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Abstract

The high energy loss of heavy ions in matter as well as the small angular scattering makes heavy ion beams an excellent
tool to produce almost cylindrical and homogeneously excited volumes in matter. This aspect can be used to pump short
wavelength lasers. For the first time, a beam of heavy ions was used to pump a short wavelength gas laser in an experiment
performed at the GSI ion accelerator facility in December 2005. In this experiment, the well-known KrF* excimer laser was
pumped with an intense uranium beam. Pulses of an uranium beam compressed down to 110 ns (full width at half
maximum) with initial particle energy of 250 MeV per nucleon were stopped inside a gas laser cell. A mixture of an
excimer laser premix gas (95.5%Kr + 0.5%F,) and a buffer gas (Ar) in different proportions was used as the laser gas.
The maximum beam intensity reached in the experiment was 2.5 x 10° particles per pulse, which resulted in 34 J /g
specific energy deposited in the laser gas. The laser effect on the transition at N = 248 nm has been successfully
demonstrated by various independent methods. There, the laser threshold was reached with a beam intensity of 1.2 x
10° particles per pulse, and the energy of the laser pulse of about 2 mJ was measured for an ion beam intensity of 2 x
10° particles per pulse. As a next step, it is planned to reduce the laser wavelength down to the vacuum ultraviolet
spectral region, and to proceed to the excimer lasers of the pure rare gases. The perspectives for such experiments are
discussed and the detailed estimations for Xe and Kr cases are given. We believe that the use of heavy ion beams as a
pumping source may lead to new pumping schemes on the higher lying level transitions and considerably shorter
wavelengths, which rely on the high cross sections for multiple ionization of the target species.

Keywords: Excimer laser; Heavy ion beam; Laser threshold; Pumping power; Spontaneous and stimulated emission.

1. INTRODUCTION lasers (Kuehl ef al., 2007; Neumayer ef al., 2005), heavy ion
beams may be considered as a pumping source, which can
also provide high power densities in a target material
(Tahir et al., 2007). In this work, the first successful
operation of a KrF* excimer laser at A = 248 nm pumped
with an intense, high energy uranium ion beam (Ulrich
et al., 2006a, 2006b; Adonin et al., 2007a) is described in
detail.

The KrF* excimer laser is known for more than 30 years
and well studied with electron beam and gas discharge
pumping (Brau, 1984). The capability of KrF* laser
systems to reach a high level (more than 100 kJ) of the
output energy was studied with the electron beam pumping

) ] (Sullivan, 1987). These systems were in the particular interest
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Lasers cover a wide spectral range from the infrared to
X-rays. Various types of pumping sources from regular elec-
trical discharges (Rocca et al., 1994; Wagner et al., 1996),
high power lasers to the flux of nuclear fusion fragments, pro-
vided by pulsed reactor facilities (Young, 1981; Karelin
et al., 1997) have been studied, depending on the power
density required for the laser scheme or the planned appli-
cation of the laser. In general, the shorter the wavelength of
the laser the higher the power density required for
pumping. As an alternative to laser induced plasmas that
are meanwhile routinely used for pumping short wavelength
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KrF* laser systems were considered as a fast ignition driver
for inertial confinement fusion (ICF) (Sullivan et al., 1993).

Following the fast ignition ICF concept with KrF* laser, a
number of experiments were recently performed in the
GARPUN-MTW laser facility (Zvorykin et al, 2007).
Also, the high-energy KrF* laser there was used for pro-
ducing shock waves in liquids and for studying hydrodynamic
instabilities such as Rayleigh-Taylor and Richtmyer-
Meshkov (Zvorykin et al., 2008). The development of these
instabilities on the target surface is one of the key-problem
for ICF.

A series of laser experiments is planned at Gesellschaft fiir
Schwerionenforschung (GSI, Darmstadt, Germany) ion
accelerator facility in the context of plasma physics studies.
These studies aim at the production and investigation of
high energy densities in matter in general (Hoffmann et al.,
2005). Several aspects of the formation of plasmas,
induced by heavy ion beams, have been extensively studied
(Ulrich et al., 1987; Jacoby et al., 1990, 1995; Tahir et al.,
2005, 2007). Short wavelength lasers pumped with ion
beams may also be used as a sensitive tool for studying ion
beam induced plasmas, because population inversion and
laser effect only occur 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 measured laser par-
ameters with model calculations can therefore provide
insight into the excitation and relaxation processes in ion
beam induced plasmas (Ulrich et al., 2006a).

The basic idea of heavy ion beam pumping of gas lasers is
to use the specific features of ion interaction with matter.
First, heavy ions have a very high energy loss in matter,
which scales quadratically with the charge of the projectile
that allows achieving high pumping power densities in the
laser medium. Second, heavy ions have the ability to
produce non-thermal excitation of atoms and molecules in
the target medium. And finally, heavy projectiles propagate
with small angular scattering in the medium, which in com-
bination with ion beam focusing and the dependence of
energy deposition from the projectiles energy results in an
almost cylindrical and homogeneously excited volume
along the ion beam axis (Tahir et al., 2005). This volume
can be well matched with the mode volume of a laser
cavity (Ulrich et al., 2006a).

