aluminum backing. The width of the Ru peak is due to t
difference in energy of the projectiles scattered in the fr
and back of the ruthenium layer and can be used to de
mine the thickness of the layer@9#:

DE5x@S#, ~1!

with the energy loss factor@S# and the target thicknessx.
Alternatively, the area density follows from the number
counts in the ruthenium peak and the height of the alumin
edge:

NRu5
ARusAlj

HAlsRu@e#Al
, ~2!

FIG. 2. RBS spectrum of an activation sample. The rutheni
layer exhibits a certain oxygen content which shows up on top
the contribution from the aluminum backing. Traces of iron and
copper are also visible in the spectrum.
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where NRu denotes the number of Ru atoms/cm2, ARu the
number of counts within the Ru peak, andHAl the height of
Al edge. The other parameters in this expression are the
therford cross sectionss, the width of the energy bin pe
channel,j, and the effective stopping cross section@e#Al
@10#.

The oxygen feature in the RBS spectrum is relative
broad but is not shifted to lower energies. This shows tha
is mostly related to the ruthenium layer. The Al backin
contain traces of copper and lead, and seem to be particu
contaminated with lithium. This latter impurity is difficult to
quantify in the RBS spectrum but is evident via the8Be
activity induced in the proton irradiations.

The XRF analysis was carried out with a Siemens S
3000 crystal spectrometer that was operated with a rhod
anode. The induced characteristic x rays were analyzed
a LiF~100! crystal. The efficiency of the spectrometer w
calibrated by the radiation emitted from five well-define
ruthenium samples which were prepared from a standard
lution. With the RBS as well as with the XRF technique, t
sample thickness could be determined with an accuracy
3–4 %.

III. EXPERIMENTAL PROCEDURE

The cross sections were measured via the activation t
nique at the Karlsruhe 3.75 MV Van de Graaff accelerat
The investigated energy range between 1500 and 3500
was covered in 30 steps, each of the respective proton
diations lasting several hours. The relevant parameters
these activations are summarized in Table I. The uncert
ties in energy due to the width of the proton beam (DE/E
560.05%) and the 5 keV uncertainty of the energy calib
tion were always small compared to the energy loss in
target.

The beam current of 20 to 50mA was measured with a
digital current integrator and recorded in multichannel sc
ing ~MCS! mode for the proper correction of the decay du
ing the irradiations. The activation chamber was construc
as a Faraday cup with secondary electron suppression to
sure complete charge collection~Fig. 3! @8#. During the ac-
tual activations the RBS detector was operated with a
duced aperture of 0.2 mm diameter for monitoring the tar
performance.

After the irradiations, the inducedg activity was mea-
sured with a 265 cm3 HPGe detector. At high proton ene
gies, sufficient statistics were achieved for all investigateg
lines within the 10 h counting periods. At low energies, t
smaller activity resulted in statistical uncertainties of up
;15% for the long-lived isotopes.

IV. DATA ANALYSIS AND RESULTS

The cross sections were deduced from the number
counts in theg spectra measured after the activations.
typical example of such a spectrum is shown in Fig. 4. T
most prominent lines in this spectrum originate from the d
cay of the100Rh ground state and represent the total (p,g)
cross section of99Ru. This clear signature is favored by rel
tively largeg intensities per decay,I g , and a half-life similar
to the activation and counting times. In addition to the lin

f
r
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TABLE I. Activations and sample characteristics.

Activations Samples

Run
Proton

energy~keV!
Average beam
current~mA!

Time
~min!

Integrated
charge~mC!

Sample
number

Proton energy
lossa ~keV!

Number Densityb

~1017 atoms/cm2!

1 1492 35 910 1902 54 28 18.660.6
2 1552 35 525 1096 53 27 18.660.6
3 1626 37 512 1136 29 12 8.460.2
4 1677 31 868 1509 52 27 19.160.6
5 1740 26 953 1494 28 16 11.460.3
6 1794 35 470 973 51 30 22.160.7
7 1884 31 990 1821 25 14 10.860.3
8 1972 35 922 1915 50 24 19.360.6
9 2062 39 536 1246 49 24 19.360.6

