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In explosive nucleosynthesis temperatures are high enfargbhotodisintegration reactions to
occur, e.g. leading to the production of p-process nucleiorter to understand the reaction
rates of element production and element disruption weestaah experimental program at the
new bremsstrahlung facility of the superconducting e@@tgiccelerator ELBE of FZ Dresden-
Rossendorf. The bremsstrahlung facility and the deteettupsare designed such that the scat-
tering of photons from nuclei and the photodisintegratibnuxlei around the particle separation
energies can be studied under optimized background conditin activation measurements with
bremsstrahlung at end-point energy from 10.0 to 16.5 Mg¥)( (y,n) and {,a) reactions of
921000 have been studied. Our activation yields can be describiin a factor 2-3 or better
with calculations using the cross sections from recent elaisshbach models.
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1. Introduction

The 35 neutron deficient stable isotopes between Se and Hg that aresdlireloh the rapid
neutron capture process by stable isobars, and bypassed by slwanneaptures of the s-process,
are called p-process nuclei [1]. They are thought to be producgdgdsupernova explosions
through chains of photodisintegration reactions likg), (y,p) and(y,a) on heavy seed nuclei.
The temperatures are in the regionTof= (1— 3)-10° K. In many network calculations of the
p-process nucleosynthesis, Mo and Ru isotopes are produced withdbwesdances than observed
in the solar system. This underproduction could indicate that a differeosynthesis process
- thevp process [2]- is responsible. Nucleosynthesis might be occuring irr@iff@strophysical
scenarios, e.g. He-accreting sub-Chandrasekhar-mass whiteakphogions [3] or even gamma-
ray bursts [4]. Production of Mo- and Ru p-process isotopes coutdeissnhanced by a higher
22Ne(a,n)*>Mg cross section [5]. To test if the photodisintegration rates in the regidfvis that
are part of the nuclear physics input to the network calculations areatpmwe have set up an
activation experiment with bremsstrahlung from the new ELBE accelerakmrachungszentrum
Dresden-Rossendorf. We also did photon-scattering measurementawidtheel Mo samples to
study the dipole strength around the particle threshold, see ref. [6].

2. Experimental Setup

The new superconducting electron accelerator ELBE (for ElectrorakLiaecelerator of high
Brilliance and low Emittance) combines a high average beam current with adbighcycle. It
delivers electron beams of energies up to 40 MeV with average currprits LimA for experi-
ments studying photon-induced reactions. The bremsstrahlung facility arekgierimental area
were designed such that the production of neutrons and the scatteghgtons from surrounding
materials is minimized [7]. A floorplan of the bremsstrahlung facility at ELBE isnshn Fig.

1. The primary electron beam is focussed onto a thin foil made from niobiumaséthl density
adjustable between 1.7 mg/€mand 10 mg/crf. After the radiator, the electron beam is separated
from the photons by a dipole magnet and dumped into a graphite cylindefahé®length and
200 mm diameter. A photoactivation site is located behind the beam dump wheaeaiteble
photon flux is up to 18 cm=2 s~ MeV~1. For in-beam studies with bremsstrahlung, a photon
beam is formed by a collimator made from high-purity aluminum placed inside tierete shield-
ing of the accelerator hall. Photons scattered from a target are obddgyveeans of high-purity
germanium (HPGe) detectors. The photon flux at the target position in émesktrahlung cave
amounts up to cm2s71 MeV1,

3. Photoactivation measurements

The number of radioactive nuclBiy:(Eg) produced in a photoactivation measurement is pro-
portional to the integral of the absolute photon ffldx E, Eg) multiplied by the photodisintegration
cross sectiory, «(E) from the reaction threshold ener@, up to the bremsstrahlung spectrum

end-point energ¥y.
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Figure 1: Bremsstrahlung facility and experimental area for phatoattering and photodisintegration ex-

periments at the ELBE acceleratd?’/Au and H11BO3 or 1B samples were irradiated at the target position
in the bremsstrahlung cav®Mo and!®’Au samples were irradiated together at the photoactivaiien

The symbolk = n, p, a stands for the emitted particlB,; is the number of the target atoms in the
sample. The number of radioactive nudi(Eo) is determined experimentally after irradiation
with bremsstrahlung in a low-level gamma-counting setup using an HPGe detecto

Nact(Eo) = Y (Ey) - Keorr/ (€(Ey) - P(Ey)) (3.2)

Y(Ey),e(Ey), p(Ey) are the dead-time and pile-up corrected full-energy peak counts of seevaiol
transition, the absolute full-energy peak efficiency of the detector atrggE, and the emission
probability of the photon with energlg,. The factorkcor contains the relation of the detected
decays in the measurement titgRasto the number of radioactive nuclei present. Decay losses in
the timet,pss in between the bremsstrahlung irradiation and the begin of the measurenvegit as
as decay during the irradiation timg are taken into account. The symtrodienotes the mean life
time of the radioactive nucleus produced during the photoactivation.

