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The uncertain origin of the proton rich Mo and Ru isotopes has motivated cross-section measuremeents of
and neutron-induced reactions. The experiments were performed via the activation technique by irradiating thin
layers of natural ruthenium with-particle beams close to the Gamov window of ghgrocess between 7.0 and
10.5 MeV. The cross sections of the reactiofRu(a,y), **Ru(a,n), *Ru(e,p), and *®Ru(a,n) could be
determined with uncertainties of typically 10%. On average, these results are about two to three times smaller
than recent statistical model predictions. Additional activations in a quasistellar neutron spectrum correspond-
ing to kT=25 keV allowed us to obtain the complementary stellary cross sections fo?®Ru, °Ru, and
104Ru. In these cases the agreement with model calculations is considerably better.
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[. INTRODUCTION nuclear reaction data. An alternative explanation could be
that this group of nuclei may originate from thp process
In total 32 stable isotopes betweétse and'®Hg on the  [6], where the termination of the reaction path was found to
proton-rich side of the valley of stability witness the so- be located arouné\~100 [7]. This possibility needs to be
calledp process. Thesg nuclei are shielded from beta decay investigated in more detail, however.
of s or r process nuclidegsee Fig. 1 They presumably One important requirement for improving this unsatisfac-
originate from explosive burning during type Il supernovatory situation is to minimize the nuclear physics uncertain-
explosions where sufficiently high temperatures of 2-3ties, which are still obscuring the reliability of the calculated
x 10° K are reached for a time scale of a few seconds. Thi$ abundances. Since there is no way to study any substantial
leads to a multitude of¥,n), (y,p), and(y,a) reactions on fraction of the very many photodisintegration and capture
preexisting seed nuclei. The resulting complex reaction netceactions involved in the process, practically all these rates
work includes about 10000 reactions combining severahave to be determined by comprehensive model calculations.
thousand mostly unstable nuclei on the proton-rich side clos&ince anyp-process study must rely on these theoretical re-
to the stability valley. action rates, experimental information is crucial for testing
Thep abundances are typically 10—100 times smaller tharthe credibility of such calculations. At present, however, this
comparables and r abundances. There are, however, fourinformation is still very scarce forg,y) reactions and the
prominent exceptions exhibiting much larger abundancessituation is even worse for the reactions involviagpar-
Mo, %Mo, %Ru, and °®Ru with isotopic abundances of ticles. There are only two experiments directly measurng
14.8%, 9.2%, 5.5%, and 1.9%, respectively. Figure 1 illuscapture at low energies, one fé¥Ge[8] and one for**‘sm
trates that these nuclei are clearly separated from the reaction

flows of the neutron capture scenarios related tosthedr T W
. . . . < \\ \\
processes, which dominate all other isotopic abundances be Pd Y ]
yond iron. .
Current p-process models have severe problems in de-Rh ™ "%

scribing these Mo and Ru isotopes, finding significant under- Ru * ] B

production for the case of type Il supernoJde2] or a cor-
responding overproduction of the lightenuclei “Se, "8, e

and 8Sr in type la supernovd8]. Recently it was suggested .
. . . M 92 94| |95 97 100 >
to solve this problem by increasing the adopted rate for the ¢ L] s OC .

22Ne(a,n) reaction by factors of 10—5@]. Although such a > . rprocess
large variation would imply dramatic consequences for the
well-foundeds process and has actually been ruled out by FiG. 1. The main nucleosynthesis mechanisms in the mass re-
recent data[5], it underlines the importance of accurate gion between zr and Ru are tiseandr processes. Both reaction
flows bypass the abundaptnuclei ®Mo, ®*Mo, **Ru, and®®Ru.
Stable and unstable isotopes are indicated by shaded and open
*Electronic address: wolfgang.rapp@ik.fzk.de squares, respectively.
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TABLE |. Experimental runs fow-induced reactions.

Activations Samples
a-Energyt Irradiation time XRF result RBS result Weighted average
Run (MeV) (9 A) A) (10* at/cnt)
al 10.997 2730 283299 2940+ 265 2.070.07
a2 10.540 2730 148852 1470+ 132 1.10:0.04
a3 10.540 2730 3016106 3110-280 2.21-0.08
al 10.228 2730 2934103 2930-264 2.17:0.08
ab 10.120 16230 91832 914+82 0.675-0.024
ab 10.12 1230 83129 883+ 79 0.606£0.022
a7 9.694 2730 2883101 2940265 2.12-0.08
a8 9.400 14400 88231 880+ 79 0.652:0.023
a9 8.900 32490 154854 1480+ 133 1.16£0.04
10 8.500 64860 2986104 3040-274 2.20-0.08
all 7.987 50940 4042141 4150374 2970.11
al2 7.322 84660 5079178 5180 466 3.74-0.13

8Uncertainty 25 keV.

[9,10]. In another experiment, the reactidf’Sm(n,«) was  tions were obtained using the standard technique described
studied in order to test the sensitivity of thechannel[11].  in Refs.[16,17].