Heavy ion beam pumping of gas lasers had first been
demonstrated in 1983 at the Munich tandem van de Graaff
accelerator by pumping an infrared He-Ar laser with a
100 MeV *2S beam (Ulrich er al., 1983). Investigations in
this field were continued, but due to the limited pumping
power densities, provided by ion accelerators, the wave-
length range of the ion beam pumped lasers had been
limited to the infrared and visible spectral region
(Ulrich et al., 1983, 1994). This situation has now been
greatly improved due to the significant increase in beam
intensity and beam quality available at the GSI ion accelera-
tor facility.
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The experiment described here is the first in a planned
series dedicated to studying of short wavelength gas lasers
using ion beam pumping. The projected parameter range
for the next experiments in this series is discussed and
detailed analytical and numerical estimations for the next
two possible laser candidates are presented.

2. KrF* LASER EXPERIMENT

2.1. Ion Beam and Target Parameters

For a first demonstrational experiment, the well-known
KrF* excimer laser line at a wavelength of 248 nm had
been chosen. The selection of this wavelength was based
on two main reasons: first, it is a rather short wavelength,
already in ultraviolet (UV) region, and second, it is still
easy to handle with respect to light detection. Radiation of
this wavelength can propagate in air without significant
attenuation. Therefore, there is no need to evacuate the
light path between the laser setup and the detector
as would be the case for vacuum ultraviolet (VUV) light
with wavelengths below 200 nm. Light with a wavelength
of 248 nm is also still in a range where usual quartz optics
(diagnostic windows, lens, fibers, etc.) and charge-coupled
device (CCD) detectors in cameras and spectrometers can
be used.

The experiment was performed at the HHT target area at
GSI in December 2005 (Ulrich et al., 2006a, 2006b;
Adonin et al., 2007a). Pulses of uranium ions provided by
the universal linear accelerator at GSI (UNILAC) were accu-
mulated in the SIS-18 (heavy ion synchrotron at GSI) using
the multi-multi-turn injection scheme (Spiller et al., 2006). In
the SIS-18, electron cooling was applied to the ion beam,
which allowed to reduce the transverse and longitudinal emit-
tance of the beam several times, which improved the focus-
ing characteristics of the beam significantly (Steck et al.,
1993). Then the uranium ions were accelerated in the SIS
ring to 250 MeV/u and compressed into one beam pulse
with duration of about 110 ns (full width at half maximum
(FWHM)) using adiabatic rebunching and fast bunch rotation
techniques. After that, the ion beam was extracted and guided
in the beam transport line to the HHT area and finally deliv-
ered to the laser cavity.

The beam pulses were applied as single pulses for quanti-
tative measurements or with a repetition rate of up to about
0.1 Hz and reduced intensity for beam alignment, respect-
ively. The intensity of the uranium beam pulses could be
varied from about 10® to a maximum of 2.5 x 10 particles
per pulse. Taking into account that the ions lost particle
energy before entering the laser cell (see Section 2.3), the
maximum pulse energy deposited by the ion beam in the
laser gas was 6.7 ] corresponding to a maximum beam
power of about 61 MW.

The laser gas used in the experiment was a mixture of an
excimer laser gas premix (95.5%Kr + 0.5%F,) and a buffer
gas (4.8%Ar). It was used in different mixing proportions:
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35/65 and 60/40 of premix and buffer gas, respectively. The
total gas pressure in the laser cell was varied between 1.2 and
2 bar.

2.2. Concept of the Experiment

The general concept of the experiment is demonstrated in
Figure 1. The intense **U"** beam pulse entered the laser
cell from the right (Fig. 1) and was completely stopped in
the laser gas. The position of the beam and the spot size of
the beam right before entering the cell were observed with a
gated CCD-camera looking at an Al,Os-scintillator installed
on the beam axis. At a distance of approximately 30 cm
behind the entrance point of the ions, the spontaneous emission
from the laser gas was observed in a direction perpendicular to
the ion beam axis through a sapphire viewport with a fast
photodiode and a spectrometer (Fig. 1).

The pressure of the laser gas inside the cell was adjusted so
that the ions would stop in a diagnostic cross-piece (Fig. 1) to
make sure that they would not hit and damage the second
laser mirror. The range of the ions was controlled by observ-
ing the Bragg-peak region with gated CCD-cameras installed
in perpendicular directions in front of the cross-piece for
beam diagnosing purposes (see next Section).

The stimulated emission along the ion beam axis was par-
tially (less than 1%) decoupled from the cavity through the
second mirror. To avoid saturation of the laser diagnostics,
decoupled laser light was scattered off the rough surface of
a sand-blasted Al-plate (Fig. 1) and then registered. By
varying the distance between the laser diagnostics (photo-
diode and spectrometer) and the diffusely reflecting plate,
it was possible to control the signal strength and thereby
adjusting it to the dynamic range of optical diagnostics.