10 2112 43 868 2227 48 23 18.860.6
11 2172 45 341 1363 47 23 19.160.6
12 2217 48 765 2193 46 24 20.260.6
13 2272 52 330 1033 45 22 19.060.6
14 2388 44 841 2227 55 21 18.960.6
15 2430 42 951 2381 44 20 18.160.5
16 2527 52 471 1455 43 15 13.560.4
17 2576 47 246 659 60 22 20.860.6
18 2685 33 938 1858 42 14 13.160.4
19 2717 51 324 982 58 21 19.960.6
20 2822 39 568 1316 41 13 12.560.4
21 2897 51 894 2789 57 18 18.360.5
22 2982 39 905 2142 40 11 11.160.3
23 3017 45 328 887 56 23 23.460.7
24 3133 35 450 938 39 10 10.660.3
25 3212 42 909 2272 38 9 9.360.3
26 3252 35 170 351 36 11 11.260.3
27 3287 22 747 962 34 11 12.260.4
28 3412 23 180 250 35 10 10.960.3

aSee text.
bAverage of XRF and RBS results.
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from the various induced Rh activities, strong backgrou
lines occur due to positron annihilation, the97Ru activity
associated with the97Rh decay, and the7Be activity resulting
from the above-mentioned lithium impurity in the aluminu
backings.

The total number of decays can be deduced from the n
ber of counts in a particular line,A, from the respectiveg
intensityI g , the detector efficiencyeg , and—if necessary—
the cascade-summing corrections,Ck :

N5
ACk

egI g
. ~3!

The cross section is then calculated from the system
differential equations that describes the development of
number of nuclei in the isomer,M (t), and in the ground
state,G(t), of a particular Rh isotope during the activatio
and during the activity counting with the Ge detector.

The corresponding expressions during activation are

dM

dt
5smfNt2lmM ~ t ! ~4!
d

-

of
e

and

dG

dt
5sgfNt2lgG~ t !1hsmM ~ t !. ~5!

These expressions hold also during the counting per
except that the proton capture terms vanish. The vari
quantities are the (p,g) cross sectionss, the proton current
f, the decay ratesl, and the probability for an internal tran
sition, h.

For constant proton current, these equations can be so
analytically. Instead, the cross sections were calculated
numerical integration using the recorded MCS spectrum
account for the instabilities of the proton beam current d
ing the activation.

The analyzed reactions and the relevant properties of
product nuclei are summarized in Table II. With the activ
tion technique it is in principle possible to separate the p
tial cross sections for populating the isomer and the gro
state of the product nucleus. However, the isomers in100Rh
and 105Rh were too short lived and could not be detected
the present experiment. Accordingly, only the total (p,g)
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FIG. 3. Schematic setup for the activation at the accelerator. The proton beam current and the spectrum of backscattered pro
continuously monitored for later correction of the decay of activated nuclei during the irradiation and for sample degradation.
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cross sections could be obtained for the99Ru(p,g)100Rh and
104Ru(p,g)105Rh reactions. Another complication resul
from the competing (p,n) reactions. This is particularly dis
turbing for the (p,g) cross section of100Ru, since the prod-
uct nucleus101Rh is also produced in the101Ru(p,n) reac-
tion.

The systematic uncertainties are summarized in Table
Items that were not addressed in detail have been discu
in Ref. @8#. In the following paragraphs the data analysis a
the results are presented for each isotope. In addition,
experimental data are compared to cross sections calcu
with the Hauser-Feshbach codeNON-SMOKER@11#. This code
and the conclusions that can be drawn from this compar
are discussed in more detail in Sec. V.

A. 96Ru„p,g…

97Rh

The partial cross sections of isomer and ground s
could be measured with uncertainties of less than 5%, ex
for the lowest energies where the 839.8 keV and 878.8 k
lines from the ground state decay were too weak for a me

FIG. 4. Gamma-ray spectrum measured after activation o
ruthenium sample. Theg lines used in the data analysis are ind
cated for the various isotopes;m andg denote transitions related t
the decay of isomers and ground states, respectively.
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ingful analysis. Therefore, the ground state cross section
to be determined via the 421.5 keV line by subtracting
respective contribution from the isomer decay. Casca
summing corrections were negligible in this case since o
direct transitions to the ground state were used in the an
sis.

Comparison of the total (p,g) cross section with the the
oretical data in Fig. 5 shows that the statistical model ov
estimates the cross section by a factor of 1.8 on average.
measured cross sections andS factors are listed in Table IV.