This need for experimental cross sections of direct or in-
verse reaction rates motivated a series of experiments at the A. Target preparation
Karlsruhe Van de Graaff accelerator, which were focussed on
the mass region of the Mo and Ru isotopes. First results oQ,

92,94,95,9: 96,98,99,10
stellar (p, y) rates of Mo [12] and 98 1%Ru 18] Ghiced reactions and comparably thick Ru foils for the
are complemented by the present work @induced reac- neutron capture measurements

tions. Such data are particularly important, not c_)nIy because For thea-induced reactions the target thickness represents

therg are almost no datg for these cross-sections at aStrQ'compromise between the need for sufficient counting sta-
e?ysmally relevant energies, but because the result f_or tht‘"?'stics and an acceptable energy spread. In order to control
‘Sm(a,y) rate was found t.o_be an order .Of magn'.tUdethe related systematic effects, targets were prepared for a
smaller than theoretical predictiofi8]. In the light of this thickness range between 80 and 600 nm, corresponding to
discrepancy, it was interesting Wheth%rgthe diﬁicgl‘z'lgy in ex- a-energy losses between 50 and 600 keV in the investigated
plaining the puzzlingp abundances of®“Ru and ***Mo energy rangd18]. Metallic Ru layers of 10 mm diameter
Krere sputtered onto 1 mm thick tungsten substrates of 35
mm diameter in an argon atmosphere of 610 2 mbar
13]. Parasitic activities from target contaminations were
nimized by using tungsten of 99.996% purity. During the

The two types of activations required rather different
mples, i.e. thin Ru layers on tungsten backings for the

or whether the severé*sSm discrepancy was just a local
problem.
The present work describes cross section measureme

?g a- and neutron-induced reactions 6fRu, '*Ru, and sputtering process the substrates were heated%0°C to
“Ru[14]. All measurements have been carried out via th&mprove the stability and homogeneity of the Ru layers. The
activation technique using energies between 7.0 and 10.5 g jting thickness was controlled via the sputter time and
MeV, in the or near the Gamov window of U process a5 determined for each target by two independent methods,
(which corresponds te energies from 4.6 10 10.2 MeV for Rutherford backscatteringRBS and x-ray fluorescence
temperatures between X80° and 3.310°°C), and a qua- analysis(XRF). The relevant targets used in the activations
sistellar neutron spectrum for 25 keV thermal enef8gcs. 5.6 Jisted in Table |.
ll-1V). The deduced cross sections presented in Sec. V are |, 4qgition, a series of Ru layers on carbon substrates was
compared with theoretical data obtained with the Stat'St'Cabroduced for more sensitive RBS studies. Apart from Ru, the
model codeNON-SMOKER [15], followed by a summary in oy impurity identified in these RBS spectra was an oxygen
Sec. V1. contamination of~16%. However, this component did not
affect the later activations because of the very short half-
Il MEASUREMENTS lives of the correspon(_jing reaction products.
For the f,y) reactions a set of samples was prepared
The cross-section measurements described in this worlkom Ru metal of 99.9% purity. The foils were 6, 8, 10 mm
were performed with the activation technique. For thein diameter and 0.2 mm or 1 mm thick. The use of different
a-induced reactions thin samples were irradiated and anaample parameters allowed to investigate systematic uncer-
lyzed following the method developed previously for a seriesainties and to verify the respective corrections applied in
of (p,y) reactions[12,13, whereas the neutron cross sec-data analysis by direct comparison of the corresponding
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TABLE Il. Sample combinations forn,y) reactions.

Run Ru sample Au samples
Thickness(mm)  Diameter(mm) (10 at/cn?)  Fronf (10%° at/cnf)  Back® (107 at/cn?)

nl 1 6 65.15-0.22 1.776:0.004 1.756:0.004
n2 1 8 64.82-0.16 1.768-0.003 1.8040.003
n3 1 10 64.66:0.13 1.78%0.002 1.7740.002
n4 0.2 6 11.040.04 1.8030.004 1.7490.004
n5 0.2 8 12.540.03 1.78@0.003 1.806:0.003
n6 0.2 10 13.96:0.03 1.74%0.002 1.746:0.002

8As seen from neutron target.

cross-section results. The cross sections were determineamp code[19] including the(smal) effect of the oxygen
relative to the standard cross section'dfAu by irradiating  impurity. The XRF and the RBS results being in good agree-
thin gold foils together with the Ru samples. Each samplenent(Table ), the weighted average was adopted in further
sandwich was accurately centered on a thin KAPTON foildata analysis.

stretched over an aluminum ring for exact positioning during  The much thicker samples for the neutron induced reac-

the irradiation as well as during the subsequent measuremefiéns could be accurately defined by the weight of the Au and
of the induced activities. The sample parameters are given iRy foils as given in Table II.

Table 1.

o C. Detector calibration
B. Characterization of samples ) ) o
In both experiments, the induced activities were counted

The thickness for the targets for theinduced reactions ff jine with calibrated high purity germaniufHPGe de-
was determined by XRF and by Rutherford backscatteringyaciors. Since ther irradiations were carried out in subse-

XRF analyses were carried out with a Siemens SRS 300fuent runs, two such detectors with active volumes of 263
crystal spectrometer that was operated with a rhodium anodgnq 173 cr (corresponding to 65% and 35% relative effi-
and a LiF crystal for analyzing the induced characteristic Xciency were used in parallel setups. Because of the rather

rays. The efficiency of the spectrometer was calibrated bymgajinduced activities, a close counting geometry had to be
means of 11 well-defined samples prepared from a standagg,gsen.

