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ABSTRACT

In this paper a status of the art on the excimer lasers is reported. After some
general remarks, attention is fixed on rare gas halide lasers (RGH), in particular on
the self-sustained discharge pumped cnes. Problems related to a stable discharge
developement are considered and related technological requirements are deduced.
Considerations on the propagation of light beams in inverted media show the best
way to exploit the active volume. Moreover, a brief review of excimer lasers with
unconventional characteristics is done and finally few examples of experimental
techniyues to measure relevant laser parameters are reported.

1. INTRODUCTION

With the term "Excimer Laser” we intend to refer to lasers which use, as
active medium, biatomic molecules which are bound only in the excited electronic
states and unbound, or only weakly bound, in the ground state (Excited dimers).

These molecules decay emitting one photon with energy of few eV, that is
with wavelength ranging between visible and VUV,

The first experimental evidence of laser emission from excimer system has
been done on 1970 by Basov et al.l The availabitity of efficient laser sources
emitting in the UV was regarded as an extremely interesting event because it
disclosed new experimental possibilities: indeed, UV radiation is absorbed more
efficiently by most part of materials, metals and non metals, even by those
materials (gold, silver..) which are highly reflecting to the [R radiation,

The lower wavelength reflects in lower diffraction limited divergence angle,
i.e. possibility of smaller mintmum heam radius, which scales as 4, and higher power
density in the focal region, which scale as A-2,

Moreover, the photon energy is high encugh to excite in a single step
electronic transitions, i.e. laser sources at this wavelength are very interesting for
photocliemical reactions,

Later on, the uhserved photoablative mechanism of materials,Z strictiy
connected with the photochemical ability of breaking chemical bonds, vpened the
possibility of removing organic waterials by means of a dieect, non thermal process,



reducing the temperature increase in the non ablated wnaterial to extremely low
values.

The applications in the years following the operation of excimer lasers
confirmed these possibilities, and the iist can now be completed with the mention
of very sophisticated laser systems which are used for efficient x-ray sources, for
pumping x-ray lasers and, last but not least, as driver for inertial confinement
fusion.

Such a large spectrum of applications has been possible also for the flexibility
of this laser source, with respect to peak power, average power, pulse timewidth,
etc., as it will be described in the following.

2. DESCRIFTION

A classification of excimer lasers can be done based on the different active
media employed. The first excimer lasers developed were the rare gas dimers ones
(Xex* 14 =172 nm], Arp"(A= 126 nm], Kry*[A=146 nml), all emitting in the ultraviolet spec-
tral region, with the laser transitions taking place between excited Rydberg states
and unbound ground states; 1,3 typically they teach energies of the order of 1 J.

Also mercury halides, like HgCl, HgBr and Hgl, present excimer
characteristics, with laser transitions between an excited bound state and a weakly
hound ground state. They emit in the visible region of the spectrum, respectively at
A =557.6 am, ! =501L.8 nm and A = 441.2 nm, and then can be efficient sources for
the blue-green light.4 There are many other classes of excimer lasers and for a
detailed description see reference.5

Nowadays the most studied and promising excimer sources are the rare gas
halides ones (RGH), whose schematic potential energy curves are shown in Fig. 1.
The interaction between the rare gas M (nsZnpé) and the halogen X (ms?mp?) in their
ground state is of covalent character and gives rise to two molecular states,
different from each other for the orientation of the p orbital of X lacking in one
electron with respect to the molecular axis. In fact when the X's p orbital without
one electron is along the molecular axis, the repulsion is lower than when it is
orthogonal and so a rather flat {little bo in the case of XeCl and XeF) ground
state “ and a repulsive ] state will result!®),
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Fig.l.  Schematic potential energy dizgram illustrating the
electronic structure of the rare gas monohalides.

(*} The spin-orbit coupling interaction is not taken into account.

The first two excited states correlate with M* and X~ and are strongly bound
as a result of the Coulomb interaction between the pusitive, ivonized rare gas and
the negative, electron attached halogen. As in the ground state cunfiguration, here
also there are a °2 and a %Il states, with the first one the more hound; the binding
energy ranges from | eV to several eV, going [rom t!:e hea.vle;" 1&0 the lighter
species. The main electronic transition goes from the excited state 2% ta the grpuu_d
state Y and, observing the fluorescence spectrum at very low pressure, it is
possible to distinguish several lines corresponding to trans:tmn‘frorn different upper
vibrational states to the ground state, lines that disappear at high pressures becau;e
of collisional quenching (Fig. 2).6 In the case of XeCl*, owing to the little bond in
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Fig.2. Spnn‘iﬂneuun emission spectra of XeCl® at
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Table 1.  Radiative lifetimes and emission wave-
lengths on !%.2E transition of RGH
molecules {all the references in [5]).