A He-Ne laser with 1 mm aperture (left item in Fig. 1) was
installed and adjusted on the ion beam axis for a pre-
alignment of the laser mirrors. This was possible because
the exit (second) mirror had a dielectric coating on a quartz
substrate and was therefore transparent for visible light
whereas the entrance (first) mirror had an Al-coating that is
reflective for visible light. A compact video camera installed
in front of the laser aperture (Fig. 1) was used for visually
controlling the reflected adjustment laser spots during
remote alignment of the laser cavity with the He-Ne laser.

Gas OUT

Fig. 1. (Color online) The general concept of the experiment (experimental
setup with diagnostics).
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2.3. Energy Losses of the Ions before Entering
the Laser Cell

Before entering the laser cell, the ion beam had to traverse the
following intermediate materials: an Al-window at the exit of
the HHT-beamline (150 pm), a 210 cm long distance of
ambient air, an Al,Ojz-scintillator (600 wm), an entrance
foil for the laser cell made from stainless steel (50 pm),
and, finally, the first laser mirror, mainly its SiO, substrate,
3.175 mm thick. Because of all these objects that could not
be avoided in this test experiment, only the final 71 MeV /u
of the particle energy were available to be deposited in the
laser gas.

Table 1 lists the remaining energy of the ions and the
increase of the beam radius and the ion’s angular spread
after propagation through each intermediate material
between the exit of the beamline and the entrance of the
laser cavity.

The calculations were performed using the SRIM and
TRIM codes (from SRIM-2006 code package) for each inter-
mediate material separately without taking ion beam strag-
gling in the previous materials into account (Ziegler et al.,
2003). Each calculation used a statistics of 1000 ions and
the results, listed in Table 1, are valid for 90% of the
particles.

2.4. Shape of the Ion Beam inside the Laser Cell

One important point in the experiment was to determine the
ion beam excited volume inside the laser cell. The stopping
length of the ion beam in the laser gas could be determined
by observing the position of the Bragg-peak region (see
Section 3.3) and controlled by varying the gas pressure.
The evolution of the diameter of the ion beam inside the
laser cell could only be estimated using a simulation.

There are two effects that have influence on the spot size of
the ion beam: beam transport and focusing in the HHT beam-
line and angular straggling due to scattering of the ion in
front of and inside of the laser cell. These effects are indepen-
dent from each other and can therefore be calculated
separately.

The shape of the ion beam inside the cell, as defined by the
final focusing system of the HHT-beamline (without taking
interactions of ions with matter into account), were calculated
using the beam transport simulation program for the
HHT-line. The ion beam straggling due to ion-atom col-
lisions in the intermediate materials as well as in the laser
gas was calculated using the TRIM code (for an initially par-
allel beam with zero-diameter).

Combining beam focusing and straggling in the inter-
mediate materials, it could be assumed that the ion beam
was round with the diameter of 6.3 mm (FWHM) at the
entrance to the laser cavity. The estimated beam diameter
at the end of the ion range was 18.8 mm (FWHM) for
the laser gas containing 40% Ar and 60% excimer laser
premix.
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Table 1. lon energy, increasing beam radius and angular spread after propagation of the ions through each

intermediate material on their way to the laser cavity

250 MeV /u (59.5 GeV)

Traversed material/thickness Ion energy Increase in beam radius Angular spread of ions
Beamline exit Al-window 150 pm 58.52 GeV 54 nm 0.031°
Air gap 210 cm 50.84 GeV 1.7 mm 0.076°
Al,O3-scintillator 600 pm 44.24 GeV 0.63 pm 0.097°
SS-pressure window 50 pm 43.22 GeV 33 nm 0.057°
Entrance Quartz mirror 3.175 mm 16.89 GeV 8.3 um 0.328°

A reliable measurement of the ion beam spot size was
possible during the experiment only at the end of ion’s
range in the laser gas (Bragg-peak region). The measured
value of the spot size of the beam was 16 mm (FWHM)
for the case of the mixture: 40% of Ar and 60% of excimer
laser premix, at a gas pressure of 1200 mbar, which is in
good agreement with the estimated value of 18.8 mm.

3. EXPERIMENTAL SETUP AND DIAGNOSTICS

The laser setup consisted of a 1.2 m long stainless steel laser
tube of 38 mm inner diameter, placed about 2 m behind the
final focusing system of the beamline, vacuum system,
high pressure gas filling system, mirror alignment units,
and instrumentation for system control and optical diagnos-
tics (Fig. 1).

3.1. Vacuum and High Pressure Gas System

A combination of an oil-free diaphragm roughing pump and
a turbo-molecular pump had been used for the vacuum
system (Fig. 1). During preparation of the experiment, the
laser tube was baked at 130°C with a special heating wire.
It was important to remove the water from the inner surface
to avoid the formation of HF-acid during the experiment. A
background pressure of 10~® mbar was reached. During
high pressure operation, the vacuum system was closed
with a gate valve.