Ru solution. In this way the samples could be characterized |4 order to determine the counting efficiency in close ge-

with an accuracy of-3.5%. ometry and to assess the sensitivity of the sample-detector

The additional RBS analyses were somewhat hampereﬁosition, the setup was simulated with theanT 3.1 pack-
by backscattering from the tungsten backing, which _obsquregge_ These studies led us to choose a distance of 11 mm
the expected peak from the Ru layers as shown in Fig. Zyetween sample and the entrance window of the HPGe de-
Therefore, the thickness of the Ru layers had to be inferregucors, The sample position was exactly defined by holders
from the position of the W edge in the spectrum rather thanpa¢ were adapted to the detector dimensions. Counting in
from the Ru signal itself, yielding somewnhat larger uncer-cjose geometry implies sizable corrections for summing-in or
tainties of+=7.5%. The RBS spectra were analyzed using thesumming—out effects, since cascageays and the related x

rays may well be detected in coincidence. The respective

corrections for the investigated reactions will be discussed in
' ] Sec. IV. Naturaly background was reduced to 15 events per
s in the energy rangé, <1 MeV by means ba 5 cmthick
lead shield with 5.5 mm thick Cu to absorb residual Pb x
rays.

The detector efficiencies were measured with weak
sources in order to minimize corrections for pile up and dead
time. The measurements were carried by using single-line
] decays, i.e.,?*’Am (59.5 keV}, °°Cd (88.0 keV), *'Cs
] (661.7 keV, %°Zn (1115.0 keV, as well asy cascades from

—_
w

—_
T

o
(%]
T

COUNTS PER CHANNEL (in units of 10°)

RuEDGE 1 5704122 1-136.5 keY and 11%5n (255.1-391.7 keY. The
PILE-UP | latter were used to verify the summing effects obtained in
. . VA . Monte Carlo simulations with theasc code[20]. As shown
100 200 300 400 500 600 in Ei Nane
CHANNEL NUMBER in Fig. 3 for the larger HPGe detector, absolute efficiencies

between 2% and 20% could be achieved in the relevant en-

FIG. 2. RBS spectrum of a Ru sample taken withaagnergy of ~ €rgy range. The uncertainties of the experimental points were
2 MeV. The shift of the tungsten edge due to the energy loss in th®etween 2% and 3%, comparable to the size of the black dots
Ru layer yields a target thickness of 3600 A. in Fig. 3. These results were complementedImaNT simu-
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T ' T INSULATORS
_ "IIZIDD[EIJ
®
= WATER ===
2310 - COOLING___ <] o-BEAM
S ool oo
o fit N
m o simulated DIAPHRAGMS
-90V
e measured

EEE— iOIOO FIG. 4. Activation scheme at the PTB cyclotron. The sketch
vENERGY (keV) indicates the energy calibration of thhebeam by two 90° magnets
and the irradiation position.

100

FIG. 3. The absolute efficiency of the 263 TiHPGe detectors
was measured with calibrated sour¢bkack circles. These values
were complemented bgeaNT simulations(open squargs which
were found in good agreement with the experimental results. The f
to both data setésolid curve was adopted in analyzing the induced
v activities from thea and neutron irradiations.

11-15 uA was recorded with a digital integrator in time
steps of 30 s for proper off-line correction of the decays
during the irradiations.

According to the steeply decreasing cross section, irradia-
tion times between 12 min and 24 h had to be chosen. In the
lations, which were found in good agreement with the mealonger irradiations below 9 Me\ energy the samples de-
sured data. In further analyses, theefficiency was repre- Veloped blisters due to the extendedbombardment. But
sented by a fit to both data séslid line). Corresponding to  Since the blisters did not break open, these runs could be
the scatter of data points around the fit an overall uncertaint§valuated via the inducegl activity without further correc-
of 3% was adopted for the close geometry necessary for thgPns- The activity measurements were carried out with cali-

low a-induced activities. brated HPGe detectors of 263 trand 173 cri.
In the neutron irradiations significantly higher activities . .
were to be expected. Accordingly, a smaller HPGe detector B. Neutron-induced reactions

of 39 ‘?mo’ and a wider counting geometry with negligible  The (n,y) activations were carried out at the Karlsruhe
corrections for pile up and dead time effects could be usedyan de Graaff accelerator. Neutrons were produced via the
For the adopteq sample posit_io_ns 20.6 cm and 7.3 cm fromLi(p,n)7Be reaction by bombarding metallic Li layers
the detector window, they efficieny was measured to an eyaporated onto 1 mm thick copper backings. The neutron
accuracy of 2% using a set of calibrated sources 'nC|Ud'”Q;pectrum obtained with a proton energy 30 keV above the
zjl/'\m (59.5 keV), 1;790‘1 (88.0 ke, **'Cs (661.7 ﬁe\)}, reaction threshold at 1881 keV corresponds to a quasistellar
Mg (834.8 keV, >'Co (1652-1 keV; 136.5 keY %Sn  \iaywell-Boltzmann distribution with a thermal energyr
(255.1 keV; 391.7 key, and > Co (1173.2 keV; 1332.5 ke — 25 keV/[16,21]. Under these conditions, all neutrons are
Because of its smaller size the natural background of thigmitted in a forward cone of 120° opening angfég. 5).
detector was only 1.4 events per s in the energy intervagefore each activation the proton energy was adjusted by a