~ expltioss/T) tirr /T
Keorr =77 exp(—tmead T) 1 — exp(—tyr /T) (3:3)

The constancy of the electron beam current and thus of the photdixtivate was checked by
monitoring both the electron current in the injector and in the beam dump. Daitygjcal irradi-
ation time of 8-16 hours there were no electron beam outages.

The sample (Mo) is activated in the high photon flux behind the beam dump évgeitn
a Au sample to measure an activation standard reaction,'&4u(y,n) (photoactivation site in
Fig. 1). During the same experiment another Au sample is irradiated at thet pangjtion inside
the bremsstrahlung cave. There, the absolute photon flux can be detfroimethe {/, y/) yield
of a sample containing'B which is irradiated in the same place. The cross sectid§’@u(y,n)
is then renormalized to give the measured activation yield with the absolutenpfioxodeter-
mined experimentally. With the renormaliz&Au(y,n) cross section and a simulated thick tar-
get bremsstrahlung spectrum, the absolute photon flux at the photoactisiidehind the beam
dump can be determined. From the absolute photon flux and the measuwatiattiield the cross
section normalization for photodisintegration of p-process nuclePfiko can be determined.
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Figure 2.  Theoretical bremstrahlung cross se&igure 3: Bremsstrahlung spectrum at the main
tions in comparison with the evaluation of Seltzgzhotoactivation site behind the graphite beam dump
and Berger (circles)[8]. The full line is from ref. [11js calculated with MCNP 4C2 (circles) for an end-
the dashed line is from ref. [10]. They were calcyoint energy of 12.6 MeV. The dashed line denotes a
lated using a program from E. Haug [12] that also itheoretical thin target bremsstrahlung spectrum cal-
cludes a screening correction according to ref. [18llated according to Schiff [9]. It is normalized to
The dotted line is from the parametrization [14], ththe MCNP simulation at 6 MeV. The full line is a
dash-dotted from Schiff [9]. parametrization of the MCNP simulation.

3.1 Photon spectrum and end-point energy deter mination

The bremsstrahlung spectrum at the target position can be describdzhaed on the brems-
strahlung cross section of a thin target. Fig. 2 shows theoretical brehiasgacross sections
compared to the evaluation of Seltzer and Berger [8] for a niobium radiBttercalculations were
made using formulae given by Schiff [9], Heitler [10], and Roche [11¢;last two being corrected
and programmed by Haug [12], who included an updated screeningctiorr due to Salvat et
al. [13]. Al Beteri et al. performed a theory motivated parametrizationxpeegmental data as
known in 1988 [14].

With the exception of ref. [14] the results agree to within 5 % of each othttiedbw energy
side of the spectrum, when atomic screening is taken into account. At thertégyeside at about
~1 MeV below the end point the descriptions differ to typically 20 %, see indes Will influence
the activation yield around the reaction threshold, where the yield integprdls strongly on
the overlap with the high-energy tail of the photon spectrum. The data shmothis work were
measured aEq > 10.0 MeV which is at least 2 MeV above the respecti¥&u(y,n) reaction
threshold. The electron beam energy has been determined using a digpletrimathe beamline
with a well known field integral measuring the beam positions before andthianagnet. With
MCNP4C2[15] we have calculated the absolute photon flux at the photatgti site behind the
beam dump, this analysis is in progress. Based on a parametrization of tiE kGults the thick-
target photon spectral shape was calculated and used in the analysisvad photoactivation data,
see Fig. 3.

3.2 1%7Au(y,n) as activation standard

197Au samples of mass 65 mg and 200 mg have been irradiated at end-poigieenar
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Figure4: Preliminary activation yield of°’Au(y,n) Figure5: Measured activation yields at the photoac-
measured at the target position, see Fig. 1. The expiation site for different Mo-Isotopes normalized to
imental yield is normalized to the number B¥Au the activation yield from®’Au(y,n) irradiated simul-
atoms and to the absolute photon flux at the enetgpeously and to the number of the respective tar-
E, = 8916 keV. The data are compared to yield intget atoms as a function of the bremsstrahlung end-
grals computed with the cross sections from TALYgoint energy. The full symbols denote experimen-
and NON-SMOKER using the absolute photon flual yields from1°Mo(y,n) (triangles),>’Mo(y,p) +
determined from known transitions in a sample cofy,n) (squares), antPMo(y, a) (diamond). The lines
taining 11B. are calculated with photodisintegration cross sections
from ref. [18] (full) and ref. [19] (dashed).

10.0 MeV up to 16.5 MeV at the target position together with a1'BO3; sample, mass 2.93
g, enriched in*!B to 99.27% or with a 99.52% enriched sample't® of mass 4.51 g. The ab-
solute photon flux was determined using known transition strengths[18Biat E, (0|, = 90°) =
4444, 5019, 7283 and 8916 keV, respectively. Detectors were pusitiat,;, = 90° and©5p =
127. Angular correlation effects are important for tH& photon scattering yields as observed
especially at 90 Feeding corrections are estimated to be small for the high-energetic tragsitio
(no feeding for the highest transition) used here, but will be includedafitial data analysis.