The high pressure gas system was connected to the laser
cell at two points with 6 mm diameter Teflon tubes that are
fluorine resistant and thick enough to allow pressures up to
10 bar to be used. To ensure a constant concentration of flu-
orine in the gas mixture and to prevent depletion of fluorine
by reactions with impurities, a steady flow of the laser gas
was established in the laser cell. The position of the connec-
tion points of the gas system to the laser cell was chosen in a
way to maximize the volume inside the laser cell that was
included in the gas flow (Fig. 1). Bottles containing the
excimer-laser premix (95.5%Kr + 0.5%F,) and pure Ar
(4.8%) buffer gas, respectively, were connected to the
system separately for preparing various mixing ratios. Laser
gas inlet and outlet was remote controlled by a combination
of an electro-mechanical valve actuator with a ball valve (gas
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inlet) and a metering valve with electrical motor on the outlet.
This allowed remote control of the gas pressure and gas
composition.

3.2. Optical Cavity

The optical resonator was formed by two mirrors. A first
mirror was placed on the optical axis and traversed by the
ion beam. It consisted of a flat, 25 mm diameter, 3.2 mm
thick fused silica substrate with Al-MgF, coating. A
second, dielectrically coated mirror, highly reflective for
the laser wavelength of 248 nm was placed again on the
optical axis at the other end of the laser cell. It had a
25 mm diameter, 6.35 mm thick plane-concave fused silica
substrate with 3 m radius of curvature. The length of
the optical cavity was 1.3 m. The second mirror was used
as the output-coupler and used also as the window of the
gas cell.

Each mirror had been mounted on an adjustment unit,
specially constructed for high pressure (up to 10 bar) and
precise alignment of the optical cavity. Each unit had two
leveling screws that allowed adjusting the mirrors with
micrometer step. Remote controlled electrical motors
driving the leveling screws provided the possibility of
on-line alignment during the experiment.

3.3. Diagnostics

Sapphire and MgF, viewports were installed at different
places in the laser cell and were used as ultraviolet
(UV)-transparent windows for optical diagnostics and spec-
trometry. The thickness of the optical material was chosen
to withstand the pressure differentials up to 10 bar.

3.4. Laser Intensity and Time Shape

For measuring the time structure and intensity of the laser
light (along the ion beam axis) as well as of the spontaneous
light emission (perpendicular to the ion beam axis), two high
speed, UV sensitive photodiodes were used. In order to reg-
ister only the KrF* emission at a wavelength of 248 nm and
block all other light emitted from the laser gas, each photo-
diode had been placed behind a bandpass interference
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filter. The transmission band of these filters was 40 nm
(FWHM) at a central wavelength of 254 nm (Hg-line).

The photodiodes were operated with a bias voltage of
—117 V (separated from the power network). This gave a
time resolution of better than 2 ns.

3.5. Spectral Measurements

Spectrally resolved measurements were performed with two
compact spectrometers with fiber optics input and read-out
via a USB-port. The spectrometers were installed at two
different places to observe light emitted perpendicular to
the laser axis (spontaneous emission) and along the laser
axis (laser output), respectively. The light collecting optics
was connected to the spectrometers via short (2 m length)
UV-fibers. The spectrometers observed a wide wavelength
range from 200 nm to 1100 nm with an optical resolution
on the order of 2.3 nm. An electronic shutter used in spec-
trometers allows decreasing an integration time down to
10 ps.

3.6. Ion Beam Diagnostics

Ion beam diagnostics had been performed using the instru-
mentation installed at the HHT target station. The total
number of particles in a beam pulse was recorded using a res-
onant current transformer installed in the extraction line from
SIS-18. It has accuracy better than 2% (Reeg & Schneider,
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Fig. 2. (Color online) Example for a measurement of an intensity profile of
fluorescent light emitted from the laser gas and recorded with a
CCD-camera.

2001). The time structure of the beam pulses was measured
with a fast current transformer placed at the exit of the beam-
line. Its time resolution is better than 5 ns (Bergoz, 1991).
The beam spot size was observed at the entry of the laser
gas cell with a 600 wm thick Al,Os-scintillator and near the
exit of the cavity at the end of range of ions, using the gas
fluorescence (Forck & Peters, 2004; Adonin et al., 2005).
The Al,Oj3-scintillator was used mostly for visually control-
ling the ion beam during the positioning and focusing
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Fig. 3. (Color online) Indication of laser effect. On-axis spectra recorded for measurements with the beam intensities 1.09 x 10° (upper)

and 1.34 x 10° (lower) part. per pulse are compared.
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procedures. An estimation of the beam size at the end of
range of the ions (in the Bragg-peak region) was performed
with two compact high-resolution gated CCD-cameras
installed in horizontal and vertical planes. The cameras regis-
tered fluorescent light emitted from the laser gas excited by
the ion beam.

An example of an image showing fluorescent light
recorded with the camera installed in the vertical plane is
shown in Figure 2. The heavy ion beam comes from the
right-hand side and is stopped in the field of view of the
camera. The vertical profile line shows the light intensity dis-
tribution perpendicular to the ion beam axis (Fig. 2). The
width of the profile Az was optimized in order to reduce an
influence of “warm pixels” (very bright points on the
image consisting of 1 to 5 pixels, which appeared randomly
due to hard background radiation in the experimental area
induced by the high energy heavy ions). The horizontal
profile (not shown in the figure) provides a measure of the
distribution of light intensity along the beam axis allowing
a localization of the Bragg-peak’s maximum. The ion
beam shape in the field of view of the camera could be
obtained by scanning the image with vertical profiles line
along the ion beam axis.