between 200 and 800 keV. neutron time-of-flight measurement with the accelerator op-
erated in pulsed modegepetition rate 1 MHz, pulse width 15
ll. ACTIVATION EXPERIMENTS ng in order to verify that the energy of the fastest neutrons

were properly adjusted t&,=106 keV.
. In total, six activations of abdul h were carried out with
The cross sections were measured at the cyclotron of thg proton beam current of 10@A producing a fluence of £0
Physikalisch Technische Bundesanstalt BraunschW®I®).  neutrons per s. During the irradiations, the neutron yield was
In total, 12 activations were performed covering the energyontinuously monitored in 1 min intervals by means of a
range 7.6-E,<10.6 MeV. Before each activation, teen- 6| j.glass detector for off-line corrections of the decays dur-
ergy was determined t&:25 keV by two 90° analyzing mag- ing the irradiations. The samples were sandwiched between
nets. For the irradiations, the beam line was opened in fror§o|d foils and placed directly at the neutron targeig. 5).

of the first analyzing magnet for installing the target chambersystematic uncertainties were studied by variation of sample
with the water-cooled samples as sketched in Fig. 4. Duringjiameter and thickness.

the irradiations the beam was defocussed to reduce the ther- The inducedy activities were measured with the 39 tm
mal load on the targets. The diameter of the beam was dg4pGe detector as described below.

fined to 9 mm by a cooled diaphragm. The target chamber

was designed as a Faraday cup to ensure the accurate regis- IV. DATA ANALYSIS

tration of the beam current. The emission of secondary elec-

trons from the target was suppressed by a bias voltage of The unstable nuclei produced by the investigadedind
—90 V. Throughout the irradiations the current of typically n-induced reactions are illustrated at the exampl&®&u in

A. Alpha-induced reactions
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samplesN,, while the destruction is characterized by the
decay constants. For constant projectile flux this leads to

I .
| 6Li-GLASS MONITOR the solution
l 1 m FROM TARGET 1ot
| X
L
ol In reality, unavoidable fluctuations of the particle flux require

| numerical integration of Eq.l) over the experimentally re-
i corded time intervals\t, in which the particle flux can be

NEUTRON CONEi assumed to be constafsee Ref[12]).
i

(120 deg) The above equations had to be modified for reactions,
where the induced activity was affected by an interfering
———— «+—— AuFOILS channel and/or by the population of a relevant isomer. For
| aaSup— example, the activity produced by tiéRu(«,p)°°Rh reac-
= =3 tion had to be corrected for th&Pd decays to the isomer in
§ 9Rh, which results from the competingy(n) channel. In
Li-TARGET that case, the isomer ifPRh does not decay to the ground
ON WATER-COOLED state and can, therefore, be treated as an independent isotope.
COPPER BACKING Accordingly, one finds
A $= Ay Y (1) + I X (1) + oy P ()N, 3
PROTON
BEAM

where the decay branch to the isomer®iRh is expressed
FIG. 5. Setup for the neutron irradiations at the Karlsruhe Vanby . The number of decays during the counting titye
de Graaff accelerator. becomes

Fig. 6. The induced activties can always be attributed to a N YN Ay X(ta)

Av=Y(ty)(1—e Mvime Mw

specific reaction, except fot’Ru. In this case the contribu- Ax— Ay
tion of the (w,n) channel interferes with théRh activity - B
. e Ayty e Axty
produced by &,p) reactions. > (1—e Mim)— (1—e Mim) |.

A. Alpha-induced reactions The resulting activity at the end of irradiatioX(t,) or

The time evolution of the respective abundankég can  Y(t,), is determined via the inducegactivity. The number

be described by a production and a destruction term of decays during the subsequent measuring tiges
dX(t Ax=X(ty)e Mw(1—e Mxtm), 4
—d(t L 0, B(ONe- A1), (1) KXt : @

where A, are the number of decays, the waiting time
Sbetween irradiation and activity measurement, gnthe ac-
fivation time. The number of decays is referred from analysis
of the characteristic lines in the measurgday spectra,

((Xan) (aaY) A= CISC(I:abS' (5)
Pd 99| {100 v
whereC are the number of counts peitine, S; the summing
corrections K 4,5 the correction fory-self-absorption in the
Rh 99 sample (negligible for the thin samples used i activa-
tions), |, the line intensity per decay, ard, the efficiency of
(OC,p) the HPGe detectors. Theray spectra were recorded and
analyzed with theMPAWIN/4.0 system.
Ru 96 :> 97 The y-ray spectra showed prominent background lines
(n"y) from 43 and 3 due to *°Ar( a,p)*K and *Ar( «,np)3&K
reactions. The strength of these lines being independent of
FIG. 6. The investigated reactions 8%Ru. Note that the 4,n) the sample thickness indicates that argon had diffused into
channel contributes to th&Rh activity produced by &,p) reac- the tungsten backings during sputtering. Activation of the
tions. tungsten backings was not observed.

where the production is determined by the respective cro
sectiona, the projectile fluxd, and the atom densities of the
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TABLE lll. Decay properties of the product nuclei.