B. 98Ru„p,g…

99Rh

The cross sections of the isomer and ground state w
determined with uncertainties of 5–6 % and 8–9 %, resp
tively, the ground state being less accurate because o
longer half-life. For this partial cross section, cascade corr
tions of 14% had to be considered. At 2919 keV, the (p,n)
threshold for99Ru is reached, so that additional99Rh is pro-
duced via the99Ru(p,n)99Rh channel. Therefore, the mea
sured cross section rises faster at higher energies than
calculated (p,g) cross section shown in Fig. 5. When th
theoretical98Ru(p,g)99Rh and99Ru(p,n)99Rh cross sections
are added, the sum is still a factor of 2 lower than the
perimental data.

For proton energies between 1800 keV and
99Ru (p,n) threshold the theoretical cross section agre
well with the experimental data, while it is an order of ma
nitude too low for the three data points at lower energi
More experimental data at lower energies would be nec
sary to decide whether this represents a systematic trend
fluctuation of the cross section around the mean value ca
lated with the statistical model.

C. 99Ru„p,g…

100Rh

For this reaction, the partial cross sections to the isom
and ground state of100Rh could not be separated, because

a
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TABLE II. Decay properties of the product nuclei.

Product
nucleus Reference Half-life

Gamma-ray
energy~keV!

Relative intensity
per decay~%!

97Rh @19# Ground state 30.760.6 min 421.55 73.763.8
840.13 12.161.2
878.80 9.160.9

Isomer 46.261.6 min 421.55 12.061.4
189.21 47.2660.25

ITa 4.960.5
99Rh @20# Ground state 16.160.2 d 353.05 30.062.8

528.24 33.063.0
Isomer 4.760.1 h 340.8 70.364.6

617.8 12.061.1
1261.2 11.160.5

IT ,0.16
100Rh @20# Ground state 20.860.1 h 446.2 11.260.4

539.6 78.462.9
822.5 20.261.1

1107.1 13.360.5
1341.6 4.8660.26
1362.1 15.160.5

Isomer 4.660.2 min too short lived for detection
IT ;98.3

101Rh @20# Ground state 3.360.3 yr 127.21 73.066.0
198.0 70.866.0
325.2 13.461.6

Isomer 4.3460.01 d 306.86 87.064.8
IT 8.062.0

105Rh @20# Ground state 35.3660.06 h 306.1 5.160.3
318.9 19.260.4

Isomer 45 s too short lived for detection
IT 100

aIsomeric transition.
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4.7 min half-life of the isomer was too short compared to
adopted activation times. But since the isomer decays
dominantly by internal transitions, the accumulated grou
state activity could be used for deriving the total (p,g) cross
section. At high energies, all sixg transitions listed in Table
II could be used for the analysis, yielding an overall unc
tainty of 5%. Cascade corrections between 10% and 1
had to be considered in this case.

On average, the Hauser-Feshbach prediction and the
perimental data agree within 40%, but the difference chan
e
e-
d

-
%

x-

sign at the (p,n) threshold. Assuming complete isospin mi
ing ~see Sec. V!, the Hauser-Feshbach prediction and t
experimental data agree very well below the (p,n) threshold.
Above the threshold, the competition by the neutron chan
is significantly overestimated by the calculation~dashed
line!. When explicitly considering the suppression of t
(p,n) channel for pureT, states, the (p,g) cross section is
increased above the threshold and agrees well with the
~dotted line in Fig. 5!, yielding an average deviation of 14%
TABLE III. Compilation of systematic uncertainties~%!.

Source of uncertainty

96Ru(p,g)97Rh 98Ru(p,g)99Rh

99Ru(p,g)100Rh 104Ru(p,g)105Rhg.s.a Isomer g.s. Isomer

Half-life 2.0 3.5 1.2 2.1 0.5 0.2
g intensity per decay,I g 5.0 5.2 9.0 4.5 3.5 2.1
Isomer decay to g.s.,h 0.5 0.5
Cascade corrections 1.3 0.2 1.0
Efficiency of g detector,eg 1.5
Target thickness 3.0
Proton beam current 1.0

aGround state.
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FIG. 5. The measured (p,g) cross sections compared to statistical model calculations. The example of99Ru illustrates the isospin effec
~dashed and dotted lines; see Sec. IV C!.

TABLE IV. Measured (p,g) cross sections andS factors of96Ru.

Energy bina ~keV!

