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(p,y) rates of Mo, *Mo, ®*Mo, %Mo: Towards an experimentally founded database for
p-process studies
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The proton capture cross sections of the stable molybdenum isotopes 92, 94, 95, and 98 have been measured
by means of the activation method in the proton energy range between 1.5 and 3 MeV. Thin layers of natural
molybdenum were irradiated at the Karlsruhe 3.75 MV Van de Graaff accelerator with proton beams of 20—55
#A. The activity induced by(p, y) reactions was measured with a calibrated HPGe detector. In this way, six
cross sections for populating ground states and isomers in four different Tc isotopes could be determined
simultaneously. The systematic uncertainties of this method are typically 4%. The fact that the resulting cross
sections are 2—4 times larger than recent statistical model predictions illustrates the need of experimental data
for the yet unexplored field ofpy) reactions in the mass region beyoAd90. The present results are
important for a quantitative discussion of the production of the abungamiclei ®Mo, °*Mo, *®Ru, and
%8Ru during SN la explosions. They represent also a first step in establishing parameter systematics that allow
for more reliable model extrapolations into the region of unstable nuclei of relevance for phecess in
SN II. [S0556-28187)05006-1

PACS numbsgs): 25.40.Lw, 26.30tk, 27.60+j, 97.10.Tk

I. INTRODUCTION have problems in describing the lightnuclei with A<<100
correctly. Since thg process in SN Il is dominated by pho-
The 32 stable isotopes on the proton-rich side of the charbdisintegrations from heavy seeds, this model does not ac-
of nuclides betweer’“Se and!%®Hg, which are 10 to 100 count for the relatively large abundances %Mo, %Mo,
times less abundant than tise and r-process nuclei, are %°Ru, and®®Ru (see Fig. 1 In SN la models, this deficiency
assumed to originate from the modification ofsor r seed  is compensated by the fact that protons are released in carbon
in the p process. The presently favored sites for fhero-  burning and captured by the abundant neutron magic iso-
cess are the explosively burning O/Ne layers in supernovampes withN=282, thus contributing the missing-process
(SN) of type I, where temperatures ofy ~ 2-3 (Tq components of Mo and Ru. However, this effect is also felt
=10% are maintained for about 1s at densities ofby the lighterp nuclei "“Se, "®Kr, and ®*Sr which are, there-
~10%gcm3. Under these conditions, proton-rich nuclei fore, systematically overproduced.
are produced by a sequence of,if) reactions. When this These difficulties may suggest that some fraction of the
sequence is halted after five to ten steps by the increasingritical Mo and Ru isotopes could have been synthesized in
neutron separation energies, the further reaction flow isther processes. These include mainly neutrino-induced re-
dominated by the¥,p) and (y,a) channels. As the tempera- actions in current -process scenariofsl0] as well as the
ture decreases during the explosion, the reaction path movep process associated with explosive hydrogen burning in
back to the region of stable nuclei. This scenario involvesx-ray bursters as discussed by Scheital. [11].
about 1000 nuclei and 10 000 reactions. Similar conditions In any case, a more rigorous treatment of these open ques-
apply for supernovas of type la with the important differencetions requires definitely a considerable improvement of the
that a significant amount of free protons are released in thanderlying nuclear physics data. Consequently, the present
carbon burning zones. interest in the ,y) cross sections of the molybdenum iso-
Compared to the SN scenarios, previously proposed site®pes is motivated by two aspects: To test the quality of
for a pure(p, y) origin of thep nuclei appear less promising, existing model calculations in the stability valley around
because novas are not efficient enough to account for th&=90 which are important for describing the,§) se-
observed abundancdd], and Thorne-¥tkow objects[2]  quence along the magic neutron numbit 50 (SN la), and
are still rather speculative. to establish a consistent parameter systematics for improving
In view of the huge number of reactions required forthe calculated reaction rates of the enfirprocess network
p-process studies it is hard to believe that experimental datéSN la, SN I). Naturally, the second aim requires many
are almost completely missing. Apart from a sing[e ) more experimental data over a larger mass range. Though the
cross section for°Zr [3], two (a,y) values for %Ge and  present work can only be considered as a first step in this
1445m[4,5], as well as a fewrf,y) rates for some stable  direction, it introduces the activation technique as an effi-
nuclei[6], p-process calculations had to rely completely oncient way to collect a fair number of data in a reasonable
theoretical data. time and at reasonable costs.
Despite the uncertain nuclear physigsprocess models In Sec. Il, the experimental technique and the sample
for SN Il and for SN la are capable of reproducing the preparation are outlined, followed by the description of the
nuclei within a factor of 37-9]. However, both scenarios do irradiations(Sec. Il) and data analysiSec. 1V). The results
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are presented directly dp,y) cross sections as well as in reactions on the remaining Mo isotopes lead to Tc products
the form of astrophysica$ factors and reaction ratdSec.  which are either too short- or too long-lived for a reliable
VI). detection.

The decay of the activated Tc nuclei can be followed via
the emittedy radiation. The half-lives, the relative intensities
per decay, and the information on cascading transitions were

Though very common in applied research, the activatiortaken from the latest evaluations in Nuclear Data Sheets. All
technique has recently been used in the field of astrophysiatecay parameters used in this work are summarized in Table
only for (n,y) work in the context ok-process studiel2].  |I.

