
Excimer Laser Pumped by an Intense, High-Energy Heavy-Ion Beam

A. Ulrich,1 A. Adonin,2 J. Jacoby,2 V. Turtikov,2,3 D. Fernengel,4 A. Fertman,3 A. Golubev,3 D. H. H. Hoffmann,4,5

A. Hug,4 R. Krücken,1 M. Kulish,6 J. Menzel,4 A. Morozov,1 P. Ni,4 D. N. Nikolaev,6 N. S. Shilkin,6 V. Ya. Ternovoi,6

S. Udrea,4 D. Varentsov,5 and J. Wieser7

1Physik Department E12, Technische Universität München, James Franck Straße 1. D-85748 Garching, Germany
2Institut für Angewandte Physik, Johann Wolfgang Goethe-Universität, Max von Laue-Straße 1, D-60438 Frankfurt/Main, Germany

3A.I. Alikhanov Institute for Theoretical and Experimental Physics, Bolshaya Cheremushkinskaya 25, 117218 Moscow, Russia
4Institut für Kernphysik, Technische Universität Darmstadt, Schlossgartenstraße 9, D-64289 Darmstadt, Germany

5Gesellschaft für Schwerionenforschung, Planckstraße 1, D-64291 Darmstadt, Germany
6Institute of Problems of Chemical Physics, Chernogolovka, Moscow Region, 142432 Russia

7Coherent GmbH, Munich site, Zielstattstraße 32, D-81379 München, Germany
(Received 25 July 2006; published 11 October 2006)

High-energy heavy ions are an ideal tool to generate homogeneously excited, extended volumes of
nonthermal plasmas. Here, the high-energy loss (dE=dx) and absolute power deposition of heavy ions
interacting with matter has been used to pump an ultraviolet laser. A pulsed 70 MeV=u 238U beam with up
to 2:5� 109 particles in�100 ns beam bunches was stopped in a 1.2 m long laser cell filled with a 1.6 bar
Ar-Kr-F2 mixture (typically 50%:49:9%:0:1%). Laser effect on the 248 nm KrF� excimer transition is
clearly demonstrated.

DOI: 10.1103/PhysRevLett.97.153901 PACS numbers: 42.60.By, 41.75.Ak, 42.55.Lt

Short wavelength lasers generally require a high power,
nonthermal method of excitation. In this Letter we dem-
onstrate particle beam pumping of a 248 nm KrF excimer
gas laser, using projectiles of extremely high mass, en-
ergy, and charge, in the form of a pulsed, focused beam
of relativistic 238U ions. The beam was provided by the
heavy-ion synchrotron SIS 18 at the Gesellschaft für
Schwerionenforschung (GSI) Darmstadt, Germany.

Heavy-ion beam pumping of lasers is based on the
following considerations: Heavy ions have a very high
energy loss (dE=dx) in matter which scales quadratically
with the charge of the projectile as described by the Bethe
formula. The combined effects of ion-beam focusing, the
dependence of power deposition from the projectile en-
ergy, and the angular scattering of the projectiles, lead to an
almost cylindrical and homogeneously excited volume on
the beam axis [1], which can be well matched with the
mode volume of a laser resonator. Additionally, experi-
ments at GSI have shown that the stopping power also
depends strongly on the properties of matter, and particu-
larly in ionized matter extremely high stopping power was
observed [2]. Recently, the SIS 18 synchrotron at GSI
became capable of providing intense, low-emittance, and
short pulses of heavy-ion beams, and therefore an experi-
ment was performed to study the possibility of using such
beams for pumping short wavelength lasers.

Heavy-ion beam pumping [3] of gas lasers had first been
demonstrated in 1983 stimulated by so-called nuclear
pumped laser experiments in which the flux of nuclear
fission fragments is used to pump gas lasers [4]. Various
laser schemes have been studied [5–8], but due to the
limited pumping power levels provided by ion accelera-
tors, the wavelength range of ion-beam pumped lasers had
been limited to the infrared and visible spectral region

[3,9,10]. This situation has now changed due to the
strongly improved beam intensity of the GSI accelerators.
Short wavelength ion-beam pumped lasers may have some
applications as special light sources, e.g., in the form of
tunable excimer lasers of the pure rare gases in the vacuum
ultraviolet (Ne to Xe, 80 to 170 nm). These broadband
gain media may also be used for short-pulse production.
Another important aspect is that observation of laser effect
in ion-beam induced plasmas can be used as a sensitive tool
for studying such plasmas. Besides laser experiments the
general aspects of the formation of heavy-ion beam in-
duced plasmas have been extensively studied [1,2,11,12].
Because population inversion and laser effect only occurs
under specific conditions with respect to plasma density
and temperature, electron density and temperature, as well
as opacity of the target material at the laser wavelength, a
comparison of the laser parameters with model calcula-
tions can provide a deep insight into the excitation and
deexcitation processes in ion-beam induced plasmas.

In this Letter we describe a heavy-ion beam pumped
laser in the ultraviolet spectral range which has become
possible by the considerable improvement in the beam in-
tensity and quality of the SIS 18 synchrotron, as well as in
beam transport and handling at the HHT experimental area.
A KrF excimer laser scheme has been used for this pioneer-
ing experiment, because of the strong ionic channel for
forming the KrF� excimer molecules [13] and the large
cross section of heavy ions to produce these ionic precur-
sors. Furthermore, the KrF laser light at a wavelength of
248 nm can still propagate to the detection systems through
ambient air, thus simplifying this first experimental setup.

