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Abstract. The knowledge of the cross sections for photodissociation reactions like e.g. (γ, n) of neutron
deficient nuclei is of crucial interest for network calculations predicting the abundances of the so-called
p nuclei. However, only single cross sections have been measured up to now, i.e., one has to rely nearly
fully on theoretical predictions. While the cross sections of stable isotopes are accessible by experiments
using real photons, the bulk of the involved reactions starts from unstable nuclei. Coulomb dissociation
(CD) experiments in inverse kinematics might be a key to expand the experimental database for p-process
network calculations. The approach to test the accuracy of the CD method is explained.

PACS. 25.20.-x Photonuclear reactions – 26.30.+k Nucleosynthesis in novae, supernovae and other explo-
sive environments

1 Introduction

Most of the elements heavier than iron are produced by
a sequence of neutron capture processes and β decays.
The s-process takes place during stellar burning phases
and is characterized by low neutron densities (nn ≈

2–4 · 108 cm−3) and temperatures (T ≈ 1–3 · 108 K) [1].
Thus, the so-called s-process path is close to the valley
of stability. In contrast, the r-process deals with high
neutron densities (nn > 1020 cm−3) and temperatures
(T ≈ 2–3 · 109 K) and is thought to occur in explosive
scenarios like, e.g., supernovae [2,3].

However, several proton-rich isotopes between Se and
Hg remain that cannot be produced during either of the
processes. A complete list of these so-called p nuclei can
be found in [4,5]. These nuclides are also produced during
explosive events lasting a few seconds at temperatures of
about 2–3 · 109 K. The lighter p nuclei are thought to be
produced by proton capture reactions during the so-called
rp-process [6] while the heavier ones are created from s-
and r-process seed nuclei by photodissociation processes
like (γ, n), (γ, p), and (γ, α) reactions in a process some-
times referred to as γ-process [5].

During the γ-process the (γ, n) reactions compete with
the (γ, p) and (γ, α) processes if the p and α separation en-
ergies of the produced proton-rich isotopes are low enough.

The special features corresponding to p-process nucle-
osynthesis in the A ≈ 100 mass region are discussed in
sect. 2. In sect. 3 the basics of Coulomb Dissociation ex-
periments and the SIS/FRS/LAND setup at GSI Darm-
stadt are explained.
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2 The A ≈ 100 mass region

The three most abundant p isotopes (92Mo: 14.84%, 94Mo:
9.25%, and 96Ru: 5.52% natural elemental abundance) are
found in the mass region A ≈ 100. This region is the
borderline between the rp- and γ-process, i.e., it is not
sure how the p nuclei in this region are produced: in one
of the two processes or in both simultaneously. Network
calculations including only the γ-process fail to reproduce
the observed abundances by a factor of 20 [5], thus, leading
to the assumption that both processes are responsible for
the production of the Mo and Ru p nuclei.

However, the difficulties in reproducing the observed
abundances might also stem from the nuclear physics part:
most of the reaction rates being involved in the network
calculations (compare fig. 1) are calculated by Hauser-
Feshbach statistical model calculations (e.g., [5]) due to
the lack of experimental data in the astrophysically rele-
vant energy region. The typical uncertainties of Hauser-
Feshbach based calculations are about 20–30% (e.g., [8]).
However, if proton-rich nuclei in the vicinity of closed
shells are concerned, it is not clear whether the involved
level densities are high enough to legitimate this statisti-
cal approach. Thus, an experimental examination of the
predicted reaction rates is highly desirable.

Different approaches are available and necessary to im-
prove the experimental data base for the γ-process. While
the (γ, n) cross sections in the energy regime of the Gi-
ant Dipole Resonance around 15MeV have already been
measured extensively several decades ago (see, e.g., [9]),
the knowledge about the astrophysically relevant energy
region close above the n separation energy is rather scarce.
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Fig. 1. Overview of the reactions involved in p-process nucleosynthesis in the mass region A ≈ 100. The stable isotopes are
printed in black boxes with their natural isotopic abundance. The p nuclei 92Mo, 94Mo, 96Ru, and 98Ru are marked with an
indented margin. β−-unstable isotopes are printed in light grey, the dark grey boxes stand for β+, ε-unstable isotopes both with
their half-life under lab conditions. The relevance of the indicated (γ, n), (γ, p), and (γ, α) reactions in a p-process network was
calculated using ref. [7].

Some efforts using continuous bremsstrahlung spectra
have been made at the S-DALINAC at Darmstadt [10,11]
and the ELBE setup at Rossendorf [12,13] to determine
the reaction rates without any assumptions on the shape
of the cross section’s energy dependence. A determination
of the reaction rates by an absolute cross section mea-
surement is possible using monoenergetic photon beams
produced by Laser Compton Backscattering [14].

However, both methods are limited to stable target nu-
clei. Here, Coulomb dissociation (CD) of fast radioactive
beams in the Coulomb field of a high-Z target nucleus us-
ing virtual photons is a viable approach to measure the
(γ, n) cross sections indirectly. Such experiments can be
performed with the SIS/FRS/LAND facility at GSI [15]
as described in the following section.

The experimental knowledge about the (γ, p) and
(γ, α) reactions in the corresponding Gamow window is
even worse. In fact, the experimental data is based on
the observation of the time reversal (p, γ) and (α, γ) cross
sections, respectively [16,17,18,19,20] for the proton-rich
nuclei with mass numbers around 100. Due to the dif-
ficulties concerning the experimental accessibility of the
(γ, α) reaction rates, a method using elastic α scattering
has been established [21,22].

Likewise in the case of these charged particle reactions,
CD provides an alternative possibility for experimental
studies. The validity of the CD approach has been recently
demonstrated for the case of the 7Be(p, γ) reaction, where
very good agreement has been found between direct and
indirect methods [23,24].