For charged particle capture reactions, the direct observation
of the prompt captures rays became the standard technique B. Target preparation and definition

instead, thanks to the excellent energy resolution of Ge de- ) )
tectors. This advantage is, however, no longer relevant for |N€ targets consisted of metallic Mo layers sputtered onto

A>60 due to the increasing complexity of the capturePOlished aluminum disks of 1 mm thickness and 35 mm di-
y-ray spectra, a difficulty that was encountered, for example2meter. Aluminum was chosen for the backings in view of its
in the only previous |§,y) study of relevance for thp pro- good heat conductivity, and since proton captures are leading
cesq3]. Hence, the merits of the activation technique appeafo **Si without producing any disturbing activity. Further-
increasingly attractive for this type of experiment: it is fairly more, its low atomic number is an important prerequisite for
simple, it exhibits good sensitivity, and it is selective for determining the target thickness via Rutherford backscatter-
specific reactions via the decay of the product nuclei. Thisng as described below.
latter aspect allows us not only to use samples of natural The Mo layers of 10 mm diameter were prepared by sput-
composition, but offers the possibility to determine severakering in an Ar atmosphere of 40 H4a3]. This technique
cross sections in a single measurement. There is also thwhich is based on a controlled discharge allows us to pro-
option for determining partial cross sections to long-livedduce chemically clean and uniform layers independent of the
isomers with half-lives longer than theprocess time scale high melting point of Mo(2617 °Q. The sputter yield can be
of a few seconds. In such cases, the ground state and isomadjusted by tuning the Ar pressure and/or the electric field of
should be considered in the reaction network as separate spise discharge, resulting in a well-defined deposition rate.
cies. All these aspects are illustrated in the following sec- In total, 50 Mo targets were prepared for the present ex-
tions. periment with typical sputter times of 10—15 min. The layer
thickness was chosen between 1200 and 5000 A correspond-
ing to proton energy losses of 10 to 40 keV in the investi-
gated energy range. This represents a compromise between
Proton irradiation of natural Mo yields observable activi- the necessity to achieve an adequate activity in the irradia-
ties from the decay of the reaction product§™9Tc, tions and to determine the cross sections with reasonable
9%m.aTc, %T¢, and %MTc. This means that thep(y) reac-  energy resolution.
tions on %Mo, %Mo, %Mo, and %Mo can be investigated ~ The target thickness was determined in two ways, by Ru-
simultaneously in a single activation measurement. Capturtherford backscatteringRBS) and by x-ray fluorescence

II. EXPERIMENTAL TECHNIQUE

A. Investigated reactions
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TABLE |. Decay properties of the product nuclei.

Product Reference Half-life Gamma-ray Relative intensity
nucleus energykeV) per decay (%)
Tc [22] Ground state 2.750.05 h 1362.9 5650.8
1477.1 6.950.35
1520.3 20.5%0.54
[23] Isomer 43.5-1.0 min 391.8 57.60.9
%Tc [24] Ground state 20:60.1 h 765.8 93.80.3
947.7 1.95-0.02
1073.7 3.740.04
[24] Isomer 62d 204.1 63.20.8
582.1 29.9404
835.6 26.6:0.4
%Tc [25] Ground state 4.280.7 d 778.2 99.760.01
812.5 82.0&:0.35
849.9 97.5%0.38
Tc [26] Isomer 6.0%0.01 h 140.5 89.060.24

analysis(XRF). The RBS technique is based on the elasticton energy loss is larger for Méand much larger for Al
backscattering of a light projectile from a heavy target. Thethan for the heavier Ta nuclei. At the same time, the Mo

energy difference of protons with ener@y scattered from

different target nucleM; is

M
AE:Ed4—52M%AM,

where§ = 30 deg is the difference betweenand the scat-

2

peak is broader than that of the very thin Ta sample due to
the proton energy losses in the comparably thick Mo layer.
These losses are also responsible for the shift of the alumi-
num edge. The spectrum in the lower part of Fig. 2, which is
representative for most of the investigated targets, indicates a
homogeneous composition of the Mo layer. However, a few
exceptions were showing symmetric structures on top of the

tering angled that follows from the geometry of the present backscatter peaks due to channeling effects, evidence that
setup. The relevant features of this technique are illustratethese layers had developed a polycrystalline structure.

in Fig. 2 which compares the RBS spectra of a very thin Ta For the interpretation of the RBS spectra with respect to
reference sample with the spectrum of a 2400-A thick Motarget thickness the are® under the backscatter peaks was
layer. Both spectra were taken with a proton energy ofanalyzed rather than the width, since the latter suffered sig-
1.0 MeV and a beam current ofi2A. These conditions were hificant broadening due to the oxygen content of the Mo
further on adopted for all RBS analyses. Obviously, the prolayers.
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The number of backscattered projectiles is

_dO'
A—aﬁﬂQN, 2

wheredo/d() denotes the differential scattering cross sec-
tion, Q is the solid angle between target and detediis
the number of incident projectiles, aitis the number den-
sity of the target.