An analysis of the recorded images via light profiles pro-
vided information about the intensity distribution of the ion

A. Adonin et al.

beam, beam position, beam envelope in observed region,
the position of the Bragg-peak, and therefore also the range
of ions. This in combination with gas pressure and gas com-
position provides via model programs for energy loss and
range of the ions a value for the initial ion energy at the
entrance of the laser cell.

4. RESULTS

4.1. Spectral Measurements

A first indication of the laser effect was obtained from the
compact spectrometer, observing light emission along the
ion beam axis. As soon as the ion beam intensity became
higher than a certain value, strong laser emission on the
line at A =248 nm appeared in the spectrum (Ulrich et al.,
2006a, 2006b; Adonin et al., 2007a). This indicated that
the pumping power density provided by the ion beam
exceeded the power level necessary to reach the laser
threshold in the optical cavity. Examples of on-axis spectra
for beam intensities of 1.09 x 10° (below the threshold)
and 1.34 x 10° (above the threshold) particles per bunch
are shown in Figure 3. The intensity of broad-band emission
of Kr,F* (in visible and soft UV spectral range) increased
linearly with the ion beam intensity. It is important to note
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Fig. 4. (Color online) Time structure of the ion beam pulse, spontaneous and stimulated emissions.
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that, the exit cavity mirror was transparent for visible light
and nearly 100% (>99.8%) reflective for 248 nm light.
Therefore, only a small fraction of the laser or spontaneously
emitted light at this wavelength could be decoupled from the
cavity and registered. This is the reason why the spontaneous
emission at 248 nm is not seen on the upper spectrum.
Line narrowing, another feature characteristic for laser
light in comparison with just spontaneous emission, has
also been observed during the experiment. Spectra of spon-
taneous emission from the laser gas (observed perpendicu-
larly to the beam axis) as well as laser output spectra were
recorded with the same spectrometer. By comparing both
spectra, a clear difference was found between the widths of
the KrF* line (A = 248 nm) in on-axis spectra and spectra
recorded at 90° with respect to the optical axis (Adonin
et al., 2007a). The effect is clearly visible but due to the
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385

relatively low spectral resolution of the spectrometer of
2.3 nm not very pronounced.

4.2. Time Structure and Characteristics

Another proof of the laser effect is based on the different time
structures of spontaneous and stimulated emission observed
with the photodiodes (Ulrich e al., 2006a). Spontaneous
emission lasts about 40 ns longer than the ion beam pulse,
which means that afterglow processes in the laser gas play
a considerable role. The rising edge of the spontaneous emis-
sion has the same steepness as the leading edge of the ion
beam pulse. The duration of the laser output pulse,
however, is shorter than the ion beam pulse and its rising
edge is steeper (Fig. 4).
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Fig. 5. (Color online) The delay (upper) and the duration (lower) of the laser emission as a function of the beam intensity.
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The time structure of the ion beam pulse, registered with
the fast current transformer, as well as the structures of spon-
taneous and laser emissions are shown in Figure 4.
Maximum amplitudes of signals were normalized to unity
in order to provide a better comparison of the structure.
The ion beam pulse had a complex time structure with two
maxima, long tails (at the beginning and at the end), and a
low intensity pre-pulse at the beginning. This is due to the
limited synchronization between the beam bunch rotating
in the SIS ring and a so called kicker magnet that extracts
the ions into the beam transfer line. It is interesting to note
that the ion beam pre-pulse was also observed with compara-
tively high intensity in the spontaneous emission. This indi-
cates a non-linear dependence of light emission from power
density deposited in the gas. It also allowed us to associate
the signals from the FCT and from the side photodiode

200
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precisely in time since the spontaneous emission starts
instantaneously with the ion beam pre-pulse.

Above laser threshold an increase of laser pulse duration
with increasing pumping power as well as a dependence of
the delay time of the onset of laser emission with respect
to the onset of the pumping pulse has been observed as a
function of the beam intensity. Figure 5 shows the depen-
dence of laser pulse duration (signal from the on-axis photo-
diode) from ion beam intensity. This dependence is
non-linear and converges to a certain limit with increasing
beam intensity. Here, it is important to note that the ion
beam pulse duration was around 110 ns for all shots, inde-
pendent of the number of particles in the pulse. The duration
of the laser pulse varied from 56 ns near laser threshold and
87 ns for pumping pulses with the maximum intensity of
2.46 x 10° particles per bunch. The experimental error of
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Fig. 6. (Color online) The behaviour of the spontaneous and the laser emission with increasing of the ion beam intensity.
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Fig. 7. (Color online) Spectra of the spontaneous emission at different gas pressures.

the pulse width measurements is on the order of + 3 ns. The
duration of the spontaneous light emission did not depend on
the ion beam intensity and was on the order of 150 ns
(FWHM).

The delay of the onset of laser emission decreased with
increasing ion beam power (number of particles in the
pulse). It was about 100 ns (+5 ns) for beam intensities
slightly above laser threshold and decreased to 65 ns
(£ 5 ns) for maximum available beam intensity (see Fig. 5).