RGH i [ns] Anm]
NeF 2.6 108
ArF 4.2 193
ArCl - 175
KrF 9.0 248
KrCl - 222
Krlr - 206
XeF 16 351
XeCl 1 308
XeBr 17 282
Xel 12 253

the ground state, with a high resclution spectral measurement it is possible to

observe transitions from the v = 0 vibrational state in the upper level to four ones

?}iatghe lotul-ler fllevr_-l. as reported in Fig. 3.7 Here also the laser emission is shown,
» a8 the fluorescence intensity of the two central lines is ¢ bl

place on two different transitions. omparable, takes

In Table | radiative lifetimes and emission wavelength
several RGH molecules, gihs are reported for

3. PUMPING SCHEMES FOR RGH LASERS

The pumping process allows the transfer of ene i

1 ' trgy, usually stored in a
::apac[:tor :ank. to the active medium. To do this, el;ctrmta}t’ic energy is
ransformed in a suitable form of energy which can be coupled effici
gas contained in tha cell. pled efficiently to the

. The systems used as Pumpi.ng processes are: electron beam, proton beam,
particles from nuclear reactions, radio frequency, self-sustained electric discharge.

Usually, at each pumping process different characteristics of the laser source
correspond, so that one can say that the choice between the different pumping
source, at the end, will be dictated by the specific application.

In the electron beam pumping®9 an electron beam, generated by a suitable
accelerator, enters the gas region through a thin, low Z window. The thickness will
depend on the compromise between the requirement of withstanding the gas
pressure_{some h.ar_s) and the requirement of minimizing the electron energy lnsges
in crossing the window. Malterials as mylar, aluminum, titanium with thickness
between 5 and 50 ym are nurmally used.

'I‘h:zi pnwefr del:\sityfdissipaled in the gas by the electron beam P, can be
expressed as a tunction of electron current density J and ifi )ss i
Ly etichin y specilic energy tuss in the

dk 0o

i dx

As an example, for 500 keV electrons propagating in Ar at 3 bar is dE/dx = 8
keV/cm, so that for J=1 kA/cm? pumping densities up to 8 MW/cmd can be achieved.

The lower limit of the electron energy is determined by the lusses in the
entrance window at a level > 200 keV, while a maximum energy of few MeV is
permitted if an efficient coupling of the energy to the gas is required. The main
advantages of this technique are the possibility of easily scaling to systems with
large volumes (i.e. with large energy/pulse), and the possibility of achieving high
pumping density, i.e. high peak power puises, so that it is generally used in inertial
confinement fusion drivers,!0 while their use in small laboratories or as commercial
systems is not convenient for complexity, radiation problems, and limited lifetime
of some components (input window} which require continuous technical assistance,

In the devices which use radio [requency {RF) power as pumping source the
arrangement which has been tried very succesfullyll consists of an RF source, an
impedance matching circuit and two electrodes, between which a smail insulator
tube containing the gas is put. The gas is preionized, and then the RF pulse is
appiied to the electrodes producing a diffuse discharge in the gas.

[nteresting results have been obtained using glass or ceramic tubes with
diameters < t mm, and length around 30 cm. The RF frequency is typically around 1
GHz, and the pumping power is about 10 XW/cm'.

The advantages of this technique are:
- electradless discharge, so that all the gas eventually could be contained in a
long life, sealed chamber
- high repetition rate, up to 100 kHz, because the gas is quickly cooled by means
of diffusion to the walls
- long pulses, up to hundreds of nanoseconds.

These characteristics approach a quasi-c.w. working operation.

The disadvantages are:
- low efficiency
- small active volume
- low energy/pulse.

Best results obtained up to now are;
- energy per pulse > I pJ
- repetition rate > 10 kHz
- pulse length > 300 ns
- average power > mW,

These performances are interesting for sources used in material processing.

Proton pumpinglZ,13 is quite similar to e-bheam pumping, in that it uses the
energy lost Ly fast particles moving in the gas. [t differs {from e-beamn pumping
because, due to the higher dE/dx, it could realize higher pumping power deunsity.
Anyway, the technolugy is more severe: proton heam sources are more difficult
than e beam cnes, the entrance window for proton beams must be extremely thin
{few micrins); few successful results have been reported, with low efficiency and

low perfurmances.