Cross section~mb!
S factor (109 keV b)

TotalIsomer Ground state Total

1647614 0.01460.001 0.02860.002 0.04260.003 35.963.1
1760615 0.06060.004 0.06260.005 0.12260.009 36.663.1
1940612 0.08960.007 0.2460.02 0.32560.022 22.861.8
2029612 0.9060.07 1.2560.09 2.1560.15 78.966.2
2079612 1.1960.09 0.9460.07 2.1360.15 51.264.0
2139612 1.6160.12 1.3960.10 3.0060.21 52.464.1
2182612 0.7660.06 1.1760.08 1.9160.13 25.361.9
2237611 0.7260.05 1.7760.13 2.4960.17 23.461.8
2352611 5.9960.42 6.0760.39 12.160.7 58.463.9
2395610 6.4660.45 9.2460.59 15.760.9 59.963.9
249468 7.3860.52 4.6760.30 12.060.7 27.161.8
2538611 8.4660.59 10.160.7 18.661.1 33.662.2
265067 10.860.8 12.460.8 23.261.4 24.461.6
2679611 14.061.0 13.560.9 27.561.7 25.461.7
278767 17.961.3 14.160.9 31.961.9 18.261.2
285869 25.661.8 13.460.9 39.062.3 16.561.1
294666 15.961.1 30.461.9 46.362.8 13.760.9
2975612 40.662.8 50.963.3 91.565.5 24.261.6
309565 36.162.5 60.063.8 96.165.8 16.161.0
317565 39.762.8 55.863.6 95.465.7 12.060.8
321366 37.762.7 53.363.4 91.165.5 10.060.6
324766 65.064.6 79.665.1 14569 14.260.9
337265 61.064.3 82.765.3 14469 9.3360.62

aValues in the c.m. system.
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FIG. 6. The production cross section of101Rh via 100Ru(p,g) plus 101Ru(p,n). Note the large discrepancies with the calculation~dashed
line! at low energies.
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D. 100Ru„p,g…

101Rh

The 100Ru(p,g)101Rh reaction could not be determined
the present experiment. It is masked by the101Ru(p,n)101Rh
reaction which has a low (p,n) threshold of 1.3 MeV. Ac-
cordingly, only the sum of both reactions could be deduc
corresponding to the production cross section of101Rh under
proton bombardment. In this analysis the100Ru and 101Ru
abundances were approximated by the mean of the na
isotopic ratio, which caused an additional uncertainty
65%.

At lower energies the theoretical cross section is mu
smaller than the experimental results~Fig. 6!, but this differ-
ence vanishes around 3 MeV.
d

ral
f

h

E. 104Ru„p,g…

105Rh

Similar to the case of100Rh, also the105Rh isomer was
too short lived so that only the total cross section could
determined for this reaction~Table VI!. Cascade correction
were not required for the analysis of the ground state dec
A pronounced competition cusp appears at 1871 keV wh
the (p,n) threshold is reached. In contrast to the correspo
ing feature in the99Ru cross section, the effect of this add
tional reaction channel is much weaker in the calcula
data.

The theoretical excitation curve shown in Fig. 5 was o
tained assuming complete isospin mixing. Incomplete m
ing yields a slightly enhanced (p,g) cross section above th
TABLE V. Measured (p,g) cross sections andS factors of98Ru.

Energy bina ~keV!

Cross section~mb!
S factor (109 keV b)

TotalIsomer Ground state Total

160366 0.1960.02 0.9360.10 1.1260.11 14716162
171468 0.3060.02 1.6760.18 1.9760.20 8956100
185867 0.4860.03 2.2860.24 2.7660.27 367639
1940612 0.5960.04 2.6260.28 3.2160.32 225624
2029612 0.7960.05 3.6160.38 4.4060.43 161617
2078612 0.8860.06 4.5460.48 5.4360.54 141615
2139612 1.2460.09 4.8160.51 6.0560.60 106611
2182612 1.2260.08 5.7760.61 6.9960.69 92.669.8
2237611 1.6860.12 6.7660.72 8.4460.84 79.468.3
2352611 5.5360.38 12.361.3 17.861.7 85.969.0
2395610 7.2660.50 17.461.9 24.762.4 94.269.6
249468 8.1860.57 23.762.5 31.963.1 72.167.3
2538611 13.560.9 37.263.9 50.564.8 91.269.1
265067 21.961.5 74.267.9 96.169.4 101610
2679611 27.061.6 96.2610.2 123612 113612
278767 29.661.8 112612 142614 81.168.1
285869 40.762.5 126613 167616 70.567.3
294666 45.862.8 293631 339634 100610
2975612 75.764.6 350635 426639 11269
309565 319619 406640 725659 12169
317565 484630 222622 706652 88.966.5
321366 825650 270626 1095676 12069
324766 1460689 306630 17666119 173612
337265 22636138 460645 27236183 176612

aValues in the c.m. system.
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TABLE VI. Measured (p,g) cross sections and astrophysicalS factors of99Ru and104Ru

Energy bina ~keV!

