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M Böhmer6, K Boretzky2, A Brünle2, R Beyer7, E Casarejos8,
M Chartier9, D Cortina-Gil2, A Chatillon3, U Datta Pramanik10,
L Deveaux11, M Elvers4,12, T W Elze1, H Emling2, M Erhard7,
O Ershova1,2, B Fernandez-Dominguez9, H Geissel2, M Górska2,
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Abstract. The Coulomb Dissociation (CD) cross sections of the stable isotopes 92,94,100Mo
and of the unstable isotope 93Mo were measured at the LAND/R3B setup at GSI
Helmholtzzentrum für Schwerionenforschung in Darmstadt, Germany. Experimental data on
these isotopes may help to explain the problem of the underproduction of 92,94Mo and 96,98Ru
in the models of p-process nucleosynthesis. The CD cross sections obtained for the stable Mo
isotopes are in good agreement with experiments performed with real photons, thus validating
the method of Coulomb Dissociation. The result for the reaction 93Mo(γ,n) is especially
important since the corresponding cross section has not been measured before. A preliminary
integral Coulomb Dissociation cross section of the 94Mo(γ,n) reaction is presented. Further
analysis will complete the experimental database for the (γ,n) production chain of the p-isotopes
of molybdenum.

1. Motivation
The p-nuclei between 74Se and 196Hg are produced under explosive conditions in a sequence of
photodissociations of s- and r-process seeds and subsequent β-decays [1]. The modeling of the
p-process requires a large network with more than 2,000 isotopes linked by more than 20,000
reactions. The necessary nuclear physics input includes masses of the isotopes, half-lives of the
nuclei involved, and reaction rates. Only a small fraction of the required reaction rates can be
determined experimentally, most of which rely on predictions from statistical model calculations
[2]. An experimental validation of the reaction rates included in stellar models is therefore highly
desired.

92,94Mo and 96,98Ru are the most abundant, but not sufficiently explained p-nuclei [2].
According to recent stellar model calculations, 94Mo is mainly synthesized via the (γ,n)
photodisintegration chain starting from the more neutron-rich, and stable molybdenum isotopes
[3] (Fig. 1). In order to understand the abundance ratio of 94Mo to 92Mo, the determination
of the cross section of the 94Mo(γ,n) reaction is necessary. If this reaction is possible in a
certain stellar environment, the photodisintegration of 93Mo will follow immediately due to the
lower neutron separation energy (Fig. 2). The closed neutron shell at 92Mo terminates the
photoneutron chain of the molybdenum isotopes.

Figure 1. Portion of the reaction network leading to the
production of the p-isotopes 92Mo and 94Mo.

Figure 2. Neutron separation
energies of the molybdenum
isotopes 92Mo, 93Mo, and 94Mo.

The 92,93,94,100Mo(γ,n) reactions were measured via Coulomb Dissociation at the LAND/R3B
setup at GSI Helmholtzzentrum für Schwerionenforschung in Darmstadt, Germany. The (γ,n)
reactions are studied in inverse kinematics. The nuclei under investigation are prepared as an
ion beam, allowing radioactive nuclei to be investigated. The aim of the present experiment was
the validation of the method of Coulomb Dissociation by comparing the results with data from
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photoactivation measurements [4]. The (γ,n) cross section of the unstable isotope 93Mo could
be determined for the first time [5].

2. Experimental method
Most nuclei involved in photodissociation reactions in stellar nucleosynthesis networks are un-
stable and cannot be prepared as a sample for experiments using real photons. One solution is
to study the (γ,n) reaction in inverse kinematics: The nucleus under investigation hits a high-Z
target and interacts with the time-varying Coulomb field. This interaction can be interpreted
as an absorption of a virtual photon (Fig. 3) [6]. The absorption probability can be translated
into a (γ,n) cross section.

Figure 3. Schematic view of the Coulomb
excitation process of a molybdenum nu-
cleus. The Mo projectile impinges on a
lead target. The target’s electromagnetic
field ~E seen by the projectile is Lorentz-
contracted in the direction of motion. In a
peripheral collision (large impact parame-
ter b) the projectile can be excited by a
virtual photon.

The experimental setup is shown in Fig. 4. The ion beam enters the experimental area and
is tracked in time by the POS scintillation detector. Position sensitive pin diodes (PSP) [7]
detect the position of the ion as well as its charge via energy loss in the detector. The heavy
fragment is deflected by the ALADiN magnet (A Large Acceptance Dipole magNet) after the
(γ,n) reaction and hits three scintillating fibre detectors (GFI) [8] where the horizontal position
is measured. The TFW (Time-of-Flight Wall) at the end of the fragment arm provides position,
time and charge information. The emitted neutron remains unaffected by the magnetic field
and is detected by the Large Area Neutron Detector (LAND) [9].

3. Analysis and preliminary results
Several steps are needed to extract the cross section from the data of the complex experimental
setup.

3.1. Selection of the reaction channel
The reaction channel 94Mo(γ,n)93Mo has to be selected by several conditions applied to the
data. A primary beam of 94Mo entered the experimental area. To reject breakup events in
the material in front of the target, the incoming projectile 94Mo is identified by the charge (Z)
measured by PSP1 and PSP2. In the outgoing channel, the heavy reaction fragment must be
identified by its charge and mass. The fragment charge is selected by data obtained by the PSP3
and the TFW. The fragment mass is determined by tracking of the ions through the magnetic
field, using position information provided by the PSP and GFI detectors. Furthermore, one
neutron has to be detected by LAND.
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Figure 4. LAND/R3B experimental setup for the measurement of 92,93,94,100Mo(γ,n) by
Coulomb Dissociation [10].