A 1.2 m long stainless steel laser cell of 38 mm inner
diameter was aligned with the ion-beam axis at the high
intensity target station (HHT) of the SIS 18 facility. The
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ion beam exited the beam line through a thin (150 �m)
aluminum foil and traversed about 2 m of air before enter-
ing the laser cell through a scintillator plate and a steel
entrance foil. A flat laser mirror consisting of a 3.2 mm
thick, Al-MgF2 coated, quartz substrate was also traversed
by the ions. The ions were then stopped in the laser gas
before reaching the second laser mirror. This mirror was
dielectrically coated and highly reflective for 248 nm light
(>99:8%) and its quartz substrate had a radius of curvature
of 3 m. The laser medium consisted of about 50% Ar and
50% Kr. The fluorine was added as a 0.25% F2 admixture
to the Kr gas. The gas mixture was filled into the laser tube
in a continuous flow mode to avoid depletion of F2 due to
chemical reactions. The pressure was adjusted to 1.6 bar, a
pressure for which the projectiles were stopped near the
end of the laser tube. This was controlled by observing the
fluorescent light through a view port near the end of the cell
with a CCD camera.

Beam pulses provided by GSI’s UNILAC linear accel-
erator were accumulated in the SIS ring using the multi-
multi-turn injection and electron-cooling scheme and then
accelerated to a particle energy of 250 MeV=u. The four
beam bunches existing in the SIS ring during the accelera-
tion phase were merged into one pulse of about 100 ns
duration using adiabatic rebunching and fast bunch rota-
tion techniques, extracted, guided in the beam transport
line and focused onto the target. The energy loss of the
projectiles before entering the laser medium was very high
in this particular test setup, which had to be placed behind
the routinely used target station. Only the final 70 MeV=u
of the particle energy were actually deposited in the laser
gas mixture. Up to about 2:5� 109 ions per pulse were
available which corresponds to 6.7 J pulse energy and up to
67 MW pumping power, respectively. The pulses could
be applied as single pulses or with a repetition rate of up
to about 0.1 Hz. Pulse intensity could be varied by chang-
ing the number of particles accumulated in the synchro-
tron. The beam diameter in the target gas could not be
measured reliably. An estimated value is 2 mm correspond-
ing to a spatially averaged pumping power density of
�20 MW=cm3.

Two fast, UV-enhanced photodiodes (IRD AXUV 20HS/
BNC 05-1) with transmission filters for 248 nm light and
two compact spectrometers with fiber optics coupling were
used for light detection. Light emitted on the laser axis was
reflected off a diffuse Al reflector and light emitted per-
pendicular to the laser axis was observed through view
ports near the entrance of the ion beam into the laser cavity
and near the end of the laser cell. Electronic cameras were
used for aligning the ion beam with the laser axis by
observing the scintillator plate at the entrance to the laser
cell and the fluorescent light emitted from the laser gas
near the end of the range of the ions.

Laser effect was clearly observed as soon as the number
of projectiles per beam pulse exceeded 1:3� 109. This is
demonstrated by Fig. 1 which shows spectra of the light
emitted on the laser axis just below and above threshold.

Systematic variation of the pumping pulse intensity re-
sulted in a threshold at �1:25� 0:1� � 109 particles per
pulse (�30 MW) and a steep increase in laser intensity
which doubled approximately with every increase of�2�
108 particles in the pumping pulse up to a maximum
pumping power of �60 MW available in this experiment
(Fig. 2). The Al-MgF2 laser mirror had a maximum reflec-
tivity of 90% which corresponds to an average value of
optical gain of 5� 10�4 cm�1 at laser threshold. Line
narrowing of the laser light with respect to the spontaneous
248 nm emission was observed but without a quantitative
result due to the limited resolution of �2 nm of the spec-
trometers used. The time structure of the laser pulses is
shown in Fig. 3. The emission of spontaneous light on the
248 nm KrF excimer transition followed essentially the
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FIG. 1. Demonstration of laser effect. The laser line at 248 nm
appears in the emission along the laser axis as soon as the laser
threshold is reached [lower spectrum (b), pumped with 1:3�
109 particles=pulse], whereas this line is completely absent
below threshold [top spectrum (a), pumped with 0:98�
109 particles=pulse]. The broadband feature around 400 nm is
due to Kr2F emission [13]. The narrow spikes are artefacts in the
CCD detector of the spectrograph due to the background of hard
radiation at the experimental area.
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FIG. 2. Demonstration of the threshold behavior of the laser.
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pumping pulse convoluted with the temperature dependent
gas kinetics. Laser pulse duration (FWHM) ranged from
60 ns near laser threshold to 84 ns for pumping pulses with
2:46� 109 particles.

In summary, a heavy-ion beam pumped ultraviolet ex-
cimer laser was demonstrated, enabled by the beam pa-
rameters now available at the accelerators at GSI. Next
experiments will be performed using the excimer laser
transitions of the pure rare gases to study ion-beam induced
plasmas. The concept described here will also be of interest
to be considered for the higher power levels, target den-
sities, and consequently shorter wavelengths regions at the
projected FAIR facility at GSI. This facility will provide
intense bunched beams of heavy ions that exceed the

current parameters up to 2 orders of magnitude [14]. The
use of heavy-ion beams as a pumping source may lead to
new pumping schemes which rely on the high cross sec-
tions for multiple ionization of the target species.
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FIG. 3. Time structure of laser emission (a), spontaneous
emission (b) and ion-beam pulse (c). The time structure of the
ion-beam intensity was measured with an inductive current
probe.
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