Product Gamma-ray Relative intensity
nucleus Reference Half-lif23] energy(keV) per decay(%)
100pqg [22] Ground state 3.680.09 d 84.0 45.8:3.0
pd [22] Ground state 2140.2 min 136.0 72.F1.6
%Rh [22] Isomer 4701 d 340.8 70.264.59
101pg [22] Ground state 8.470.06 h 296.3 19.21.0
Ru [25] Ground state 2.880.04 d 215.7 86.170.48
324.6 10.24-0.39
10%Ru [26] Ground state 39.2540.008 d 497.1 90.93.03
Ry [27] Ground state 4.440.02 h 262.8 6.580.21
469.0 17.5%0.71
676.4 15.66-0.64
724.3 47.30.70

The y-line intensities and half-lives listed in Table Ill were checked via the results obtained with the 0.2 and 1.0
were adopted from Ref§22,23, respectively. The final un- mm thick Ru samples as well as by using samples of 6 mm,
certainties summarized in Table IV are less than 10% exce® mm, and 10 mm diameter. The related uncertainties were
at the lowest energies where counting statistics dominate. found to range between 0.1% and 0.5%. Additional uncer-

B. Neutron-induced reactions tainties due to corrections fop-ray self-absorption in the
, . samples were comparably small. Based on the photoabsorp-

The (n, ) cross sections were determined analogously o, cross sections of Storm and Isr&4], these corrections
those of thex-induced reactions, except that the neut_ron fluxWere smaller than 7.0% and 1.5% for the thick and thin Ru
m?j rrr;(ta:c?ur:sgtr%ﬁr}qlﬁ;)nissm the gold feHsg. 5). The time- samples, respectively. The corresponding uncertainties were

9 well below 2%. Summing corrections due to coincident x

cs rays were negligible because of the strong x-ray self-
= 0 (6) absorption in the comparably thick samples used for the
Iys yKabs(l_e Aum) @~ MAautwa s Ny f (n,7y) studies.

with most quantities being defined above. Here, the numb The y-line intensities per decay were adopted from Refs.

of gold atoms in the sample is denoted by, while the e[r25—zﬂ, and the half-lives from Refl23]. The cross sec-
u

correction for decays during the activation is considered b)}mns C.)f 96:102,10ﬁu were calculateq accor_dmg to E@) by.
the factorf,, (for a definition see Ref16]). The gold cross changm'g !ndex Au to Ru. The main contributions to the final
section averaged over the well-defined quasistellar spectrulficertainties of 4-59% are due to the neutron flux and the
iS 05 1oy= (648+ 10) mbarn[21]. decay intensitiesTable X).

The neutron flux was determined by the simultaneous ir-
radiation of 0.03 mm thick gold foils on the front and back
side of the Ru samples. The effective neutron fluxes were V. RESULTS AND DISCUSSION
taken from the average of the respective gold activities. The
uncertainty of the neutron flux determination originates es-
sentially from the detector efficiency, (+2%) and from Activation of the natural Ru samples provided a complete
the gold cross section. The uncertainty related to the diverset of reaction cross sections féiRu, i.e., ®Ru(e, y)'°%Pd
gence of the neutron field was controlled by the activity dif-from 7.0 to 10.6 MeV,”°Ru(a,n)*Pd from 9.7 to 10.6 MeV,
ferences of the two gold foils. The corresponding corrections’®Ru(a,p)®**"Rh from 9.3 to 10.6 MeV, as well as the

A. Reactions with a particles

TABLE V. Uncertainties for FORx-induced cross sectioni %).

Source of uncertainty %Ru(a,y) %Ru(a,n) %Ru(a,p) %Ru(a,n)
Target thickness 3.5

Efficiency of v detectors 3.0

Beam current measurement 1.0

v intensity per decay 6.7 2.2 6.5 5.2
Decay constants 2.5 0.9 2.1 0.7
Cascade corrections 2.0 0.5 <0.1 0.4
Counting statistics <10.9 <21 <11.8 <13.4
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TABLE V. Measured cross sections arfdl factors of the TABLE VII. Measured cross sections anf factors of the
%Ru(a, y)*°%Pd reaction. 9%Ru(a, p)**"Rh reaction.
Energy Cross section S factor Energy Cross section S factor
(MeV) (ubarn) (107*x keVX barn) (MeV) (ubarn) (10%x keVx barn)
10.556 3 05¢ 284+32 0.196 9052 10.556 3956 1010+190 7.0:1.3
10.118 599 188+ 36 0.382° 3072 10.118 592 295+ 74 6.0-1.5
10.118 5953 215+25 0.437°302) 10.118 5953 281+ 67 5.7-1.4
9.818 5935 232+28 1.03°915 9.818 3% 158+ 34 7.0:1.5
9.715 552 224+27 1.26' 918 9.306°3 %54 17.2+35 3.19-0.64
9.306"3 %3 167+ 18 3.10°93
9.023°0.02¢ 637 2.70'0% g _ . .
8.543 002 28.6+3.5 5.60 08 vy transitions, while the x-ray summing corrections of 7%
8,159 0024 776+ 0.82 5. 647060 were taken directly from the measured spectra as indicated in
7.667;8:‘%3 1'92t 0'23 8.677*%8‘%’ Fig. 8. Additional corrections of 4% due to coincidences be-
. —0.151 . . 2 i-1.04

tween the 136 keWy line and the 511 keW line from pos-

itron annihilation were also directly derived from the spectra.
Two activations with different samples were carried out at
10.13 MeV «a energy. The good agreement of both results

