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Abstract
The interaction of an intense KrF laser pulse with vapor clouds of different elemental

composition has been studied experimentally. The clouds were produced by evaporation of solid
targets with a ruby laser. Ionization of the expanding clouds by a KrF laser was observed for clouds
containing tantalum atoms.

Photo-resonance ionization
Anode plasma sources with a specified elemental composition a required to generate

ion beams for various applications. Practically all elements of the periodic table are used in
industrial accelerators and plasma ion
implantators. The future development of
ICF is also expected to be based on high-
power lithium, boron, or carbon ion
accelerators [1]. A critical problem of
beam production is the formation of a
near-anodde plasma layer containing the
desired ions. However, for many ion
species proper ion sources are too
complicated or not available. So called
"laser ion sources" generate a hot
plasma with multiple-charged ions, and
their efficiency is low. A dense plasma
of low temperature can be produced by
the LIBORS (Laser Ionization Based On
Resonance Saturation) technique [2].

Briefly, the LIBORS process
consists of several stages: generation of a
saturated population of an atomic
resonance transition by laser radiation,

heating of seed electrons through super-elastic electron-atom collisions, collisional population
of the of the upper levels, and eventually, rapid ionization of the gas. Obviously, such a chain
of processes can occur only for a sufficiently high gas density. The LIBORS ion source based
on a dye-laser as the radiation source has been used to obtain a near-anode lithium plasma in
the magnetically-insulated diode of the PBFA-II accelerator [3]. However, this method is not
universal (especially for repetitive industrial ion sources) due to the low robustness of dye
lasers. Another serious problem is the absence of dye lasers in the UV range, whereas the
resonance transitions of most elements lie in this range.
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Fig. 1. Schematics of the photo-resonance processes.
Encircled e's identify transitions participating
in super-elastic collisions
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Fia. 2. The lasing spectrum of the KrF laser and wave-
lengths of atomic resonance transitions versus energy at

the lower state. The numbers in brackets are spontaneous
8 -Iemission probabilities ga in units of 10 s

However for a number of elements
resonance transitions do occasionally
overlap with the generation band of
excimer lasers [4]. These elements
(including As, Fe, Pt, Al, U, ...) can
be ionized by the UV-LIBORS tech-
nique with the use of a robust repe-
titive excimer laser. An advantage of
this method in comparison with the
conventional LIBORS method is its
possibility of direct photo-ionization
of an excited atom by the excimer
laser radiation. Further extension of
this technique, suggested in Ref. [5],
makes it possible, in principle, - to
obtain the ions of every element by
the production of multi-component
clouds, containing the above mentio-

ned elements as an admixture and by using the UV-LIBORS technique to ionize such clouds.
During the first stage a "resonant" element drives this process without being changed itself,
similar to a catalyst in a chemical reaction. Because of this property, we call the modified
LIBORS process "CATalytic Resonance IONization" (CATRION). This term is especially
correct for tantalum (KrF laser) and uranium (XeF laser) atoms as "catalysts", because both
the atom and the singly-charged ion of these elements can be excited with the same laser. All
of the above mentioned processes are schematically shown in Fig. 1.

Experimental setup
The experiments have been performed with the CATRION setup (Fig. 3) at Novosibirsk

State University. The setup consist of a vacuum chamber, three powerful laser systems, and a
variety of different diagnostics. It
is described in more detail in Ref.
[6]. To form a gas cloud, a ruby
laser beam was focused onto a
mono- or multi-component target
positioned in the vacuum chamber.
The catalysts to be excited by the
KrF laser (Sn, Fe, Ta, Fe-B) as
well as the working atoms (B, Ti,
Mo) were constituents of the tar-
gets. The experiments have shown
that there is a range of ruby-laser
intensities F, at which one can
obtain a practically non-ionized
gas cloud. This range appears to be
rather narrow and it is specific for

each target composition. The vapour cloud density, estimated from optical spectroscopy and
from refractive index gradient (RING) diagnostics [6], depends on the value of F and can
become sufficiently high (10l6-1018 cm"3) to enable gas ionization by the: LIBORS process.
Expansion velocities are close to the expected thermal velocities. A density peak of the
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Fig. 3 The CATRJON setup
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expanding cloud moves away form the target, probably due to release of atoms from the
surface. The ratio of longitudinal and transverse velocities varies from 1 to 2 for different
targets [6]. The density of the expanding cloud, which has been measured for titanium by a
resonance fluorescence technique, decreases extremely fast and the cloud front even if the
cloudless are produced with a microsecond dye laser. For this reason, laser-produced vapor
layers seem to be very promising for anode plasma production.