3.2. Background subtraction
In addition to Coulomb excitation, the projectile may experience nuclear interactions in the
target and reactions with the material outside of the target. In order to determine these
background contributions, two additional measurements were performed: one without target
(“empty target”) and one with a carbon target. Due to the lower atomic number of carbon,
the induced electromagnetic excitations are much weaker compared to lead. The cross section
of the nuclear interaction is related to the size (radii) of the projectile and of the target nuclei.
Therefore, the interaction of the projectile with the carbon target is considered to be purely
nuclear [11]. The background distributions are normalized and subtracted from the lead target
distributions. The Coulomb Dissociation cross section σCD is determined by

σCD =

(
MPb

dPbNA

)
pPb −

(
α · MC

dCNA

)
pC −

(
MPb

dPbNA
− α · MC

dCNA

)
pEm, (1)

where p is the interaction probability, M the molar mass of the target material [g mol−1], d
the target thickness, NA the Avogadro number [mol−1] and α the nuclear scaling factor. The
indices refer to the different targets. In the analysis presented here, α is calculated according to
the “black disc model” [12], in which the interacting nuclei are considered fully opaque to each
other.
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Here, AP , APb, and AC represent the mass numbers of the projectile, the lead and the carbon
target, respectively. The model yields α = 1.53 for the 94Mo projectile.

3.3. Preliminary integrated Coulomb Dissociation cross section
For the determination of the integrated Coulomb Dissociation cross section, a distribution of
any observable derived according to Eq. 1 can be used. In the preliminary analysis presented
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here, the neutron kinetic energy in the fragment rest frame En was chosen. It is calculated on
an event-by-event basis with the kinematics of the incoming ion 94Mo, the outgoing fragment
93Mo and the evaporated neutron considering the Q value of the reaction:

En =
√
m2

93Mo +m2
n + 2 · γ93Moγn ·m93Momn · (1 − β93Moβn cos θ93Mo,n)c2−m94Moc

2−Q. (3)

The spectrum was corrected for the LAND efficiency and acceptance. The LAND efficiency
and acceptance as a function of the neutron kinetic energy was simulated considering the nominal
efficiency of LAND, which was determined in a calibration experiment, the inefficiency resulting
from switched-off paddles, and the limited geometrical acceptance of the detector. The data
were taken from Ref. [10].

The derived spectrum is shown in Fig. 5. Its integral delivers a preliminary integrated
Coulomb Dissociation cross section of 675 mb for the reaction Pb(94Mo,93Mo+n)Pb at a beam
energy of 500 MeV.

Figure 5. Preliminary Coulomb
Dissociation cross section of the reaction
Pb(94Mo,93Mo+n)Pb at a beam energy
of 500 MeV. The errors indicated are
purely statistical.

4. Comparison to results from photoabsorption measurements
The results for the reactions 92Mo(γ,n) and 100Mo(γ,n) are in good agreement with
measurements performed with real photons [5]. According to the method described in [10],
the photoabsorption data available for the reaction 94Mo(γ,n)93Mo from Beil et al. [13] were
converted to Coulomb excitation spectra for the E1 and E2 components using the systematics
for Giant Quadrupole Resonances. The data are presented in Fig. 6.

From the photoabsorption data, a Coulomb Dissociation cross section of 909 mb is calculated.
The ratio of the integral and of the integrated cross section deduced from the experimental data
was found to be 0.74. As a first approximation, the obtained value agrees with the normalization
factor suggested by Berman et al. [14] and Erhard et al. [15], that needs to be applied to the
photoabsorption data by Beil et al. The factor was confirmed in Ref. [10] for 92Mo and 100Mo.
The results of further analysis of the data for the 94Mo(γ,n)93Mo reaction, of additional efficiency
corrections and of a detailed study of the systematical errors will provide a full picture of the
Coulomb Dissociation experiment of the 92,93,94,100Mo(γ,n) reactions at the LAND/R3B setup.

5. Summary and outlook
The Coulomb Dissociation (CD) cross sections of the stable isotopes 92,94,100Mo and of the
unstable isotope 93Mo were measured at the LAND/R3B setup at GSI Helmholtzzentrum für
Schwerionenforschung in Darmstadt, Germany. The CD cross sections obtained for 92Mo and
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Figure 6. Coulomb excitation cross
section of 94Mo derived from the data
of Beil et al. [13]. The data were
obtained by a convolution of the E1 and
E2 photoabsorption cross sections with
the corresponding calculated virtual
photon field. The E2 component was
determined from the systematics for
Giant Quadrupole Resonances [10].

100Mo and the preliminary value for 94Mo are in good agreement with experiments using real
photons, thus validating the method of Coulomb Dissociation. The result of 93Mo(γ,n) is
particularly important since the corresponding cross section has not been measured before.
The results from the ongoing analysis of 94Mo(γ,n)93Mo will complete the analysis of this series
of measurements, hence completing the experimental database for the (γ,n) production chain of
the p-isotopes of molybdenum.
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