7.029 5923 0.26+0.04 16.3°33

98, 10 H
Ru(e,n)*Pd cross section from 9.0 to 10.6 MeV. Thg confirms the procedures and corrections adopted in data

results are summarized in Tables V-VIII, where asymmetric . . i .
energy intervals indicate the-24 keV uncertainty of the analysis. The experimental data show again the predicted

beam energy and the respective energy loss in the Ru Iayergnergy dependence of then-SMOKER calculations, but are
%Ru(e.7)1%%d. Electron capture decay fPd feeds Mmaller by an almost constant factor of th(see Fig. 9 and

with 81% probability the 155.8 keV level it’®Rh, followed Taglé;:]/(l)& 0)*"Rh. The product nucleu$®Rh could only

by cascade transitions to the ground state. Tigy) cross be detectéd via the short-lived isome,4=4.7 h) because
section was evaluated via the strong 84 keV transition. Su he activity related to the decav of tklle round stattg, (
ming corrections of 26.2% and 26.6% due to the coinciden:16 d) wgs t00 weak. There arg no grouﬁd—state trafszitions
detection of the accompanying cascade transitions were de- : ' : .

termined with the Monte Carlo codeasc [20]. Since 1°%Pd ffom the isomer. The cross section was determined from the

decays via electron capture, additional summing correctionié1tenSity of the 340 keVy transition caused from an excited
’ 99 : H H
of 15% due to the coincideri,, andK , x rays had to be tate of Ru which is only populated from th#Rh isomer.

considered as well. These corrections were deduced directIThe additional contribution to this isomer from the com-
. H ¥ 99,
from the y spectra as indicated in Fig. 7 and were thereforqge“ng sequenc&Ru(a, n) *Pd(electron capture decdjiRh

) - . “had to be properly corrected sin€®d decays almost com-
independent of detector efficiency and absorption effects in letely (97.9% to the isomeric state o°Rh. The calculated
the sample and in the detector window. The resulting cros8 eV S/ ’

; . . . ascade corrections were only 0.6% and 0.7%, respectively.
sections are presented in Table V. Comparison with theore The summing corrections due to x rag0% and due to the
ical predictions obtained with the statistical model coida- g

e : 0 . :
SMOKER [28,29 in Fig. 9 shows fair agreement as far as the511 keV annihilation line(1%) could be directly derived

i from the measured specta. No direct comparison with the

energy dependence is concerned, but the absolute values . ; .
: : theoretically predicted ,p) cross section could be made

the experimental data are two times smaller on average.

%Ru(a,n)¥Pd. The @,n) channel opens at 9.56 MeV. because only the partial cross section had been determined in

and was studied via the 136 kep/transition populating the the experimgn(TabIe VII). Nevgrtheless, it is. interesting to
isomer of®®Rh, since the decay branch to the ground state o ote from Fig. 9 that the partial cross section exceeds the

99Rh is too weak to be detected. In this caseascade cor- ON-SMOKER prediction for thetotal cross sectiof28,29 at

rections of 8.3% and 9.9% were calculated for the coincident ]
TABLE VIIl. Measured cross sections anfl factors of the

98 10 :
TABLE VI. Measured cross sections arfd factors of the Ru(a,n)'*'Pd reaction.

9Ru(a,n)*%Pd reaction.

Energy(MeV) Cross sectiorfubarn S factor (1G*x keVX barn)

F'\;l‘s\rgy Cr?sf);en‘;“o“ (1 i ;ngrbam) 10.565 9924 2680+ 260 1.847018

® 10.126 9924 1410+ 180 2.897036
10.556 30 1580+ 130 1.08805%: 10.126°39%3 1400+ 120 2.85' 9%
10.118 3023 569+ 44 1.159 3598 9.826°3%23 818+ 91 3.64° 0%
10.1183%3 533+ 40 1.084°3:553 9.723 304 460+ 48 27155
9.818' 992 234+19 1.043 59587 9.313'9%%3 174+29 3.23°0%;
9.715'5 047 122+9 0.717°553 9.031°9043 81+17 3.48°073
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% OOPd (784keV+K|3) ’é 10’5 ;, /:.’, - -; _¢ ——/’—__,
<zg 4000 | " - 8 ios _ .. . 1510—4 P ]
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I Q
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= 7 “Ru(o,n) .~ 17 F ®Run) ]
QO 1000 o 103 L < - | 103 L /—_’.'/ _;
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A = ook ._
260 280 300 320 340 360 . -
CHANNEL NUMBER E ?10’5 G ]
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FIG. 7. They-ray spectrum after activation with anbeam of
9.7 MeV lllustrating the &,y) channel. The 84 ke\-ray line from
the decay of'®Pd and the corresponding line due to cascade sum- F|G. 9. The cross sections theinduced reactions of°Ru and
ming with Rh x rays are marked by arrows. 9Ru compared with theloN-sSMOKER calculations(dashed lines
The asymmetric energy intervals indicate the 24 keV uncertainty of
the beam energy and the energy loss in the Ru layers.