Nuclear pumping !4 is another kind of particle beam pumping: it uses the
tission fragments as energetic particles, The interest in this technique lies on the
fact that bigh enerpy density can be stored in a tissionable materials up to = L't



Jiew®, it is 10Y times the energy density in electrustatic capacitors. Some results
have been obtained with low eificiency,

In the self-sustained discharge excitation!3 the laser chamber consists of two
conveniently shaped electrodes between which is  put the gas to be excited.
Typically, few torrs of the reacting species {Xe or Kr, with Fy or HCl) are mixed
with sume bars of a noble gas (usually Nek; a pulsed ionizing radiation (U.V., X-ray,
electrons) creates a suitable electron density, so that when a charged capacitor is
connected 1o the electrodes an electric discharge can develop in the conducting
gas. The laser chamber can take different shapes, depending also in the specific
preionization source to be used.

In the case of preionization by means of u.v.light the radiation is created by
means of sparks {see Fig. 4) near the discharge region.

In the case of X-rays (Fig. 5), the source consists of an external diode in
which an electron emitting cathode is put near a high voltage (50 kV-100 kV) anode.
The bremsstrahlung produced X-rays enter the laser chamber through a thin, low Z
material window (usually, 0.5 mm Al window is a satisfactory solution).

In every case, the pulse of the ionizing radiation must be short enough in time.
Indeed, the quality of the discharge depends not on the total number N, of electrons
produced per cm”, but on the maximum preionization density n, which is lower then
N. due to electron attaching species in the gas, which limit the lifetime of free
electrons. Indeed, if we indicate with n(t) the electron density at time t, with ¢ the
lifetime of free electrons, with R the production rate of electrons, constant in a

time interval T, we can easely see that the preionization density at the end of the
pulse T is

n By = i1 - ¢ ") @
and the total number of electrons i:roduced (per cm3) is

N, =RT )
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Fig.5. Laser pumped by geif-sustained discharge with x-ray preionization.

5o that the ratio between maximum number density ne(T) and the total number of
produced electrons N, is

n (T) L (1 e )
N T

Only if T < vis n (T) = N,

Being ¢ = 100 ns, at the normally used concentratio_n ufl HC1 or Fa, this would
be the order of magnitude of the pulsewidth of the preionization pulse. o

From the electrical point of view, the circuit can be represented as in Fig. 6
a) and bh

In both cases, only most relevant parameters for the discharge are reported.
A capacitor (C or C1) is charged at a high voltage V, and then connected to the
laser head directly by means of a switch 5 (case a) or after the transfer of energy
to a second capacitor bank (case b).

In every case, the final system consists of an RLC discharge circu}t. in which
we have indicated only the main parameters: the resistance of the dlschfxrge R
(omitting all the parasitic resistancgs), the total inductance of the discharge
circuit L, and the energy storage capacitor C.

The normal operating characteristics impose severe constraints.on the
maximum permitted values of the parasitic 'md.ucta.nc:e L. l_udeed, the dlscharg?
resistance usually ranges between 0.1 1 and | 4, while capacitors of many tens o
nanofarad {up to hundreds of nanofarad) must be use'd. to store the energy at the
voltage suitable for the discharge. In these gondllmns, usually an oscillating
discharge develops, because practically always it is

4 L ) (5)

= o
v €

Moreover, the perivd T of the oscillating discharge current, given by

e
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Fig.8. Schemlic_ diagram of the discharge pumping circuit: (a) D.C.
charging circuit; (h) resonantly charging circait.
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dgfmes the useful pumping period and must be as short as possible because the
discharge is stabie only for times shorter than a microsecond. This condition can be
expressed by means of the fraction of energy delivered to the gas in the first half
period T/Z, that is (see Flora, ENEA Internal Report}

By=t e {7

where ¢ = 2L/R so that L must satisfy the condition

L
Re vV -
z {8)

if efficient utilization of the stored energy is required,
Typical behaviours of the discharge current and voltage are shown in Fig. 7.

As it has been previously mentioned, only uniform (diffuse) discharges are

usefu] for laser action. When the discharge collapses in arcs the laser emission
terminates.