Cross sections~mb! S factors (109 keV b)

99Ru(p,g)100Rh 104Ru(p,g)105Rh 99Ru(p,g)100Rh 104Ru(p,g)105Rh

1463614 0.02560.002 0.0860.01 150615 481663

1522614 0.01960.002 b 58.565.6 b

160466 0.02560.002 0.1260.01 32.863.1 158615

171568 0.17460.014 0.2760.02 79.067.3 123611

185867 0.8760.07 1.3960.12 116610 185618

1940612 1.0560.08 0.2860.02 73.766.3 19.761.6

2029612 1.6460.13 0.3160.03 60.265.2 11.461.2

2079612 2.1060.15 0.3660.03 54.464.3 9.3360.84

2139612 2.8260.20 0.3160.02 49.363.9 5.4260.44

2182612 3.9860.28 0.3760.03 52.764.1 4.9060.43

2237611 4.5860.32 1.2460.09 43.163.3 11.760.94

2352611 17.461.2 2.8560.23 83.966.4 13.861.2

2395610 17.761.2 1.4660.12 67.565.1 5.5760.49

249468 22.161.3 b 50.063.3 b

2538611 45.162.7 4.0260.28 81.465.5 7.2660.55

265067 55.063.3 4.9560.35 57.963.9 5.2260.40

2679611 88.165.3 6.0160.42 81.365.4 5.5560.42

278767 91.665.5 7.2360.52 52.363.5 4.1360.32

285869 16368 8.8560.53 68.963.9 3.7460.25

294666 18269 9.5160.66 53.863.0 2.8260.20

2975612 18869 8.9560.63 49.662.7 2.3660.18

309565 206610 14.461.0 34.561.9 2.4160.18

317565 18369 18.161.3 23.061.3 2.2860.17

321366 13767 21.961.5 15.160.9 2.4160.17

324766 15167 23.161.6 14.860.8 2.2660.16

337265 201610 25.361.8 13.060.7 1.6460.12

aValues in the c.m. system.
bYield too small for meaningful analysis.
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(p,n) threshold, depending on the amount of mixing chos
This indicates that the width fluctuation corrections may u
derestimate the strength of the neutron channel. The c
bined effect of increased width fluctuation corrections a
incomplete isospin mixing should be able to reproduce
experimental data at energies above 2.2 MeV and to be
account for the competition cusp. A deficiency in the wid
fluctuation correction should also be observable below
(p,n) threshold but for a definite statement more low ene
data would be needed. Nevertheless, on average the
good agreement between the theoretical cross section of
5 and the experimental results.

F. Astrophysical S factor

Since charged particle reactions are dominated by C
lomb effects, nuclear properties can be seen more cle
after converting the data into the astrophysicalS factor,

S~E!5
E•s~E!

P~E!
, ~6!

with P(E)5exp@231.29 Z1Z2(m/E)1/2# being the penetra
bility of the Coulomb barrier andm the reduced mass; a
.
-
-

d
e
er

e
y

is
ig.

u-
rly

energies are in the center-of-mass system. The resulting
ues of theS factors are listed in Tables IV–VI together wit
the cross sections, except for the special case of100Ru ~Table
VII !. The comparison of an experimental and a theoreticaS
factor is shown in Fig. 7 for the example of96Ru. Obviously,
the structures in the measured cross section appear m
more clearly in theS factor.

G. Reaction rates

The reaction rates for proton captures in the ground s
of the target nucleus were calculated from the measu
cross sections by folding the differential data with t
Maxwell-Boltzmann distribution of the particle velocities:

^sv&5 S 8

pm D 1/2 NA

~kT!3/2 E
0

`

s~E!E expS 2
E

kTDdE, ~7!

whereNA is Avogadro’s number andkT the thermal energy.
Since the proton energy range covered by the experime
only sufficient to calculate rates in the temperature ran
between roughly 2 and 3 GK, the experimental cross sect
have been extended to lower and higher proton energie
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means of the calculated cross sections after normalizatio
the measured data in the region of overlap. For stellar re
tion rates also proton captures on thermally populated
cited states have to be taken into account. This was don
multiplying the ground state reaction rates for each isot
with a temperature-dependent correction factor that was
termined by comparing theoretical stellar and ground s
reaction rates. Figure 8 shows that this correction can
large for temperatures above 2 GK~for example, 30% for
99Ru and104Ru at 3 GK!.