o - ENERGY,,, (MeV)

energies above 10 MeV, in contrast(i@y) and («,n) rates,
which are systematically overestimated by the calculations.
%Ru(a,n)*%Pd. The use of natural Ru samples allowedWwith the evaluated uncertainti€¢$able X). The present stel-
to investigate the®®Ru(a,n)°*Pd reaction in the same ex- lar cross sections are more accurate than previous values and
periment. The cross sections were deduced from the intensit§elp, therefore, to improve the reliability of these data at
of the 296.3 keVy transition to the isomer state df'Rh  both ends of the long isotopic chain of Ru. This is important
(Table VIII). Summing corrections for cascade transitionsfor comparison with data obtained in time-of-flight experi-
(6.5% and 7.3%and for x rays(18%) were determined as Mments, which are affected by completely different systematic
described before, while the corresponding effect due to 51uncertainties, as well as for testing statistical model predic-
keV y rays was found to be negligible in this case. Comparedions at the limits of stability. _ N
to the NON-SMOKER data[28,29 the measuredd,n) cross Ru(n,y)”'Ru. In this reaction the induced activity was

sections OfggRu are two times smaller on averag'ﬂ'g_ 9) evaluated from the)/ lines at 215.7 keV and 324.6 keV.
These strong lines allowed to check the systematic uncertain-

ties related to the counting geometry by determining the in-

duced activities with the 1 mm thick Ru samples placed at

~ The neutron activations resulted in stellar ¢) cross sec-  the standard distance of 73 mm as well as at a distance of
tions for ®Ru, **Ru, and**Ru. As illustrated in Fig. 10 206 mm from the detector. The corresponding effect was

the y-ray spectra of the activated Ru samples exhibit cleagmaller than 1% and compatible with counting statistics.

lines from all investigated reactions. The results obtained irCascade corrections were a|WayS found to be smaller than
differences between individual activations are consistent 5 ey js 228-9 mbarn, in agreement but significantly

more accurate than the currently recommended value of

B. Neutron-induced reactions

60000 [T 26360 mbarn[30].
: PPd (Yy36kev) 1 ]
= 50000} ] O -
1 ] 105 E
% 40000: ] 3 Russier) ' Ru(Yygopey) RuYyepev)
B T [a| L 0 ]
5 [ Z 10k | v PRu(gey) +_:
£ 30000 ] < 3
o (M13skev + Ko, =
£ 20000f ] & 10° 1 4
Z m " E
jos) 3 A 97 . N ]
S 10000 a Ru(Y, gev) ]
% 1074 4
PP P PP U RS B | PRI BRSPS SN B o E 97R1](’Y ) E
240280 320 360 400 440 480 320 560 600 o 325keV) 103
CHANNEL NUMBER Ru(Vaoriev)
10! 1 1 1 1
FIG. 8. They-ray spectrum after activation with anbeam of 0 CHANNEL NUMBER ¢ 4000

10.5 MeV illustrating the &,n) channel. The 136 ke\{-ray line

from the decay o®Pd and the corresponding line due to cascade

summing with Rh x rays are marked by arrows.

FIG. 10. They-ray spectrum after neutron activation of the Ru

sample showing the lines for the various Ru isotopes.
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TABLE IX. Measured stellar 1f,y) cross sections fokT TABLE XI. Stellar (n,y) cross sectiongin mbarr).
=25 keV thermal energy.
Thermal
Sample thickness Diameter (@) (mbarn c(eknee\;?y %R 102R 104R
(mm) (mm) %Ru Ry 109Ru
5 41416 456+22 440t21 This work
1.0 6.0 229 16658 17829 342613 29714 291+14 This work
180-00 ;igg iggﬁg ﬁ’gig 15 205-12 23211 229+11 This work
) 20 25810 194+9 1939 This work
02 60 23610 1698  166=9 g 2299  169+8  169+8 This work
8.0 233t10 1779 167+8
100 220-10  165=9 15928 54 20748  151+7  151+7 This work
Mean 229 16a-8 16ar8 281 147 100 NON-SMOKER [28,29
" .
02Ru(n, )1®Ru. The induced!®Ru activity was de- 20 gi; ﬁig ﬁig 12:2 ag:t
termined via the 497.1 ke\y transition. In this case, not 138+5 98+ 5 1005 This work
only cascade corrections but also the correction for decay; 119-5  83+4 844 This work
during the activation were negligibly sm##.0.2%) because 100 108-4 72;3 74:4 This work