) On short time scale, a bad development of the discharge can be related with
an made_quate level of preionization, that is initial electron number density, alse in
connection with the risetime of the subsequent discharge voltage, if it is’applied
after the end of the preiunization. For each working condition there is a minimum
preionization electron density required, whose estimation can be done following this

TVimme miimeemmm abaa _ v 1
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Fig.7. 'Vime resolved discharge voltage (solid line)
and current {(dashed line)n 8.8 kV/div for
voltage, W kA/div for current.
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“ig.8. Schematic diagrams showing ta) streamer development around a
single primary electron avalanche after its space-charge field has
grown beyond A certain critical value; (h) continuous backward
propagation of the cathode-directed plasma streamer after the
arrival of the primary avalanche head at the anade; (c) complete
bridging of the electrode gap by the plasma streamer [i6).

electric field develops an electron avalanche, whose negative head is growing more
and more, leaving behind itself positive ions. Consequently, also the corresponding
space charge field will be stronger and stronger, until it will become comparable
with the applied elactric field, finally rausing the formation of a streamer through
the discharge pgap, as shown in Fig. B. On the other hand, all these avalanches can
give a glow discharge only when their beads will superimpose each other, in such a
way to uniform the charge distribution and to reduce the gradients of the space
chargn ficld. A condition te be wet after these preliminary remarks is that when
the spacre charge field lwcomes comparable with the external field, the avalanche
heads mmust be superimposed each other. This sats an upper [unit to the initial
’ . . o LT TR
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Fig.9. [Laser output energy vs preionization intensity.
XeCl® laser mixture pressure: 3 atm; discharge
ecapacitance: .48 pF; charging voltage: 50 kY.

In addition to this requirement, if the high voltage is applied to the laser cell
after the end of the preionization pulse, the drift of the electrons away from the
cathude in the pre-breakdown phase has to be taken into account. For a good
discharge the voltage risetime must be short enough to not allow to the electron
depleted region near the cathode to become larger {in the electric field direction)
than the electron avalanche head at the critical point (i.e. space charge field =
external field ). This requirement adds to the previous one, giving voitage risetimes

of the order of tens of nanoseconds and preionization electron number densities of
= 12%+10% cm-3,17 ‘

If we plot the laser output energy vs the preionization density in a practical
device we get a result as depicted in Fig. 9. It is clear that above point A the laser
output depends very weakly on the preionization densily, and a useful working point
¢an be set at a value of 3-4 times the preionization density of upper knee.

4. CHARACTERISTICS OF THE ACTIVE MEDIUM

The mechanisms through which the RGH excited molecules and the laser
radiation are formed and extinguished during a discharge are very complex. Big
kinetic codes have been develuped with the aim of reproducing the laser working
characteristics, taking into account many kinds of reactions, the electron energy
distribution function and the coupling of the discharge region with the external
circuit, 18 following the general scheme reported in Fig. 10.

Reiated to the big effort around kinetic codes there is the spur of
understanding the processes which generate instabilities in the discharge on long
timescale, its collupse in arcs and premature termination of the laser action due to
the reduction of the discharge volume.l9 One possible explanation of this fact deals
with lucal depletion of the halogen donor! suppose that there are little
disumogrueities in the electron spatial distribution; where the electron density is
higher, due to the attachment process the number of halogen molecules will
decrease; in turn, in this region the electron lusses by attachment will be lower and
the electrons will prow at an hipher rate than in the uther regions of the discharge.
This "posilive feedback” cin cause the developments of arcs which destroy the

[
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The shape of the electrodes, which must greale ane : ik >
possible in the discharge region, affects the time length uf the dlﬂ'use- discharge:
ideally the electric field would be constant in the discharge region and it would go
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to zers outside. in order to avoid flow of current outside the useful region. Many

sulutinns have heen m\'ostigatedZIvzz which reasonably approximate the required
conditions,

In discharge pumped lasers the pumping density is a very important and
critical parameter. It is obvious that, increasing the power delivered tn the gas, it
is pussible to reach higher output energies, but on the other hand this can aiso
increase the rate at which instabilities develop in the discharge,19b Moreover,
going at higher energies stored in the main discharge bank usually leads to a
decrease of the discharge efficiency, because { seen from a macroscopic point of
view } the discharge resistance drops and so also the powar dissipated on it.

Related to the power density deposited into the gas is an important
parameter, the small signal gain coefficient gy. From the theory we know that:

g,=0n, (9)
where:
v = stimulated emission cross section
n, = initial population inversion.

Depending on the kinetic processes during discharge, the number density of

the active molecules formed is roughly proportional to the deposited power density
and so gy is, from (9):

= (10}
n, .

where:

- nr = formation efficiency = energy in active molecules/deposited energy
-t = active molecules lifetime

-Py = deposited power density.