FIG. 7. The astrophysicalS factor for the96Mo(p,g) reaction
exhibits significant structures due to the low level density n
magic neutron numberN550, in contrast to the calculation~dashed
line!.

TABLE VII. The production of 101Rh under proton bombard
ment: the sum of the100Ru(p,g)101Rh and101Ru(p,n) 101Rh reac-
tions.

Energy bina

~keV!

101Rh production cross section~mb!

Isomer Ground state Total

1463614 0.01060.001 b b
160466 0.09560.008 b b
1760615 0.15960.014 5.4261.08 5.5861.08
185867 0.20160.016 11.462.3 11.662.3
1940612 0.20760.016 b b
2029612 0.56760.045 b b
2079612 1.6060.13 30.064.5 31.664.6
2139612 2.8460.23 b b
2182612 2.8460.23 83.5612.5 86.3612.7
2237611 5.4360.43 97.5614.6 103615
2352611 12.761.0 64.069.6 76.7610.6
2395610 17.561.2 99.1614.9 117616
249468 25.461.8 108616 133618
2538611 53.263.7 194619 247623
265067 69.864.9 216622 286627
2679611 11068 524647 634653
278767 11868 b b
285869 202614 223620 425634
2975612 293618 299627 592645
309565 356621 b b
317565 353621 325629 678650
321366 357621 b b
324766 572629 351628 933657
337265 803640 b b

aValues in the c.m. system.
bYield too small for meaningful analysis.
to
c-
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e
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The resulting new stellar reaction rates are presente
Table VIII and are compared to the purely theoretical rates
Fig. 9. It can be seen that differences in the shape of
experimental and calculated cross sections are washed o
the rates, particularly at low temperatures.

For the easier use of these data in complexp-process
networks, the curves in Fig. 9 have been fitted according
Woosleyet al. @12#:

^sv&5T9
2 2/3 exp@A2~t/T9

1/3!~11BT91CT9
2

1DT9
3!# cm3/~s mol!, ~8!

where t54.2487 (Z1
2Z2

2m)1/3. A similar parametrization has
been suggested by the NACRE Collaboration@13#, starting
from a modified rate

N^sv&mod5N^sv&T9
2 2/3 exp@4.2486~Z1Z2m/T9!2 1/3#

5exp~A1BT91CT9
2!. ~9!

The respective parameters are summarized in Table
These fits represent reasonably good approximations of
experimental rates, the four-parameter approach of Ref.@12#
showing slightly smaller deviations. In general, the quality
the fits corresponds to the experimental uncertainties, at l
at the relevantp-process temperatures.

V. STATISTICAL MODEL CALCULATIONS

The experimental (p,g) data can be compared with th
theoretical cross sections used inp- and rp-process nucleo-
synthesis studies, which are typically calculated within t
framework of the statistical Hauser-Feshbach model. In
work, cross sections and reaction rates were calculated
the semiempirical and globally parametrized codeNON-

SMOKER @11#, which is an improved version of the well
known statistical model codeSMOKER @14#. The basic ingre-
dients for the calculation of (p,g) reaction rates are the
transmission coefficients for protons andg rays describing
the transitions from the compound nucleus into the grou
and excited states of the target and final nucleus, res
tively. The proton transmission coefficients were calcula
by solving the Schro¨dinger equation for the microscopi
~purely theoretical! optical potential of Jeukenneet al. @15#.

The g transmission coefficients were limited toM1 and
E1 transitions. The smaller and less importantM1 transi-
tions were treated in a simple single-particle approach, w
for E1 transitions a semiempirical parametrization of t
shape and position of the giant dipole resonance~GDR! was
used.

Width fluctuation corrections were applied to all partic
and radiative transmission coefficients~see Ref.@16# and ref-
erences therein!. These corrections account for correlatio
between the entrance and exit channels leading to deviat
from a purely statistical description. The most prominent
fect of width fluctuation corrections is an enhancement
elastic scattering, since in this case the entrance and
channels are identical. This requires a renormalization of
transmission coefficients, which results in a redistribution
the strength from the dominant channel into elastic and w
channels. The transmission coefficients have to be calcul

r
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for all excited states in the target or final nucleus that can
populated. The maximum excitation energy for these state
determined by the channel separation energy~and thus by the
nuclear ground state masses! and the temperature.