The solid angle can be determined from the height of the
aluminum edge. For normal incidence one gets

QO
HA.=“A'§—A|Q§ &)

FIG. 2. RBS spectra from a very thin tantalum reference samplévhere the energy bin per chanrietan be obtained from the

(top) and from one of the molybdenum samplésttom. The mo-

spectrum of the Ta reference sample, &nid the effective

lybdenum layer exhibits a significant oxygen content which showsstopping cross sectidri4]. Combination of Eqs(2) and(3)

up on top of the contribution from the aluminum backing.

yields the number density of the Mo layers
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TABLE Il. Activation schemes and sample characteristics.

Activations Samples

Run Proton energy Beam current Accumulated Sample Proton energfy lodsimber density’

(keV) (nA) charge(mC)  number (keV) (10* at/cn?)

1 1500 39 420 50 40 3141.0
2 1599 25 270 45 30 24i40.8
3 1700 30 330 15 18 1540.5
4 1801 47 510 49 33 28180.9
5 1840 47 610 47 27 2440.7
6 1901 56 600 46 27 24130.8
7 1950 48 520 42 26 23:90.8
8 2000 50 540 44 25 2340.7
9 2050 44 480 41 24 2170.7
10 2099 53 570 43 23 21#0.7
11 2099 35 380 35 23 21460.7
12 2151 56 610 38 20 18:20.6
13 2189 53 570 37 19 18:60.6
14 2250 50 540 36 19 18:30.6
15 2300 52 560 34 19 1940.6
16 2350 47 590 33 15 1540.4
17 2400 44 470 29 16 16:40.5
18 2448 45 490 28 17 17#10.5
19 2475 13 150 32 17 17+0.5
20 2500 41 440 27 13 13:80.4
21 2550 44 480 25 13 13#/0.4
22 2600 43 460 24 15 16:10.5
23 2649 46 580 23 10 11#30.3
24 2680 12 130 9 13 15:00.5
25 2700 42 530 22 11 1240.4
26 2750 35 380 11 12 134550.4
27 2800 30 320 8 9 1080.3
28 2850 40 430 6 9 1040.3
29 2900 28 250 13 9 1040.3
30 2950 19 200 14 11 13:30.4
31 3003 16 170 7 9 780.2
aSee text.

®Average of XRF and RBS results.

ApvoTalé process. The reference samples were prepared from standard
Nyo=i———— - (4)  solutions and had the same diameter as the actual Mo
Haiomolal
samples.

The XRF results showed indeed contaminations up to 10

The RBS analyses, which were carried out with the coderg Cu and 28.g Fe. Based on the RBS spectra it could be
RUMP [15], exhibit typical uncertainties of 5%. excluded, however, that these contaminations occurred in the

The second determination of the target thickness via XRAMo layers. This was supported by the fact that the contami-
made use of a crystal spectromeBremens SRS 300@p-  nations were not correlated with the Mo mass. This means
erated with a LIH100) crystal and a rhodium anode, so that that the detected Cu and Fe components were not imported
all elements up to Mo could be detected. At lower energiesby the sputtering process but are likely due to impurities in
the fluorescence yield was measured with a gas counter, arnlde target backings, well compatible with the specified Al
a Nal scintillator was used for the higher energies. quality of 99.5%.

The spectrometer was calibrated by means of five refer- The main uncertainties of the XRF results originate from
ence samples consisting of well defined amounts of Mo, Cuthe preparation of the reference samples3.5 % and from
and Fe. The Cu and Fe components were added to simulateunting statistics € 1%). Within the specified uncertain-
possible contaminations of the Mo layers in the sputteringies, both methods are in perfect agreement. The finally
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FIG. 3. Schematic setup for the activation at the accelerator. The
proton beam current and the spectrum of backscattered protons FIG. 4. Gamma-ray spectrum measured after activation of a
were continuously monitored for later correction of the decay ofmolybdenum sample. The lines used in the data analysis are
activated nuclei during the irradiation and for sample degradation.indicated for the various isotopes.

adopted number densities are the weighted average of tH¥th a reduced entrance aperture of 0.5 mm diameter and
RBS and XRF results and carry a systematic uncertainty of€"ved as a monitor for the target performance during the
3% (Table 1I). activation. o '

Figure 3 illustrates also the data acquisition during the
activations. The collected charge was digitized and recorded
in multiscaling mode with a resolution of 1 min/channel. In

The experimental setup used for the proton irradiations athis way, variations of the proton beam current with time can
the Karlsruhe 3.75 MV Van de Graaff is sketched in Fig. 3.be properly considered in the correction for the fraction of
The proton beam was well defined by two slit pairs on bothactivated nuclei, which decay already during the irradiation.
sides of the analyzing magnet and a water-cooled diaphragm