For typical values in the case of XeCl™ laser (o= 4.5%]0-16 em?, . > 2 ns, hy =
4eV, nr ~0.2):

g,lom ™'~ 0.3 P, IMWrem') (n

It is evident that to obtain a gain coefficient of the order of 10%/cm a very high
power density, in the range of MW/cm?3, is required.

Usuaily, when operating with electric discharges, common values of P, are
between 0.1 to 0.5 MW/em?, giving a gain coefficient up to 10%/cm, which
mantains a linear dependence on P,, as shown in Fig.12a, where experimental data

for XeCl* laser are reported; the angular coefficient is ~ 0.33, very similar to the
estimated one.23

With the electron-heam pumping technique higher power density deposition
can be achieved, up to several MW/cm® » but in this case the behaviour of gy vs. Py is
no more linear. This can be explained with: 1) the smaller formation efficiency and
2} the shorter lifetime of the active molecules. [n fact with e-beam pumping there
is need of a high mean electron energy in order to obtain a uniform excitation of
the gas and this can favour some formation channels (e.g. through direct ionization)
that are not necessarily the wost efficient. Instead with a discharge pumping the
electrons are continuously accelerated, from almost zero energy, from the applied
elactric field, leading to the activation of different channels for the excimer
forination so that finally the lost energy is lower. For the same reason, in the case
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Fig.12. Small signal gain coefficient gy vs energy depaosition
rate in (u) a discharge pumped [23] and (h) an e-beam
pumped {B] Xel’l active mediumn.

of e-beam the quenching rate of the active molecules is faster and this results in a
shorter lifetime.

An experimental result which shows a saturate behaviogr of gy vs. Iy is
reported in Fig.12b.8
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5, OSCILLATOR, AMPLIFIER AND EXTRACTION EFFICIENCY

It is possible to understand the importance of gy, together with other two
parameters, a, non saturable absorption coefficient, and L, saturation intensity,
examining the equation which controls the propagation of a collimated beam, with
initial intensity I, and pulse duration much longer than the upper state lifetime, in
an inverted.medium with humogeneous line broadening, say in x direction:

diix) 8
L2 ol 02
dx 1 + llx)ll‘

From the equation it is clear that the gain term decreases with increasing intensity
and reaches one half of the initial value when the beam intensity is equal to the
saturation intensity. At the same time the losses don't change, leading to a constant
reduction of the amplification, untii, in an infinitely long active medium, the
intensity reaches its asymptotic value, that can be obtained equating to zero dl/dx:

uw;::mu::!(?_ ) ' (13)

The amplification of light beams inside laser oscillators has been extensively
studied24 ta try to optimize the output intensity or the extraction efficiency
{defined as the ratio betwean output energy and energy stored in the active
molecule) changing the oscillator length, L, or the output mirror reflectivity, R. In
Fig. 13 a plot of the maximum extraction efficiency vs optimum output coupler is
reported for diffevent combinations of g,L - aL.24b ‘

These considerations all refer to the case of a flat-flat cavity with a totally
reflecting mirror and an output coupter, Indeed this is the configuration that allows
to extract the highest energy from the active medium, because involves it
completely, but it gives also a poor beam quality, doing no transverse mode

ey

mAZimum [ATRACTION EFFICIEMT,

e 107 At awlo e
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selection and so resulting in high divergent beam, typically with divergence value
arpund scme milliradiants.

80, uften low energy, high quaiity beams generated with special cavities are
sent in excimers' active media for amplification. Also for an amplifier an
extraction efficiency is defined:
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Fig. 11, atio extraction efficiency/maximum extraction efficiency vs. normalized input
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ext I

where: ) .

- P, = power at the input of the amphf}er

-P,. = power at the output of the amplifier '

-P " = faturatinn power = thvngV/ul = [geV, maximum extractable power
N .

-V = amplifier active volume.

. . i _am -
How to maximize the output power, given the input, th?t I8 O .ex'plmtulg al.r;
better as possible the amplifier active medium? Two l;)alslcufosmb;’ll:ilfl;s Z:\:- )
i i i i i ter equal to the am r ;
le passage with collimated beam with diame ¢ ey
:iﬂglz gassage with an expanding beam with output dl'ame!er eqfxal to the ampi;fl:ter
onf To understand which one of these two configurations can give the best results,
it is better to rewrite the propagation equation (12) for the beam power:

1
dix) ( ! _ i)p[x) {15}
dx ol el g

For a fixed input power, the increase dP/dx will be hi'gher if the ingensity is a]sl l!(;\:
as possible: it is more convenient to wnrk with a colhmate;d bt?am investing a L
acti;ve medium. In Fig. 14 calculated extraction efficiencies are reported as
function of Py, /B, for different amplifier configurations and goL values. For a more
exhaustive treatment, we refer you to Ref. 25.