4.3. Laser Intensity

The dependences of spontaneous and stimulated emission
intensity from pumping power were measured, again
showing clear indication of laser effect. In Figure 6, the
intensity of on-axis and off-axis light emission is shown as
a function of the number of particles in the ion beam pulses.

In the case of spontaneous emission (off-axis), the exper-
imental points show a linear dependence from beam inten-
sity. This indicates, for example, that within the intensity
range and for the target parameters used here, no hydro-
dynamical effects lead to appreciable changes in gas emissiv-
ity and gas transparency. The linear regression starts from a
certain value (not from zero-point), this could be explained
by the presence of the nuclear and radiation background
registered by the photodiodes during the measurements.

In contrast to spontaneous emission, the laser emission has
a non-linear dependence of the light output with respect to
ion beam intensity and therefore on energy deposited in the
gas (Fig. 6). First of all, this dependence has threshold behav-
ior, which is a clear indication of the laser effect. The value of
the laser threshold, estimated from the photodiode data, is
1.2 x 10 particles per bunch. Theoretically, this dependence
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can be expected to be a superposition of an exponential
growth at the beginning (right above threshold) and a linear
dependence, starting from some value for ion beam intensity,
where the saturation of laser intensity is reached.

4.4. Pressure Dependence

Within the course of the experiments, the dependence of
spontaneous emission spectra on gas pressure was measured
in a range from 1.3 to 2 bar (Adonin et al., 2007b). The spec-
trum of spontaneously emitted light from the laser gas con-
tains three main components: emission of the KrF* band at
N =248 nm (laser transition), broad-band emission of
Kr,F* molecules in a wide region from A =350 to
550 nm, and atomic lines of Ar-I and Kr-I in the region
A >750nm (see Fig. 7). The KrF* emission has the
highest peak amplitude, more than 80% of total light inten-
sity can be attributed to broad-band Kr,F* emission.
Atomic lines of Ar-I and Kr-I have a two orders of magnitude
lower integral intensity than Kr,F*. It was found that the
optimum for laser experiments in the sense of laser efficiency
is the lowest gas pressure in the region which has been
studied (Adonin et al., 2007b).

5. CONCLUSIONS

The main result of this work performed at GSI accelerator
facility is that a heavy ion beam pumped UV laser has
been successfully demonstrated for the first time using the
well-known laser transition of N = 248 nm KrF* excimer
laser. The pumping power required to reach laser threshold
for this specific setup was 0.51 MW/ cm?, which corresponds
to an ion beam intensity of 1.2 x 10° particles per pulse.
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The laser effect had been verified by several independent
methods, listed below: (1) appearance of the laser line, (2)
spectral narrowing of the laser transition, (3) temporal nar-
rowing of light emission on the laser line, (4) non-linear
dependence of laser output from pumping power, (5) corre-
lation of laser effect with cavity alignment.

By a calibration of the photodiode detectors using a com-
mercial KrF* excimer laser with known laser parameters
used in the same geometry as in the accelerator experiment
made provided a total energy of the laser pulse obtained in
the heavy ion pumping experiment: *2 mJ] for an ion
beam intensity of 2 x 10° particles per pulse. Maximum
laser output power, corresponding to the same beam intensity
was about 20 kW. The total energy deposited by the ion
beam in the laser gas for this beam intensity was about
5.3J. From these values a conversion efficiency of ion
beam energy to the laser light of 0.04% has been derived.
Note, that the experiment was designed to reach the laser
threshold and not to optimize the output power.

For the case of a half-symmetric optical resonator, as was
used in the experiment, the calculated spot sizes of the laser
beam inside the optical cavity (Siegman, 1986) were
0.34 mm on the flat mirror (laser beam waist) and 0.46 mm
on the curved mirror (maximum spot size). Comparing the
total beam excited volume (see Section 2.4) with the mode
volume of the optical resonator shows that only a small frac-
tion of the beam excited laser gas could contribute to the
laser output. This is one of the reasons of relatively low con-
version efficiency besides e.g., the unfavorable mirror
reflectivities.

As a general conclusion of the present work, it could be
shown that the intensity, space and time characteristics of
ion beams, provided by the heavy-ion synchrotron SIS-18
at GSI are now sufficient to pump gas lasers in the UV spec-
tral region.

6. PERSPECTIVES FOR FUTURE EXPERIMENTS

As a next step in studying short wavelength lasers pumped
with heavy ion beams, it is planned to reduce the laser wave-
length down to the VUV spectral range (A < 200 nm) and to
proceed to the excimer lasers of the pure rare gases. The
second continua of rare gas excimer will be used as a laser
transition: Xe, (A = 173 nm), Kr> (A = 146 nm), Ar, (\ =
126 nm), and maybe Ne; (N =83 nm) and Hez \=
80 nm). The advantage of these systems is that the pure
rare gases are technically easier to handle and reduce the
safety issues of the experiment. However, these lasers
require considerably higher pumping power levels in com-
parison with KrF* excimer laser, because of the shorter
wavelength and significantly broader laser transition.