C. Experimental setup

with 8 mm diameter mounted 30 mm in front of the target. IIl. MEASUREMENTS
The opening of this diaphragm being 2 mm narrower than A Activati
the target diameter ensured that the sample was always hit by - Activations

the full proton beam. For achieving a uniform distribution of The experiment was carried out in energy steps of
the thermal load and a homogeneous illumination of the0 keV, spanning the range from 1.5 to 3.0 MeV that is most
sample the beam was wobbled across the diaphragm by twelevant forp-process studies. The proton beam energy was
deflection magnets situated downstream of the second slialibrated via the 2625 and 2326 keV resonances of the
pair. 34S(p,y) *Cl reaction as well as the neutron threshold of the
The design of the activation chamber considered a num?Li( p,n) reaction at 1881 keV. The uncertainties of this cali-
ber of relevant features. Electrically insulated from all otherbration were comparable to the 0.1 % energy spread of the
components of the beam line it acted as a Faraday cup for theroton beam and, hence, much smaller than the target thick-
complete collection of the accumulated charge. The emissioness. In order to achieve sufficient counting statistics the
of secondary electrons was suppressed by a copper liner thiirget thickness was chosen to correspond to proton energy
was put on negative potential. This liner was cooled withlosses of 25 keV around 2 MeV proton energy. The irradia-

liquid nitrogen in order to trap organic vapors. tions were carried out with very stable beam currents of typi-
The targets were water-cooled from the rear and could beally 45 A and lasted between 3 and 4 h.
operated with beam currents of up to 108, twice as much To ensure that the targets suffered no losses or unaccept-

as was actually used in the present experiment. The RB&ble degradations during the activations, RBS spectra were
detector was kept in place also during the actual activationtaken in regular intervals. In these measurements, the low-

TABLE lll. Compilation of systematic uncertainti€$o).

9Mo(p,y) ®°Tc “Mo(p,y)%°Tc  *Mo(p,y) %Tc  ®Mo(p,y) **"Tc

Source of uncertainty g.s. Isomer g.s. Isomer

Half-life 2.0 2.3 0.7 4.7 23 0.2
v intensity per decay,, 1.4 1.6 0.3 13 0.01 0.3
Isomer decay to g.sz 11 1.4 0.1 0.1 0.5

Cascade corrections 0.4 0.5 1.0 1.4

Efficiency of y detector,e,, 15

Target thickness 3.0

Proton-beam current 1.0




3132 T. SAUTER AND F. KAPPELER 55

TABLE IV. Measured p,y) cross sections an8l factors of ®Mo.

Energy bin(keV) Cross section gb) S factor (10° keV b)
Ground state Totd Ground state Totdl
1480+ 20 0.0806:0.021 0.13%0.022 8G:29 13940
1585+ 15 0.258-0.023 0.455%0.027 8716 154+ 26
1695+ 6 0.146+0.186 0.206:0.186 18-20 25+ 23
178517 0.764-0.059 1.5¢:0.07 44+8 86+ 13
1836+ 14 0.961:0.063 2.090.08 3#5 79+ 10
1888+ 14 1.8G:0.10 3.4G3:0.12 46+ 6 87+10
1937+ 13 3.33:0.18 6.172-0.22 597 110£12
1988+ 13 1.67#40.11 3.4(3:0.13 20.82.4 42.3-4.5
2038:12 5.08:0.33 10.8-0.4 45.0-4.8 96+ 9
2088+12 4.15+0.26 8.64-0.33 26.5-2.7 55.3t5.0
2088+12 3.91:0.28 8.69-0.34 25.0:2.7 55.5:5.0
2141+10 3.70:0.19 6.30-0.22 16.9-1.4 28.8:2.2
2180+ 10 13.4£0.7 24.5:0.9 48.4-4.0 88.9£6.5
224110 3.64-0.20 6.74-0.23 9.2:7.3 17.0:1.2
2290+ 10 9.40+0.53 18.5:0.6 17.9-1.5 35.4£2.4
23438 5.72£0.39 14.30.5 8.2:0.7 20.2£1.2
23928 17.8:15 51.6:2.1 19.8-1.9 57.13.5
24408 17.0=1.0 34.3:1.4 14711 29.7%#1.8
2467+8 26.9+1.7 54.0-2.2 20.451.6 40.8:2.5
2494+ 7 11.6-0.8 27.9:1.0 7.6:0.6 18.5:0.9
2544+ 7 16.3t0.9 34.2:1.2 8.5:0.6 17.8-0.8
2592+8 22.7+1.2 38.7%1.5 9.40.6 16.10.9
26445 16.1+1.0 31.2£1.2 5.3:0.3 10.3:0.5
26737 24.2+1.7 55.7#2.2 7.0:0.5 16.20.8
26956 157411 31.5:1.5 4.1+0.3 8.3:0.5
27446 34.6-2.2 65.1x2.7 7.4-0.5 13.9-0.6
2795+5 43.5+25 81.%3.3 7.5-0.5 14.0-0.6
2846+ 5 56.8t4.4 110-6 8.0+ 0.6 15.4:0.9
2895t5 35517 53.3t2.3 4.1£0.2 6.2:0.3
2945+5 63.5-3.1 109+:4 6.1+0.3 10.4:0.4
2998+5 57.6-3.4 116+4 45+0.3 9.1+0.4

aSum of partial p,y) cross sections to ground state and isomer, absolute uncertainties added in quadrature.

energy part of the spectrum was suppressed by a thin Al foibackground in the energy interval 280E., < 3400 keV

in front of the solid-state detector. The subsequent RBSvas 4 s 1. All y-ray spectra were analyzed with teemMPO
spectra showed very good agreement throughout the activaode[16].