6. MAIN CHARACTERISTICS OF COMMERCIAL EXCIMER LASER SOURCES
In Table 2 some characteristics of commercial systems are reported.

Table 2. Main characteristics of commercial AGH excimer systems

ArF KrF XeCl XeF

wavelength [nm} 193 248 308 351
Average power [W] 50 100 150 30
Pulse width [ns} 5-25 2-50 1-300 1-30
Energy/p 1] .5 2 2 .5
Repetition rate [Hz) 1-1004 1-5600 1-500 1-500
Efficency (%] 1 2 25 2
Beam cross section {mm-] 2x4-25x30

Beam divergence [mrad] 2 - B(< )

7. LASER SQURCES WITH UNCONVENTIONAL CHARACTERISTICS

In some rases, depending on the specific applic.‘uions, c‘haracterlsttc;-nlfdﬂt::
laser hram much different [rom those awai]ﬂb}e in lcr»mmercm}l] syilems cou
required; very arlvanced systewms have h(’fn dzfsngnnd in nrdt:r to avui.)
< low heam divesjrence, up to the diffraction limited angle (- .1 mrac
- wltrashort pulse, up to the region of femtoseconds
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- high eoerpy/pulse, up to the region of many kJ/pulse
- high average power, up to the region of many kW,

A quantity which can express the spectral and spatial quality of a laser
radiation is the spectral brighiness, that is defined as the energy radiated per unit
time, frequency interval, surface and solid angle at a given wavelength. Severai
methods have been developed to obtain a beam with a good brightness from one

ur
more of the possible improvements.

Low Divergence Beams

The solid angle and surface of emission can he reduced selecting onty one or
few low transverse modes. This can be accomplished by means of unstable cavities
and/or spatial filters.26 Near diffraction limited beams have been obtained using a
SFURZ7 (Self Filtering Unstable Resonator), a canfocal, negative branch unstable
resonatar, with a spatial filter with given aperture in the focus common to the two
cavity mirrors, whose schematic diagram is shown in Fig, 152.27b The extraction
efficiency in the involved volume is very high, but the mode voiume is very small
and so the final vutput energy is reduced with respect to a flat-flat cavity, Another
kind of unstabie cavity which gives good results un the transverse mode selection is
the PBUR (Pusitive Branch Unstable Resonator)28, a scheme of which is reported in
Fig.15b.

Narrpw Bandwidth Beams

Near or single longitudinal mode lasers have been realized by eans of
intracavity gratings, prisms and etalons. 29 An arrangement of a laser cavity with a
line-narrowing element is shown in Fig. 16, together with its effect on the linewidth
after several roundtrips. It is evident that the more round trips in the cavity, the
more eflective the line narrowing becomes.
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uce the pulse duration of excimer lasers conventional methods like
actlw;r maul\re ml;deluckmg have been employed, obtaining pulses of ~ jls:.
duration.30 The use of an intracavity fast Pockels cell allowed 1o reach laser pl :
of = 300 pl;31 but, to go in the region of pico- or femtoseconds u.v. pulses, at :;l
a double device systam is needed, the [irst device generating the ultrashort Pt :;
usually with very low energy, in the visible or u.v. region, the sgcond one, t
excimer active medium, (after an eventual frequency duplication} al:tm:l as
amplifier. Usually a CEM (Colliding Pulses Modelocked)- dye laser is us d :;
oscillator to generate ultrashort pulses in the visible region; then they are amp : i
in another dye and frequency doubled before entering the last stage, the exc m:r
awplifying medium., The time width of the amplified pulse has a lower limit “l:a Y
the limited spectral bandwidth of the excimer mndia‘. Anyway, "160 fs pulses ; vj
been obtained from a "CPM-dye ampllﬂar—KDP—XeC} amplifier” chain u.rith 1“ n;
final energy;32a 80 fs puises resulted from two KrF* final amplifiers (with a little
different initial configuration), which have a gain bandwidth broader than J{eCl‘:d,I
with a final energy of 15 mJ.32b More recently 1 TW pulses have been oh;g‘i:n
feom a XeCl* laser, with a longer pulse, 310 fs, but an higher energy, 300 mJ.