of the long 1Ru half-life. Compared to the recommended
value of 208-12 mbarn[30,3] the present result confirms
that this cross section was severely overestimated in the past
[32,33. However, the present value of 169 mbarn is Nnumber in the theoretical calculations. When doing so one
smaller by 23%, hardly compatible with the quoted uncer-has to keep in mind that any trend might be masked or spu-
tainties. riously enhanced by the usual scatter in the predictions. Nev-
1%Ru(n, y)%Ru. The induced'®Ru activity was de- ertheless, one may speculate that Kun-SMOKER neutron
tected using foury transitions at 262.8, 469.0, 676.4, and capture cross section might be overpredicted close td\the
724.3 keV. Again, the consistent results obtained in counting=50 neutron shell closure. This is due to the underlying
the 1 mm thick samples at distances of 73 and 206 mm fronnass modef34] that enters into the calculation of the reac-
the detector, confirmed the reliability of the sample-detectotion Q values as well as into the calculation of the theoretical
geometry as well as the cascade corrections, which were 2%uclear level densities. Following the approach of R&§],
for the shorter distance and negligible at 206 mm. The cora shifted Fermi-gas approach is usedNibN-SMOKER to de-
rection for the decay during activation was smaller than 109ermine the level density at a given excitation energy, taking
in most cases. The present result of #@mbarn is in good into account the thermal damping of shell effects. At very
agreement with the previously recommended value ofow energies, this is combined with the well-known constant
180+10 mbarn[30]. temperature formula in order to obtain the correct behavior.
The present results, which were determined for a thermal'he backshift is given by neutron-neutron and proton-proton
energy of kT=25 keV, were extrapolated to higher and pairing which is extracted from the utilized mass formula by
lower temperatures by normalizing the sets of recommende@ass differences. The second microscopic input to the level
cross section$30]. The results given in Table XI and the density description is the so-called microscopic correction
NON-SMOKER calculations agree on average within 30% at 30that is used to compute the usual level density paranzeter
keV. From the given comparison one might infer a trend toThis correction includes all effects going beyond a simple
overestimate the actual cross section with decreasing neutr@pherical droplet model and vanishes at high excitation en-
ergies. For the masses from the combined macroscopic-
TABLE X. Uncertainties of therf,y) cross sectiongin %). microscopic finite range droplet mod#RDM) used here, it
conveniently is just the microscopic part of the mass formula
Source of uncertainty  ®Ru(n,y) °Ru(n,y) ©Ru(n,y)  as defined in Ref[34]. Thus, microscopic information de-
rived from the mass formula of choice enters in two ways

Efficiency of y detector 2.0 into the level density, by the backshift and by the micro-
Neutron spectrum <0.5 scopic correction to the level density parameter. Therefore,
Gold cross section 15 switching to another mass model impacts the resulting cross-
Sample thickness <04 section predictions even when tige values are unchanged

v intensity per Au decay 0.1 because they are taken from experiment. On the other hand,
vintensity per Ru decay  <0.7 <3.3 <25 it has been showfB5] that, as can be expected, deficiencies
Time-related uncertainties <1.8 <0.3 <2.3 in the mass model translate into deviations of the predicted
y-ray self-absorption <0.1 <0.1 <0.1 level densities with respect to experimental data, which in
Cascade corrections <0.1 <0.1 <0.1 turn result in—much less pronounced, however—deviations
Counting statistics <09 <06 <08 in the reaction cross sections. The FRDM used here is known

to show shell effects that are too strong, especially for the
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N=50 shell[34]. This might be a source of increasing error thickness. Compared to previous experiments R cross
in the theoretical capture cross sections when approachingection could be determined with seven times better accu-
shell closures. It should be noted that other mass mOdeﬁcy_ Theoretical and experimentah,f) cross sections
exhibit similar problems, even though with different mag- agree within 30%, although the trend versus neutron number
nitude (e.g., Refs.[29,35). A few units away from the s considerably steeper in the calculated data.
magic number, this effect should not be relevant anymore, Since also the Ry, y) cross sections of Reff13] and the
though. NON-SMOKER predictions agree within=60%, the present Ru
results show that the theoretical treatment of ¢hehannels
VI. SUMMARY is considerably more uncertain in the mass 100 region than
. . the proton and neutron channels. This may indicate a general
A SEries of cross-section measurements ter and deficiency in the theoretical treatment of thechannels, al-
neu;ron-lndu_ced reactions on stable_Ru isotopes has be‘?ﬁ'ough the observed discrepancies are less dramatic com-
carried out in the stellar energy regime. These data wer ared to the case df“Sm. Obviously, additionak-induced

intended to c'omplement' information frgm previous studp cross sections need to be measured over a wider mass range
of (P, 7) reactlons[12_,13§| n (_)rd_er to provide a set of experi- for understanding and improving this situation.
mental data for testing statistical model predictions relevant

for p-process calculations. In this context, particular interest
was put on thex-induced reactions because of the large dis-
crepancy between theory and experiment reported for the We thank G. Rupp for his excellent technical support. For
144Sm(a,y) cross section near the Gamov window of fhe the RBS analyses we are indebted to G. Linker and R. From-
procesq9]. mknecht, and for the XRF analyses to S. Rabung. The pro-
The measured cross sections of #rénduced reactions fessional and engaged work of the accelerator teams, H. Eg-
confirm statistical model predictions with theN-SMOKER  gestein, O. Rbr, M. Hoffmann at the cyclotron of PTB
code [28,29 to overestimate the experimental results sys-Braunschweig, and E-P. Knaetsch, D. Roller, W. Seith at the
tematically by a factor of 2.5. Similar discrepancies wereKarlsruhe Van de Graaff, are highly appreciated. This work
also found in the if,«) measurement of Refl11]. was partially supported by the Swiss N8Brant No. 2000-
For the neutron reactions, consistent results were obtain€@61822.00. T.R. was supported by PROFI{Swiss NSF
in all six activations, independent of sample diameter andsrant No. 2124-055832.98
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