Interaction of KrF-laser radiation with the vapor clouds
According to Ref. [4,5] saturation of the resonance transition in a tantalum atom

occurs at F = 150 kW/cm2-nm. Therefore, the intensity of the resonance radiation has to ex-
ceed this value. The other requirement for the LIBORS process is a high density of the cloud
to provide during the short KrF laser pulse a sufficiently large number of electron-atom colli-
sions. In the experiments, the expanding vapor clouds were irradiated with a wide (1 cm dia.)
KrF laser beam at a maximum power density of F = 500 kW/cm2nm. Ion saturation signals of
Langmuir probes positioned at different distances from the target, as well as spectral line
intensities, and spectral line broadening were recorded in each shot. The luminosity of the
cloud in the visible range was recorded with a streak/framing camera. One can see from Fig. 4
that an evaporated hot gas cloud radiates for about 1-2 us. T his self-luminosity of the cloud is
observed for every target composition. According to the Langmuir probe measurements, the
initial vapor cloud is a low-ionized gas with some thermal electrons. These electrons,
obviously, will play the role of seed electrons in the further evolution of photo-resonance
ionization. A continuum is observed in the gas spectrum during the ruby laser pulse, whereas
later only atomic and singly-ionized ion lines are detected. A wide single-peak pulse is
recorded by the Langmuir probes [6].

When the cloud is irradiated with the KrF laser beam, the sequence of events remains
absolutely the same for materials whose atoms are not resonant to the radiation. However, for
those clouds containing the catalyst atoms, the performance changes dramatically. Immediate-
ly after a KrF laser pulse the whole cloud flashes (see Fig. 4) and the light decays after
100-200 ns.
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Fig. 4. Framing camera photographs of the luminosity (visible spectral range) of an expanding Ta
cloud at the KrF laser irradiation. The frames were sweeping during the exposure time along the target
surface (see the time axes). The surface position is marked with a light line. The delay of the KrF laser

pulse relative to the ruby laser pulse is clearly seen by a glare "behind" the target (at the left).

Spectroscopic diagnostics (in the visible range) show the appearance of a continuum that
rapidly disappears after the laser pulse. In the UV range, intense lines from singly and doubly-
ionized atoms are observed. An additional ion peak appears on the falling slope of the
Langmuir probe signal in such situations (see ocillograms in Ref. [6]). The intensity of the
cloud flash decreases with increasing delay of the KrF laser pulse, and the flash does not
appear at all for a delay more than 7 us. The other signals also return to their usual form. All
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data suggest that the most probable explanation of the results is UV photo-resonance
ionization by the LIBOR mechanism.

To verify the results we have performed
measurements with a HeNe-laser beam deflecti-
on (RING) diagnostics [7] for a tantalum cloud
irradiated with a KrF laser beam. A 100 ns, 40
mJ KrF laser was used in this experiment. The
HeNe laser probe beam was focused by a lens to
a spot of 0.3 mm diameter and transmitted
parallel to the target surface at a distance of 1
mm. The beam deflection was measured with a
bi-cell photodiode and a differential amplifier.
'The resulting oscillograms (thin lines) together
with the smoothing curves (thick lines) are gi-
ven in Fig. 5. Taking into account that the
oscillograms show the dynamics of a refractive
index gradient and remembering that the refrac-
tive index gradient is positive for the electrons
and negative for the other species, one can see
that the results confirm previous conclusions
about the cloud ionization. Immediately after
begin of the ruby laser pulse, the negative de-
flection indicates the appearance of an expand-
ing gas cloud. After a short time interval a ther-
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Fig. 5 RING diagnostics for a Ta cloud. The
distance between the probe beam and the target is 1

mm. The beam diameter is 0.3 mm

mally ionized component of the cloud comes to the probe beam and a short positive peak
superposes on the negative one. The next positive peak is observed after begin of the KrF
laser pulse and corresponds to the photo-resonance gas ionization. The signal is maximum
(maximum gradient) for a delay of the KrF laser pulse close to 1.5 us. The low value of the
signal at later times can be interpreted as the arrival of the maximum cloud density (zero
gradient) at the probe beam.
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