tions so that Mo losses from the targets could be excluded. The counting geometry was chosen as a compromise be-
Blister formation in the Al backings by the implanted hydro- tween high efficiency and acceptable cascade corrections.
gen could be tolerated. Only two targets, where the blister§hese corrections are required ifyaray is registered coin-
broke open, had to be exempted from further analysis. As agjgent with another one from the same cascade or with a
additional check, the reduction of the beam current by a facgg|ated, characteristic x ray. Since this effect increases rap-
tor three in a few activations showed no statistically S|gn|f|-idIy with €, the targets were placed in a thin-walled plexi-
cant effect on the deduce, ) cross sections, thus con- glass holder at 50 mm distance from the detector so that
firming that the targets were not deteriorated by the beam'counting was always performed in a well defined position.

In total, 31 targets were activated in the present measure- In this geometry, the detector was calibrated with a set of

ment. The parameters characterizing the Mo samples and ﬂ?ﬁonoenergetic sourced®Ce, 51Cr, 855y, 137Cs, 5Mn, and

activations are summarized in Table II. 657n with lines at 165, 320, 514, 662, 834, and 1115 keV,
respectively as well as with sources emitting cascades
B. ¥ counting (°"Co: 122/136 keV, 1'3sn: 255/392 keV, and®®Y: 898/

1836/2734 keV. Additionally, an *!Am source (60 keV)

The induced activities were counted off-line with a was used for determining the cascade correction for coinci-
265 cnt HPGe detector which was mounted in aX2&3  dent x rays. The cascade corrections were calculated with the
X 30 cm thick lead shield with an internal 1.5 mm thick Cu codecasc [17] by due consideration of the counting geom-
absorber for suppression of the Pb x rays. The remainingtry, and using the complete spectroscopic information from



(p,y) RATES OF Mo, %Mo, *Mo: . ..

3133

TABLE V. Measured p,y) cross sections anfl factors of *Mo.

Energy bin(keV)

Cross section gb)

S factor (10° keV b)

Ground state Totdl Ground state Totdl

1480+ 20 0.036-0.008 b 35.5+12 b

1586+ 15 0.11+0.03 b 38.0+12 b

1695+ 6 0.34-0.04 b 41.7+5 b

1784+17 0.66+0.04 1.9-0.6 37.6:6 112.0- 39
1836+ 14 0.59+0.03 b 22.5+3 b

1888+ 14 1.67:0.07 3.55-0.58 42.6:5 91.0+18
1938+ 14 1.85-0.08 b 32.7+3.7 b

1988+13 2.44-0.10 7.33:0.87 30.4-3.2 91.2-13.9
2038+12 3.070.13 11.5-1.5 27.12.6 101.5-16.2
2088+ 12 2.79-0.11 8.14-1.25 17.8-1.6 52.19.1
2088+ 12 2.83-0.13 b 18.1+1.5 b

2141+10 4.91+0.23 11.8-1.4 225-1.8 53.8-7.4
2179+10 7.55-0.28 21.2:1.5 27.4:2.0 76.7:7.3
2241+10 8.80+0.45 26.7-1.9 222617 67.3-6.2
2290+10 12.650.6 33.7:1.7 24.11.9 64.4-5.0
23438 16.2£0.6 39.0:2.0 23.3:1.3 56.0-3.8
2392+8 19.2+0.8 47.5-3.3 21.2¢1.3 52.2c4.4
2440+8 23.6:1.3 60.3-3.8 20.4-1.4 52.2:4.0
2467+ 9 30.5-1.6 80.9-5.8 23.0:1.6 61.1-5.1
2494+ 7 41.3+3.0 1045 27.3+2.2 68.9-4.4

°Sum of partial f,y) cross sections to ground state and isomer, absolute uncertainties added in quadrature.

bYield too small for meaningful analysis.

the latest compilationésee Table | for the respective refer- quires numerical integration. Using the recorded multiscaling
ence$. The corrections could be verified via the spectra fromspectrum of the proton current and assuming that the proton
sources with cascading transitions, thus confirming an ovefeurrent is constant during the time interval$ one obtains

all systematic uncertainty of 1.5% far, and a 10% uncer- for the number of activated nuclei after an irradiation time
tainty for the calculated cascade correctlons ty:

During the activity measurements, which lasted for 8 to
12 h, y-ray spectra were stored every 30 min. In this way,
the induced activities could be followed with respect to their

—\pAt N
half-lives. This was particularly important for separating the M (tp)=omNo e Z ®,e” (TDAmAL (7)
decay components of the various Tc isotopes. In all activa- Am =2
tions, pile-up corrections were negligibly small.
IV. DATA ANALYSIS —e At _
G(tb) UgNoli—z q)iei(nil)}\gAt
Proton captures in most Mo isotopes populate the ground g i=1
state and isomer in the respective Tc products. In the analysis 1 et
of the subsequent decay chains the additional feeding of the + ﬂUmNo(—
ground state by internal transitions from the isomer has to be Ag
considered. The population of isomdy|(t), and ground CAAL A hGAfy D
state,G(t), is described by _ &) > e (gt
Ng—=Am =
amet) AmM (1) + oy ® ()N (5 !
" Mm Om 01 m “ApAt_ a—AgAt A (n—i)hgAt
dt +2’1 )\g_)\m(e e MY pM,_,e oAt
dG(t) (8)

= MG+ MO+ o ® (DN, (6)

whereoy, o, are the partial cross sections to ground stateThe number of decays during the subsequent counting time
and isomer®(t) denotes the proton flux, angis the decay tp, is
branch from the isomer to the ground state.