difficult problems to be solved concerning the amplification in
excim?:‘mt:doi? aret the 03ermentioned temporal lengthening due to the r'elatwely
narrow gain bandwidth; the presence of ASE (Amplified Spontaneous Emission), ‘lihat
becomes considerable when the value of gol s high {> 1) and can be ggntaine 1
few percent of the total extracted energy by means of spatial fﬂt_ers; the groul.;
velocity dispersion, which causes pulse brpadeni.ng, because the different spectr:d
components of the pulse propagate with different speefin. and can be cc_)mpgnS&t
introducing systems with negative dispersion;33 the gain saturation, which is 2 l;ot
completely well understood phenomenon on the femtosecond scale, but surely for

e e

2

such short pulses the maximwn extractable energy is limited by the saturation
energy of the active medium: '

E,=hnV=£EgV (16)

ey

where:

>

hv
hs = — , saturalion energy
a

In the case of RGH lasers E, i in the range of 1 mJ/cm?, so that with a g™
0.1 cm*! and an active volume of 11 the maximum extractable energy (n‘:'.“‘ =ilia -
100 mJ.

Long Pulses

In conventional systems the time length of laser pulses, when the source is
operated in the self sustained discharge mode, is shorter than = 200 ns, This is due
to the discharge instabilities, which do collapse the diffuse discharge into arcs
after few hundreds of nanoseconds, terminating the laser action. On the other
hand, some applications would require longer pulses:

- in material processing, when high peak power, with consequent ablative
processes, must be avoided; .

- when the beam must be transported in fibers (especially for medical
applications} because the damage limit of the fibers is associated with peak
power, not with average power.

Clearly, these types of applications do not justily the use of e-beam pumping
technique which can deliver much longer pulses. .

Some techniques have been successfully developed in order to increase the
stability of the discharge, and so the timelength of the pulse.

The instability of the discharge can be associated with a halogen domor
depletion. Wabb et al.2l succeded in stabilizing the discharge inserting in the
circuit external ballast resistors. In this way, microsecond pulse duration, at low
efficiency and iow energy/pulse, have been achieved.

Quite recently34 the double pulse technigue has permitted the achievement of
very long pulses at very high efficiency. The double pulse technique was introduced
for the first time by Long et al.3% To explain the system, we observe that we can
distinguish in the process of the self-sustained discharge, two temporal phases: in
the first phase {few nanoseconds) we observe in the gas a strong ipcrease of the
electron density, which passes from the initial density of about 10 -108 'e/cma to
the final density of about 10'*-10'® e/cm’.In the second phase, the electron density
is essentially stationary, and the flowing curtent pumps the active medium. The two
phases are essentially driven by the applied electric field and its optimized value is
different for the two phases. Usually, the charged capacitors, with associated
output impedance which is in Series with the time varying impedance of the
discharge, play the double role of electron density multiplication (high electric
field) and pumping discharge (low electric {ield). The use of the same circuit for
the two functions does not permit an optimization of the process. Separation of the
two functions in two different circuits (prepulse technique or double pulse
technique} permitted an increase of efficiency and stability, The same technigue,
associated with magnetic switches and pulse forming line, has permitted the
operation {34} of a system with pulses .5 ps, .5 I/p, efficiency of 2%.
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High Energy Pulses

Scaling of excimer laser systems to very high energy per pqlse in self-
sustained discharge operation has been done for XeCl resulting in a source
delivering 60 J/p, in a 120 nsec pulse,3b

Much higher energy can be obtained in e-heam pumped systems. A KrF fusion

device (AURQRA} developed at Los Alamos will deliver in the future 10 kJ/p, in a
pulse 5 ns long. Presently, 2.5 k] have been achieved.37

High Average Power

Excimer laser sources having average power in the kW range are interesting

for material processing {(cutting, surface treatments) and for photochemistry

applications on industrial scale.

binations on a limited range of energy/puise and repetition rate are
realist(i):;lys;;':ms up to now operated or under stu«_iy comldfar energy/pulse: ranging
from a fraction of Joule/pulse to about 10 J/p, with repetition rate ranging from
few kHz to 100 Hz. In every case, very severe problems have to be solved: fo:- gas
flow, which must have a speed in the discharge region of about 100 m/s; for
switches, which would be of the saturable magnetic type, and for damping of shock
waves, which modulate the gas density and reduce the gquality of the laser beam.
Avetage powers near 500 W for XeCl and KrF systems have been recently
achieved. fs . .