6.1. Increasing of the Pumping Power

The pumping power required to reach a certain gain level to
overcome the losses at the laser threshold is proportional to
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the width of the laser transition (AMN) and inversely pro-
portional to the fourth power of the laser wavelength (A\*)
(Siegman, 1986). Therefore, to achieve the same optical
gain, for example, in the case of Xez excimer (A =
172 nm; AN~ 15 nm), it will require roughly 30 times
higher pumping power than in the case of KrF* excimer
(A = 248 nm; AN ~ 2 nm).

In the case of heavy ion beam pumping, there are several
ways to increase the pumping power density in the laser
medium: (1) using higher Z ion species (in our case, we
have used 28U, the highest Z available at GSI), (2) increas-
ing the number of particles per beam pulse (the maximum
intensity for uncooled U-beam obtained at GSI was 4 x 10°
particles per pulse (Varentsov et al., 2004)), (3) compressing
the ion beam pulse in time (with existed technique at GSI
the bunch compression of the ion beam achieved a best
value of 100 ns FWHM), (4) reducing the beam spot size of
the ion beam inside the laser cell

Since for the first three points, we are near the existed limit,
the only way to increase the pumping power density is
to reduce the ion beam excited area in the laser medium.
The experience of the previous experiment has shown that
one of the key problems of heavy-ion-beam pumping is
the significant beam straggling in the laser gas cell. This is
due to the ions scattering in the laser gas as well as in the
intermediate materials between the beamline and the gas
cell. As one can see from Table 1, the main contribution to
the angular spread of the ion beam before entering the
cavity was due to the long (more than 2 m) air section and
the thick (3.2 mm) quartz mirror. We can reduce the
angular spread of the ion beam at the cavity entrance and
therefore the beam straggling by decreasing the air gap
and the thickness of the entrance cavity mirror. With
the present setup, it is possible to reduce the air
section down to 20 cm without any changes in the design.
A thin (1.5 mm) Si-wafer can be used as a substrate for
the entrance mirror. Also the scintillator at the entrance of
the laser cell can be removed since it is not used during the
measurements.

To reduce the ion beam straggling inside the laser cell
more, one can proceed to shorter resonator length (shorter
beam stopping length), and higher initial ions energy. Let
us consider a new length of the optical resonator of 60 cm.
In order to pump more energy in the laser gas as well as to
decrease the energy loss of the ions in the intermediate
materials (and, consequently, to reduce the angular spread
of the ion beam at cavity entry), the initial energy of the
ions can be increased and we consider cases with 300 and
350 MeV/u, respectively. The consequences of these
measures with respect to gas pressure will be discussed in
the next paragraph.

In Table 2, the energy of U-ions as well as the increase
of the ion beam radius after propagation through certain
intermediate material on the way to the cavity is shown.
Calculations were performed using the SRIM-2006 code
package for initial ion energies of 300 and 350 MeV /u.
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Table 2. lons energy and increasing of the beam radius in the intermediate materials between the beamline and the

laser cavity with improved setup

Blowing of the ion beam (for 90% of

Propagated material Thickness ITon energy after propagation (GeV) particles)

Initial ions energy 71.4 (300 MeV /u) 83.3 (350 MeV /u) 71.4 (300 MeV /u) 83.3 (350 MeV /u)
Exit Al-window from the beamline 150 pm 70.51 82.47 50 nm 46 nm

Air gap 20 cm 69.87 81.87 44 pm 40 pm

Stainless steel pressure window 50 pm 69.06 81.13 27 nm 23 nm

Cavity mirror on Si-wafer 1.5 mm 61.05 73.71 2 pm 1.7 pm

As shown in Table 2, the part of the initial ion energy that
will be deposited in the laser gas is 61.05 and 73.71 GeV for
the cases of 300 and 350 MeV /u, respectively. This is roughly
3.6 and 4.4 times higher than in the case of the first experiment
(Table 1). The expected expansion of the ion beam due to ion
scattering is sufficiently smaller than before.

6.2. Pressure Requirements

The shorter length of the optical resonator will require higher
gas pressures inside the laser cell in order to stop the ion
beam in the laser gas. Therefore, the minimum gas pressures
required for the experiments with various rare gases are as
follows:

Xe Kr Ar Ne
300 MeV /u 6.5 bar 9.3 bar 17 bar 29 bar
350 MeV /u 8.6bar 124 bar 22.7bar 39 bar

The present setup can be used with gas pressures up to
10 bar. This limit is defined by the mirror adjustment
units of the laser cavity. It is planned to use the optical
cavity only in experiments with Xe and Kr excimers for
the wavelengths of 173 and 146 nm, respectively. With the
other gases, it is planned to operate the laser in amplified
spontaneous emission mode, therefore, the pressure limit
of the present setup is actual only for the cases of Xe and
Kr gases.

6.3. Calculations for Xe- and Kr- Cases

Since Xe and Kr are the most appropriate candidates as the
laser medium for the next experiments, we consider two
cases (variants) for further calculations:

Beam
Laser Laser Gas Initial ions stopping  Resonator
gas wavelength  pressure energy length length
Xe 172 nm 8.6 bar 350MeV/u 60 cm 70 cm
Kr 146 nm 9.3 bar 300MeV/u 60 cm 70 cm
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Experiments with parameters listed above do not require
significant changes in the present setup.