The number of°®Au nuclei produced during the activation was determined from decay mea-
surements in a low-level counting set up with HPGe detectors. The absohkdrdrgy peak ef-
ficiency was measured with the help of several calibration sources frogrgham and PTB [17]
to 3% uncertainty in the energy range from 150 - 2000 keV. A Cd abserag used to minimize
coincidence-summing effects with x-rays emitted from the Au samples and daheeaalibration
sources. The efficiency was checked by GEANT3 simulations that vigustad to the experimen-
tal data to give the efficiency as a function of photon energy. Coincetenmming corrections for
the 333 keV and 356 keV decay lines'8fPAu were taken into account. The weaker transition at
426 keV into Hg that does not have coincidence summing was included in dhesen The num-
ber of nuclei produced during the activation at the target position wasalized to the number of
197Au target nuclei and to the photon flux B} = 8916 keV. The data fof®’Au(y,n) are shown in
Fig. 4 in comparison with results that were calculated using the absolute piotahetermined
experimentally and the theoreticl’Au(y,n) cross section from the TALYS program [19] and
from NON-SMOKER [18]. The theoretical result from TALYS agreeslhwith the experimental
data. The combined effect of the systematic uncertainties in the absolutenflustoelated to the
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end-point energy, spectral shape of bremsstrahlung and ele@emn-énergy resolution, have not
been finally determined yet. About 20 % uncertainty does seem to be rediwtieyer. From the
data shown in Fig. 4 we conclude that the results from the NON-SMOKER aoelconsiderably
lower than observed experimentally. The yield integrals calculated with NRIRHER are only
60 to 80 % of the yield integrals calculated with TALYS.

3.3 Photoactivation measurements of M o-1sotopes

Natural samples of molybdenum (mass 0.66 - 4.80 g, disc diameter 20 mm) reavéraei-
ated together with the Au samples as discussed above. As the absolute retiaratizthe photon
flux at the photoactivation site is still in progress, Fig. 5 shows the measeaetion yields rel-
ative to the experimental Au reaction yield as calculated in eg. (3.2). Theadataormalized to
the different number of target atoms in the samples. The experimental data aee compared
with the yield integrals calculated with a simulated thick-target bremsstrahlurtyspeand the
NON-SMOKER and TALYS photodisintegration cross sections. The yieldymate (eq. 3.1) are
calculated relative to th®’Au(y,n) yield integral.

The data agree on a scale relativé¥@\u(y,n) to typically 20 - 30 % with the simulation. The
92Mo(y,p) reaction cross section is dominant at energies below 12.6 MeV, &Mbéy,n) channel
is not open yet. Th&Y™Nb nuclei produced were identified by the 1205 keV transition following
the EC decay intd'Zr. The population of the long lived(, = 680 yr) ground state if*Nb
that cannot be easily detected in an activation measurement has to be takaccount, e.g. by
statistical model calculations. With the TALYS code we have calculated thatffect s around 5
- 10 % in the energy range measured. The contribution fi@ivfo(y,n) above 12.6 MeV produces
shorter lived activity that can be identified with a pneumatic delivery syseamantly installed at
ELBE. Thel®Mo(y,n) results will be used for comparison with Coulomb dissociation experiments
done at GSI, Darmstadt [20]. We observed tHido(y, a) reaction with samples of natural Mo at
the rather low end-point energy of 14.5 MeV. In addition, ai$Sm(y, a) has been observed at
end point energies of 15.1 MeV and 16.0 MeV using natura)@Gsrsamples. The similarity of
the relative data shown in Fig. 5 as compared to the NON-SMOKER data fitBJALYS data
[19] suggest already that the predicted underproduction of Mo/Rugsstmight not be due to
wrong photodisintegration rates. Absolute data currently under analyisalaw to draw a firm
conclusion.

4. Conclusion

First photodisintegration measurements of the p-process nutiElashave been performed
at the new bremsstrahlung facility at ELBE, FZ Dresden-Rossendbé attivation technique has
been used to identify the different reaction products/mecay spectroscopy. The photodisinte-
gration reactionsy,n), (y,p), and {, a) have been observed. The absolute photon flux has been
measured online by known transitionstfB and by using the reactiof{’Au(y,n) as an activation
standard. Preliminary results indicate that the absolute cross sectitfi\afy,n) as calculated by
the NON-SMOKER code is lower than the experimental data. This was alsal fiouthe energy
region below 10 MeV in ref. [21]. The reaction yields f&Mo(y,p) + (y,n) relative to'*’Au(y,n)
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agree to within 20 - 30 % with the model calculations [18]. These reactioniloate to the
possible destruction of the p-process nuckh4o.
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