In the investigated energy range of the stable Ru isoto
this maximum excitation energy is 3.4 MeV in the proto

FIG. 8. The ratio of the proton capture reaction rate for a th
mally excited target nucleus in a stellar plasma to a target nucleu
the ground state as a function of temperature.

TABLE VIII. Total ( p,g) rates for96Ru, 98Ru, 99Ru, and104Ru
(cm3/s mol).

Temperature
(109 deg) 96Ru 98Ru 99Ru 104Ru

1.5 0.009 0.057 0.014 0.012
1.6 0.020 0.124 0.032 0.024
1.7 0.045 0.254 0.072 0.044
1.8 0.093 0.487 0.149 0.077
1.9 0.181 0.891 0.293 0.127
2.0 0.336 1.56 0.545 0.200
2.1 0.598 2.65 0.958 0.307
2.2 1.02 4.36 1.61 0.457
2.3 1.68 6.98 2.61 0.660
2.4 2.67 10.9 4.07 0.930
2.5 4.13 16.7 6.14 1.28
2.6 6.23 25.1 8.99 1.77
2.7 9.19 36.9 12.8 2.40
2.8 13.3 53.5 17.8 3.22
2.9 18.8 76.2 24.2 4.25
3.0 26.1 107 32.3 5.56
3.1 35.8 148 42.3 7.24
3.2 48.3 201 54.5 9.35
3.3 64.2 270 69.1 12.0
3.4 84.4 359 86.4 15.2
3.5 110 472 107 19.2
3.6 140 609 130 23.9
3.7 178 779 158 29.7
3.8 224 988 189 36.6
3.9 279 1240 223 44.8
4.0 345 1544 262 54.5
e
is

es

channel and 7–9 MeV in theg channel, well above the en
ergy region where all excited states are known experim
tally. Therefore, the theoretical level density, which is calc
lated in the backshifted Fermi-gas model, becomes cruc
Recently, the calculation of level densities has been
proved by considering an energy-dependent level density
rameter and by inclusion of microscopic information@16#.
The pairing gap~which determines the backshift! and the
microscopic corrections that account for deviations from
average level density were both taken from the 1992 fin
range droplet model@17#.

In summary, the main ingredients for the present calcu
tion of (p,g) rates were the proton optical potential~micro-
scopic!, the GDR description~semiempirical!, width fluctua-
tion corrections ~microscopic!, nuclear masses
~experimental!, nuclear levels~experimental!, and level den-
sities ~semiempirical!.

Since the application of the statistical model is justifi
for all temperatures and reactions discussed in this work~see
Fig. 9 of Rauscheret al. @16#!, the comparison of the presen
experimental and theoretical data should reveal the qualit
the global parametrization of the nuclear properties discus
in the previous paragraph.

The deviations between the theoretical and experime
cross sections for the (p,g) reactions on96Ru, 98Ru, 99Ru,
and 100Ru ~in their ground state! measured in this work have
been described in Sec. IV. Together with the recently
ported (p,g) cross sections for92Mo, 94Mo, 95Mo, and
98Mo @8# this set of experimental data allows a first critic
comparison for the statistical model calculations of (p,g)
cross sections and reaction rates in theA592– 100 range.

It has to be noted that the experimental (p,g) cross sec-
tions for Mo isotopes were found to exceed the statisti
model calculations systematically by factors of 2–4 in R
@8#. This was due to an erroneous treatment of charged s
1/2 projectiles in the version of the codeSMOKERused in that
work, which led to a systematic underestimation of proto
induced cross sections by exactly a factor of 2. According
the true differences between the experimental data and
calculated values are smaller by that factor, and are inclu
in Table X.

-
in

FIG. 9. The stellar rates for the (p,g) reactions on96Ru, 98Ru,
99Ru, and104Ru. In the temperature range of thep process between
2,T9,3 there is relatively good agreement with the calculatio
~dashed lines!.
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TABLE IX. Fit parameters for the temperature dependence of the investigated (p,g) rates.