For constant proton flux these equations can be solved
analytically, but the more realistic time-dependent case re- Ny =M(ty)e *miw(1—e *mtm),

(€)
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TABLE VI. Measured p,y) cross sections anfl factors of ®*Mo and *®Mo.

Energy bin(keV) Cross sectionsyb) S factors(10° keV b)
%Mo(p,y) °6Tc Mo(p,y) *Tc %Mo(p,y) °€Tc %Mo(p,y) *MTc

1480+ 20 a 0.054+0.002 a 54.1+13.1
1586+ 15 a 0.144+0.006 a 48.9t7.8
1695+5 0.58+0.06 0.3670.014 71.48.1 44.8-2.8
1785+17 1.51+0.07 0.885-0.033 86.6:13.5 50.72-7.6
1836+ 14 2.2 0.17 1.18-0.04 86.0:12.2 44.8-5.5
1888+ 14 3.55-0.14 1.64-0.06 91.0:10.8 42.0-4.8
1938+ 14 4.73£0.19 2.56-0.10 83.6:9.5 45.2+5.0
1988+ 13 7.29-0.37 3.470.13 90.8-9.8 43.3:4.4
2038+ 12 8.48-0.33 4.510.17 75.17.0 40.0-:3.4
2089+ 12 13.3:0.5 6.220.22 84.8-7.0 39.73.4
2089+ 12 13.9-0.6 6.77-0.24 88.0-8.3 43.0-3.7
2141+10 17.9-0.7 8.84+0.33 82.0-6.5 40.4-3.1
2179+10 27.8-1.0 11.5:0.4 101.6-7.4 41.8:3.0
2241+10 31.4t1.2 14.4-0.5 79.2t5.5 36.4-2.5
2290+ 10 42.5t1.6 20.7#0.7 81.3t5.6 39.5t2.7
2343+8 53.9+1.9 25.8£0.9 77.2:4.5 37.0:2.1
2392+8 70.7£2.6 30.5-1.1 78.3:4.5 33.8:1.9
2440+9 87.3:t3.3 40.9-1.5 75.64.5 35.4£2.0
2467+ 8 106+4 47.9-1.8 80.4-4.7 36.2-2.1
2494+ 7 108+-4 50.4+1.8 71.4-3.6 33.4:1.7
2544+7 122+4 65.3-2.2 63.74+3.1 34.1+1.6
2593+ 8 1104 52.6-1.9 45725 21.9-1.1
2644+5 105+-4 29.7+1.0 34515 9.8-0.4
2673+7 132t5 31.7+1.1 38.3:1.9 9.2-0.4
2695+ 6 131+t5 20.5£0.7 34.5-1.6 5.4-0.2
2744+ 6 155+ 6 13.2+0.5 33.1t1.6 2.8:0.1
2795t5 1375 11.1+0.4 23.7#+1.0 1.91-0.08
2845+ 5 156+5 10.9+0.4 22.0-0.9 1.53+0.06
2895+ 5 128+5 8.89+0.32 14.8-0.6 1.00-0.04
2945+ 6 147+6 9.87+-0.36 14.1-0.6 0.95-0.04
2998+ 5 146+5 9.64+0.35 11.4-0.5 0.76-0.03

aYield too small for meaningful analysis.

Ng=G(t,)(1—e rdtm)e rglw The systematic uncertainties are summarized in Table Il
The uncertainties of the respective half-lives, which contrib-
N gM (tp) ( e*}\gtw(l_e_)\gtm) ute according to Eq$9) and(10) via the decay rateX; , can
Am—Ag \ Ag be important. The other decay parametdrs,and 7, are
o Mtw rather well known and, therefore, less relevant for the overall
- (1—e Mmim) || (10) uncertainty.
Am The uncertainties related tpcounting due to the detector