3 Coulomb dissociation experiments

In Coulomb dissociation (CD) experiments the Coulomb
field of a high-Z nucleus is used to excite the nuclei one is
interested in (see fig. 2). Thus, CD experiments are always
done in inverse kinematics with the high-Z nuclei as tar-
gets and the nuclei of interest as projectiles. This forced
procedure yields the advantage that unstable isotopes can
be observed if they are available as radioactive beams.

If, e.g., AZ(γ, n)A−1Z is the reaction of interest one
has to study the reaction 208Pb(AZ,A−1Z + n)208Pb us-
ing CD. The energy of the projectiles is choosen as high
as possible due to several reasons. First of all, the higher
the energy of the projectile the more the Coulomb field of
the high-Z nucleus is distorted, thus, leading to a higher
fraction of E1 excitations. Secondly, the used detection
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Fig. 2. Scheme of a Coulomb dissociation experiment in in-
verse kinematics observing the reaction 92Mo(γ, n)91Mo. The
high-Z target composed of 208Pb is shown with its surround-
ing field of virtual photons (marked with γ). The incoming
92Mo projectile has an impact parameter b. After passing the
Coulomb field of 208Pb the now excited nucleus 92Mo∗ de-
excites by emitting a neutron and remains as 91Mo.

systems cover 4π solid angles due to the fact that all reac-
tion products are predominantly focussed in forward di-
rections. At last, CD dominates the nuclear background
under small scattering angles, hence, yielding a possibil-
ity to distinguish between these two contributions to the
cross section.

The experimental method used at GSI Darmstadt,
is to produce a high-energy stable or radioactive beam
and to measure the breakup products in secondary tar-
gets with full kinematics, thus, allowing the reconstruction
of the excitation energy by utilizing the invariant-mass
method. All projectile-like decay products are detected,
i.e., all reaction products that have velocities close to the
beam velocity. In this sense, the measurement is kinemat-
ically complete. Additionally, the γ-rays emitted by the
excited projectile near the target position are measured.

The beam is delivered by the heavy-ion synchrotron
SIS with energies up to 1GeV/nucleon and intensities of
about 1010 ions/s depending on the accelerated nuclei. Ra-
dioactive beams are produced by the in-flight method us-
ing a Be production target with a thickness of 4 g/cm2.
The fragment separator FRS [25] is used to select the
fragments of interest according to their magnetic rigid-
ity. Furthermore, scintillation detectors are placed in the
FRS beam-line to determine the masses of the fragments
by time-of-flight measurements.

In front and behind the target the position of the beam
is determined by Si pin-diodes. The dimension of the beam
spot and its emittance is defined by a system of active slits
called ROLU [26]. The Pb target is placed at the begin-
ning of the CsI detector [27,28] that is used to measure
the γ-rays being emitted by the excited projectiles. Each
of the single crystals covers a solid angle that is defined by
the aim to realize the Doppler correction by suitable am-
plifications of the single signals. Thus, the energy of the

emitted photon in the rest frame of the emitting source
can be measured directly.

A large gap dipole magnet (ALADIN, see ref. [29]) sep-
arates the charged reaction products and the emitted neu-
trons. To determine the trajectories of the charged frag-
ments, a position-sensitive Si pin-diode before the magnet
and two large-area fiber detectors [30] behind the magnet
are used. By defining the deflection angle in the magnetic
dipole field, the magnetic rigidity of the particle is fixed.
The velocity of the particles is measured with the time-
of-flight (ToF) wall in combination with a thin organic
plastic scintillator placed close to the target.

The LAND neutron detector [31] provides with its
2×2m2 active area a 100% acceptance for the emitted neu-
trons with kinetic energies up to 5.6MeV. Using the two
far-end sides of the one meter thick detector array time-
of-flight and position information is available (description
of the setup after [15]).

In the current experiment S295 the (γ, n) cross sec-
tions of the isotopes 92,93,94,100Mo have been observed by
CD. To study the stable isotopes 94Mo and 100Mo the
corresponding beams were delivered by the synchrotron
SIS. The beam of 93Mo and 92Mo nuclei was produced by
a primary 94Mo beam via one and two neutron removal,
respectively. However, the cross sections of these two iso-
topes have been measured one after the other due to an
easier analysis.

Additionally, a measurement with a C and a Sn tar-
get instead of 208Pb was performed to subtract the nu-
clear contributions to the CD cross sections. To get full
knowledge about the background conditions an empty-
target run was also carried out. The whole beam-time
lasted for nine days and was realized by a collaboration of
Forschungszentrum Rossendorf, Forschungszentrum Karl-
sruhe, GSI Darmstadt, and TU Darmstadt. The evalu-
ation of the data has just started, hence, it is not yet
possible to show preliminary results.

4 Summary and outlook

The (γ, n) cross sections of the isotopes 92,93,94,100Mo have
been measured using the Coulomb dissociation technique
at the SIS/FRS/LAND setup at GSI Darmstadt. To es-
tablish the accuracy of this method, the cross sections of
the stable isotopes 92Mo and 100Mo are also determined
using real photons provided by the bremsstrahlung setups
at ELBE and S-DALINAC, respectively.

The expected agreement of the results should establish
the accuracy of the CD method. Once this goal is achieved,
CD measurements on many critical but unstable nuclei
for the p-process can be envisaged. A first example is the
isotope 93Mo, that cannot be prepared as a target and was
measured during the current experiment.

We thank the collaborators of experiment S295 from For-
schungszentrum Rossendorf, Forschungszentrum Karlsruhe,
and GSI Darmstadt for fruitful discussions and their support
during beam-time. This work is supported by the DFG (con-
tract SFB 634) and BMBF.
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