Reaction A B C D

Parametrization according to Woosleyet al. @12#
96Ru(p,g)97Rh 44.19 3.9831022 23.7331023 3.6431024

98Ru(p,g)99Rh 47.93 7.8331022 21.1031022 8.3731024

99Ru(p,g)100Rh 42.55 29.5531023 1.0531022 27.5931024

104Ru(p,g)105Rh 48.59 0.106 26.7031023 27.6731025

Parametrization according to the NACRE Collaboration@13#
96Ru(p,g)97Rh 43.10 20.958 5.0131022

98Ru(p,g)99Rh 45.64 21.614 0.145
99Ru(p,g)100Rh 43.34 20.673 24.8031022

104Ru(p,g)105Rh 46.20 23.293 0.321
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The observed differences between experiment and ca
lation range between 12% and a factor of 2. The aver
deviation of about 60% corresponds well to the expec
accuracy of the statistical model approach with a global
rametrization@16#. The largest deviations occur for96Ru,
98Ru, 95Mo, and 98Mo. In the case of98Mo, however, the
differences are entirely due to an overestimation of the cr
section just above the (p,n) threshold, which is a very sen
sitive energy range as discussed below. Table X yields
evidence for a systematic trend of these discrepancies
proton or neutron number.

Obviously, large deviations between experimental a
theoretical cross sections occur right above the (p,n) thresh-
old, e.g., in the95Mo, 98Mo, 99Ru, and104Ru data, where the
cross sections show a pronounced decrease as a conseq
of the competing neutron channel. The calculation of th
competition cusps for proton capture reactions has b
shown@18# to be sensitive to the treatment of isospin mixi
and width fluctuation corrections.

The codeNON-SMOKERallows one to study isospin effect
@11# due to incomplete isospin mixing in the nuclear stat
Standard Hauser-Feshbach calculations usually neglect
pin which is equivalent to assuming completely isosp
mixed states. Incomplete isospin mixing leads to a supp
sion of the neutron channel in proton-induced reactions
thus to an enhancement of the (p,g) cross section above th
(p,n) threshold, compared to calculations with comple
isospin mixing. Incomplete isospin mixing may appear wh
the first isobaric analog state in the compound nucleu
above or closely below the neutron threshold of the co
pound nucleus. This is the case for the (p,g) reactions on
99Ru and104Ru.

As has been discussed before~Sec. IV C!, the theoretical
99Ru(p,g)100Rh cross section is improved when includin
isospin effects. The same should be true for104Ru, but in that
case the theoretical cross section is already too large in
critical energy range and it will be further enhanced by
isospin effect~Sec. IV E!. This seems to indicate that th
applied width fluctuation corrections are underestimating
enhancement of the neutron channel for104Ru. A similar
underestimation can be seen in the case of98Mo. However,
the treatment appears to be correct for99Ru and95Mo. This
could be attributed to a deformation dependence of the w
u-
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fluctuation correction, although this claim still awaits a th
oretical justification.

In view of this situation it appears premature to attribu
the problems in describing the competition cusps to a d
ciency in the treatment of width fluctuation correction
More data are needed which cover a large energy inte
above and below the (p,n) threshold, as the application o
width fluctuation corrections also has an impact on the cr
sections below the threshold. Thus, it can be disentang
from isospin effects which only influence cross sectio
above the threshold. Nevertheless, even comparably l
uncertainties in the prediction of competition cusps ha
only a small effect on the astrophysical reaction rates, si
the cross section is averaged over the Gamow window wi
typical width of 1–3 MeV for the cases discussed here.

VI. SUMMARY

The proton capture cross sections of the stable ruthen
isotopes 96, 98, 99, and 104 have been measured by m
of the activation method in the proton energy range betw
1.5 and 3 MeV. In total, six (p,g) cross sections for popu
lating ground states and isomers in four different Rh isoto
could be determined simultaneously with systematic unc
tainties of typically 4–5 %. Together with a similar set
data for a series of Mo isotopes, these results represen
basis for a first comprehensive judgment of the accuracy
tained by the Hauser-Feshbach approach for nuclei in a
evant mass range for the nucleosynthesis of lightp nuclei. It
is found that for theoretical reaction rates calculated with
NON-SMOKER code an accuracy of about 60% can be e
pected, at least for target nuclei near stability. The lack
systematic deviations indicates that the accuracy is lim
rather by the global character of the method than by sign
cant deficiencies in the adopted model parameters.

TABLE X. Average ratio of experimental and theoretical rea
tion cross sections. The experimental Mo data are from Ref.@8#.

96Ru 98Ru 99Ru 104Ru 92Mo 94Mo 95Mo 98Mo

0.55 2.11 1.14 1.38 0.88 1.55 2.20 0.46
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