efficiency and the cascade corrections have been discussed
wheret,,, t, stand for the waiting time between activation pefore. This holds also for the thickness of the Mo layers,
and counting and for the counting time, respectively. which account for the largest contribution to the systematic
The net countsC,, for each of the peaks in Fig. 4 can be yncertainty. The uncertainty of the proton-beam determina-
expressed as tion was found to bet1 % due to the design of the target
chamber. Possible current losses through the cooling water
c :NKyfvl Y (11) were checked with a battery and could be neglected. Below
Y Cp about 2 MeV proton energy, the total uncertainties are domi-
nated by counting statistics.
whereN denotes the total number of activated nuclei at the The cross sections were determined independently for
end of irradiatione, is the efficiency of the HPGe detector, each of the lines listed in Table I, and these results were
|, is the relativey-ray intensity per decay, and, is the  combined to the weighted means that are presented in Tables
correction fory-ray self-absorption in the target, which was IV-VI. The uncertainties of these results range typically
always negligibly small. around 4% and were obtained by error propagation. In evalu-
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FIG. 5. The p,y) cross section of?Mo (top) and the corre-
spondingS factor (bottom compared to a statistical model calcula- FIG. 6. The partial p,y) cross section of®Mo to the isomer in
tion [18] (dashed ling 9Tc (top) and the corresponding factor (bottom compared to a
statistical model calculatiofi8] (dashed ling The (p,n) threshold
ating the uncertainty of the total reaction cross sections forefers to the third excited state #iTc at 73 keV.
%Mo and **Mo from the measured partial cross sections the
covariance between isomer and ground state was alwaygom the small target thickness in this activation. In this case,
found to be very small. Therefore, the uncertainty of the totathe activity of the ground-state decay was too small for direct
cross section was conservatively estimated by quadratic sunghservation so that only an upper limit could be derived. The
mation of the uncertainties obtained for the partial cross seGiuctuations in the cross section reflect the small level density
tions. of the neutron magic nucleu¥Mo.
For comparison, recently calculatef,§) cross sections
V. RESULTS AND DISCUSSION [18] are included in Fig. 5 by a dashed line. These data were

. . calculated with the Hauser-Feshbach cagsleokeR [19] and
The experimental {f,y) cross sections and the corre-

sponding astrophysicé factors are summarized in Tables
IV-VI. The following discussion of the various reactions 109 Mo (pip) e ]
deals with the peculiarities of the respective decay scheme ¢
the problem of partial cross sections for populating grounc % o
states and isomers, and the competition by other reactio 100
channels. s

T T
94Mo (p,y) °Te

ok
w
FiE N S

A. ®Mo(p,y) ®Tc 100f

Proton capture populates the ground stdtg,€2.75h
and the isomert(,,=43.5 mir) with about equal probability.
The decay of**Tc feeds only levels in®Mo which decay
directly to the ground state. Therefore, no cascade correc §
tions were required in this case except a 4% summing-oL 2
correction due to possible coincidences with x rays from the
electron capturéEC) branch of the decay. The decay of the
isomer was followed via the internal transition. FIG. 7. The total rates of thep(y) reactions on®’Mo, %Mo,

The sum of the two partial cross sections is plotted inand **Mo (diamond$ and the partial rate to the isom&"Tc com-
Fig. 5. The large uncertainty of the point at 1695 keV resultspared to a statistical model calculatifit8] (dashed ling
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refer also to the respective targets in the ground state. While TABLE VII. Total (p,y) rates for Mo, *Mo, %Mo and the
the cross section shape is in very good agreement, the abseartial rate for®o(p,y) **"Tc.

lute magnitude is clearly underestimated by the calculation:

. . . 9 92 94 95 98, 99m:
Such calculations were performed for all reactions inves- emperaturg10” deg Mo "Mo ™Mo "Mo(p,y)™"Tc

tigated in this work and will be mentioned also in connectiony 5 0.055 0.070 0.075 0.0316
with Figs. 6 and 7. This comparison is restricted to one set of g 0.121 0159 0.171 0.0731
calculations to simply illustrate the possible differences. At &g 7 0.248 0.338 0.361 0.156
later stage, when more experimental data became available &g 0.475 0677 0.712 0.308
more thorough discussion must include all theoretical inpuy g 0861 1.28 1.33 0.573
data that are used ip-process studies. 20 149 232 235 1.01
2.1 247 403 3.97 1.69
B. *Mo(p,y) *Tc 2.2 394 674 6.43 2.70
Also for this reaction, the partial cross sections for popu-2-3 6.08 109 10.0 4.16
lating ground-statet(,,=20 h) and isomer (;,=61d) could 24 912 171 151 6.20
be derived. While the ground-state decay could again be folR.5 133 262 222 8.96
lowed by direct transitions, cascade corrections of 10-12%3.6 191 391 316 12.6
were required for the isomer decay. Though the partial crosg.7 26.7 57.1 440 17.3
section to the isomer is about 50% larger than the one to th2.8 36.6 81.8 59.9 23.2
ground state, this component could not always be detected at9 49.4 115 799 30.4
lower proton energies because of the long half-life of thes.o 65.7 159 105 39.3
isomer. 3.1 86.1 216 135 49.8
The %Mo cross section exhibits a much smoother shape 2 111 290 171 62.3
and is significantly larger than that Mo, reflecting the 3.3 143 383 214 76.9
higher level density of the target nucleus. The data for this; 4 180 501 265 93.7
reaction are limited to proton energies below 2.5 MeV where; g 226 647 323 113
the_ threshold of the95M0(p,n_) 95TC reaction is reached 3.6 280 827 391 135
which leads to the same reaction product. 37 344 1050 468 159
3.8 420 1310 555 186
C. **Mo(p,y) *Tc 3.9 509 1630 653 216
In this case a meaningful evaluation of the partial cros+.0 612 2000 763 249

section to the isomet™ Mo with t;,=51.5 min was not pos-
sible because of the very uncertajirintensities in the weak _
B*IEC decay of this isomer. Qualitatively, however, the data E. Reaction rates

indicate that the partial cross section to the isomer dominates The experimental [f,y) cross sections were used to de-

the total (,y) rate of *Mo by far (see Table VI). termine the stellar reaction rates
In view of these problems, only the total cross section was

deduced by observing a waiting time between activation and (8 Y2 Ny (= BE E dE
y counting of at least four half-lives. For the following (ov)= ) kD), o(E)Eexq — 5 /dE,
ground-state decay {,=4.28d) cascade corrections of 14% (12)

had to be considered.