The expected diameters of the ion beam inside the cavity
(taking focusing parameters and beam straggling into
account) could be as follows: 2.2 mm (FWHM) at the
cavity entrance and 9.8 mm and 8.7 mm (FWHM) in the
Bragg-peak region for Xe and K, respectively. These diam-
eters are considerably smaller than the beam diameters in the
previous experiment (6 mm at the entrance and around
15 mm near the Bragg-peak).

Assuming a maximum intensity of the ion beam of 4 x
10” particles per pulse (Varentsov et al., 2004), the projected
average energy density deposited in the laser gas along
the beam axis is: 4.1J/cm’® and 4.08 J/cm * for Xe and
Kr, respectively. This corresponds to 41 MW/ cm® and
40.8 MW/cm3 peak power densities for the 100 ns
(FWHM) ion beam pulses. These values are more than
30 times higher than the maximum value of deposited power
density of 1.1 MW /cm? achieved in the first experiment.

Assuming an efficiency of the upper state population &,
of 10% (Hutchinson, 1980; Sakurai et al., 1987) the part of
the energy deposited in the gas that produces a certain
number of excimer molecules per unit time and volume is:
4,1 MJ/s-cm® and 4,08 MJ/s-cm® for Xe and Kr cases,
respectively.

Ppd
Ry =——- Eup
Einn

The ionization energies of xenon and krypton atoms are
12eV and 14 eV, respectively. From these values the
pumping rate R;, (number of upper states produced in a
volume per unit time) could be calculated: with R, =
2.14 x 10** s hem™® for Xe and R, =1.82 x 10*
s~ L.cm™? for Kr. Since the lifetime of the excimer states
are: 5.5 ns for Xe, (Keto ef al., 1974) and around 6 ns for
Krz, respectively (Koehler et al., 1975; Smirnov, 1983), the
spontaneous emission rates will be: 1.82 x 10® s! and
1.67 x 10%s™! for Xe and Kr cases, respectively.
Assuming that the quenching of the excited states occurs
every collision with an atom or a molecule, the quenching
rate will be equal to the average collision frequency v .,
which in turn is defined by the average velocity <v> and


https://doi.org/10.1017/S0263034609000494

390
the mean free path Lg,,. of the particles:

<v>
Veoll = .
Lfree

The average velocity for room temperature is 238 m/s and
298 m/s, and the mean free path is approximately 0.52 pm
and 0.56 pm for Xe and K, respectively. Thus, the estimated
in this way collisional quenching rate is 4.6 x 10® s~ and
5.3 x 108 s~ for Xe and Kr cases, respectively.

Thereby, the upper state population N, in the case of Xe
will be 3.33 x 10" molecules per cm® and in case of Kr —
2.61 x 10" molecules per cm’, calculated by the following
formula:

_ Rlu
T Au+Bu+Cu’

The stimulated emission cross-section o, for Xe, is
assumed to be 1.5 x 10""cm? and for Kr» it can be estimated
around 10'” cm? (Hutchinson, 1980). The photons emitted
by Xes as well as by Kr> molecules have sufficient energy
to ionize other excimer molecules (Xez and Kr;, respect-
ively), thereby reducing the gain of the laser. The cross-
section of this photoionization process is estimated to be
2 x 10" "®cem? for Xes and around 10~ ' cm? for Kro
(Hutchinson, 1980; Eckstrom et al., 1988). Thus, by taking
into account the photoionization as a competitive process
to the stimulated emission, the small signal gain g is pre-
dicted to be about 4.3% per cm and about 2.3% per cm for
Xe and Kr cases, respectively.

Assuming the length of the active medium in the resonator
of 60 cm (range of the ions in the laser gas) for both cases,
and using the highly reflective cavity mirrors with reflectivity
of 96% for A = 172 nm (Xe case) (Eckstrom et al., 1988),
and about 85% for N\ = 146 nm (Kr case) (Sasaki et al.,
2001), a net gain per single pass factor of 2.54 for the Xe,
and 1.22 for the Kr,, respectively, can be obtained. Since
for a 100 ns pumping pulse, one can assume around 42
single trips, the clear laser action can be expected for both
cases.

7. OUTLOOK

The use of heavy ion beams as a pumping source may lead to
new pumping schemes beyond the known excimer systems
based on energetically higher lying levels and transition ener-
gies, and thereby considerably shorter wavelengths (in the
extreme UV and X-ray spectral region). This may be
achieved via the high cross-sections for multiple-ionization
of the target species. In the framework of the future facility
for antiprotons and ion research named FAIR project, it is
planned to upgrade the existing accelerators at GSI and
build up a new heavy ion synchrotron that will be composed
of two rings: SIS-100 and SIS-300. It is expected that FAIR
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facility will provide the beams of heavy ions that exceed the
current beam parameters up to two orders of magnitude by
intensity and three orders by the beam power. Thus, it
opens wide perspectives for studying short wavelength
lasers and for discovering new laser schemes which could
be efficiently pumped only with intense heavy ion beams.
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