This cross section was found to vary smoothly with pro-yhereN, is the Avogadro number. Outside the investigated
ton energy until a clear change in slope at 2.5 MeV marksnergy range, the measured cross sections were comple-

the position of the §¢,n) threshold. mented by the normalized calculated data. In Fig. 7 the stel-
lar rates listed in Table VIl are plotted versus temperature
D. ®Mo(p,y) *Tc and compared to the theoretical values of R&S]. In all

cases, there is good agreement as far as the temperature de-
pendence is concerned, but the absolute values for the total
(p,y) rates differ by factors of 2.2, 2.9, and 3.7 for the re-
actions Mo(p,y) Tc, *Mo(p,y) *°Tc, and **Mo(p,y)

The ground state of°Tc is too long-lived {;,=2.1
10° yr) for the activation technique to be applied. Therefore,
only the partial cross section to the 6 h isomer could be de
termined. The cross sectighig. 6) shows a significant edge g _ k y
due to the competition by thep(n) reaction, much stronger 5Tc, respectwely_. That these factqrs increase with neutron
than predicted by the calculation. This edge is so pronounce@UMber may indicate a systematic trend in the Hauser-
that it is clearly incompatible with thep(n) threshold for ~eshbach parametrization. _
the ground state if®Tc at 2493 keV which is plausible in  FOF the easier use of these data in compteprocess
view of the large spin difference betwedfMio and %®Tc. networks, the curves in Fig. 7 have been fitted according to
Instead, the location of the edge shows that then) reac-  Woosleyetal. [21];
tion involves the third excited state #¥Tc at 73.3 keV. For
this state, the present experiment is compatible with
=0", 17, or 27, in agreement with the tentative assignment
of J7= 2~ [20]. cm/s mol, (13)

(00) =Ty ?Pexd A= (7/Tg®)(1+BTy+CT5+DTJ)]
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TABLE VIII. Fit parameters for the temperature dependence of the investigatedl (ates.

Reaction A B C D

2Mo(p,y) *¥Tc 43.118 1.66% 10?2 8.548x< 1073 -1.106x 1072
Mo(p,7y) *¥Tc 44.324 4.06% 102 2.654x 1073 -5.722x 10°*
92Mo(p,y) *3Tc 44.457 2.95% 10?2 5.361x 1073 -8.152x 10°*
9“Mo(p,y) *Tc 43.823 3.17% 1072 -1.134x 1072 2.624x 10°°
%Mo(p,y) *¥Tc 43.019 2.77¥ 1072 -8.947x 1074 5.195< 10°°
%Mo(p,y) *°Tc 44.402 3.40% 1072 -1.809x 1072 9.740x 10°°
%Mo(p,y) %6Tc 42.681 -1.31% 1072 1.374x 1072 -1.204x 1078
Mo(p,y) *Tc 40.400 -4.85% 10?2 2.492x 102 -2.355< 1072

where 7=4.2487¢275u)". The respective parameters are be determined with uncertainties of a few % as was here

summarized in Table VIII. demonstrated at the example of the Mo isotopes.
The present results may have an immediate impact on the
VI. SUMMARY p process in SN la, where proton captures on an existing

) o _ seed may affect the abundances of the lightuclei, in
In this work the activation technique was shown to repre-particular of the abundant specié@vio and %Mo. Beyond
sent an efficient tool for the reliable determination pfy) this aspect, they are intended as a first step towards a com-

Cross dsectlons fop-process stub<?|es. ThOUQT _m<r)]_stly rer; ehensive experimental basis for increasingly quantitative
stricted to measurements on stable target nuclei, this met %process calculations.

offers the possibility to establish an extended set of data fo
testing and normalizing the parameter systematics for
Hauser-Feshbach extrapolations to the actual reaction net-
work of the p process.

Despite its formal simplicity, measurements with the ac-
tivation technique require great care in technical details if its We thank A. Ernst, E. P. Knaetsch, D. Roller, and W.
full potential is to be exploited. Most crucial in this respect Seith for their help and support during the irradiations at the
are the preparation and characterization of the targets, bian de Graaff accelerator as well as G. Rupp for his excel-
also monitoring of the proton yield and of the target perfor-lent technical assistance throughout the entire experiment.
mance throughout the irradiations are important. The subséA/e are also indebted to many people from different depart-
guenty counting requires carefully calibrated detectors in-ments of Forschungszentrum Karlsruhe, in particular to G.
cluding the verification of count rate corrections due toLinker and R. Fromknecht for their help with the RBS analy-
cascade effects and/or the coincident observations of relates#s and to D. Hentschel S. Fetzner for enabling the XRF
x rays. If these precautions are considered, cross sections careasurements.
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