8. EXPERIMENTAL MEASUREMENTS

From a more experimental point of view, it s intaresting to see how some
imacroscopic parameters that have been introduced before can be measured.

in, absorptjon and saturation suramen

If a light beam enters in an active medium with intensity much lower than the
medium saturation intensity, Eq. (12) can be rewritten as follows:

.

difx) L “7)
=g —a)ll{x) .
dx Ba

This equation tan be easily integrated to give:

(go-anl {18}
ltx) = [.mc

This behaviour is true if I{x} < I, so if at the output of the active medium
(say, x * L) this condition still hoids, the intensity will be grown exponentially all
the way long and:

]uul !"n - utl. {19)

With this simple (orinula it is possible to mount a setup for the measure o_l‘ the "mlzt"
gain, i.e. gg-u, injecting a probe beam at the laser wave]ength Ln_tl'_le excited active
medium and carefully controlling the input and ocutput intensities; nevertheless
there are still other few considerations to be done,
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The first is that it is desirable to distinguish the two parameters, g, and n,
because also their ratio is important to characterize a laser {see Egs. {13} (15)); the
second is about the spectral and temporal dependance of ge and a. As far as the
spectral dependance is concerned, it can help to discriminate the two parametets.
In Eact gold) receives contribution only from the excimer and is sensitively different
from zero only around the wavelengths correspondent to the main RGH transitions,
following the behavicur of the fluorescence in Fig.3; on the contrary af |} sums all
the contributions of the species which form during the discharge in the active
volume and, in the case of XeCl* from a mixture Ne/Xe/HCl, it has been shown
that the stronger absorbers {(Xe*, Cl-, Ne**) have almost the same absorption at A}
= 308 nm (laser wavelength) and at longer 1 (A > 311 nm), where the gain is
negligible. In this way it is possible to estimate the value of afiy) measuring the
absorption coefficient out of the gain spectral region and estrapolating it at the
laser wavelength, and then measure the net gain at .1, finally deducing golAL).

As regards the temporal dependance of gy and a, due to the pulsed operation
of excimer lasers, it is convenlent to use a long pulse probe laser, in such a way to
follow directly, from the time behaviour of the output probe pulse with respect to
the input one, the time behaviour of the gain or absorption.

An experimental setup for small signal gain and absorption coefficient
measurements is schematically shown in Fig. |7, The probe beam comes from a dye
laser, a visible, tunable source, is frequency doubled and sent into the active
medium, being examined both In input and at the output. If the value of the
saturation intensity of the excimer medium is not known, it is possible to check
that the requirement on the intensity (Kx) « I, 0 < x < L ) is satisfied by simply
trying to see if Eq. (19} is true for different values of IJ - Results for temporal and
spectraliy resolved g; and a are reported in Figs. 18-19, 3

' RGH
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Fig.17. Experimental scheme for gg and a measurements.
[.=lens; NLC=non linear crystnl; F=u.v. filter;
BS = heam splitter; A = attenuntor; I') = photodiode:
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small signal gain coefficient gg-a v time for 1 = 3079.6 A.
T=i corresponds to the beginning of the discharge
voltage risetime. Both measurements have bheen done
with a pumping power density of 200 kW/em [23). |

The measure of the saturation intensity I, is little more difficult and usually
estimates of this parameter are given with large errors.8,39 A more exact
evaluation of I, can be accomplished by using Eq. (12} in a different way. Suppose to
send a laser probe beam into an laser oscillating with the same la.ser_wave!ength
and with the probe beam intensity, I, much lower than the intracavity intensity, L.
The Eq. {12) for 1, propagating in the laser medium is:

d1 (o) (20)
Tt —ail,

dx

where
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L, for delay time of 230 ns and a pumping power
density of 200 kWrem? (23],
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Asl, [ for 0 < x < L {L = active medium length), this equation simplifies:

dl {x) B N
p a
dx ‘(H-in_“)'v @1
[}

If the time width of the probe pulse is rather shorter than the laser osciilation, it is
reascnable to think that during its propagation the probe pulse meets a rather
constant intracavity intensity, so that the coefficient in front of I in (21) is
constant and the growth of I, is expoaential.

Measuring [,"Y/[.'", that is {gy/(1+L/1,) - a), and keowing I, go and a, it is
possible to deduce the value of I, Several points can be taken, varying I, and then g

(not gy}, by changing the output coupler reflectivity, to reduce the error on the
measure.

From a practical point of view, there is the need to distinguish the probe
beam at the output of the oscillator from the laser radiation, seen that lo<<L. This
can be accomplished by means of windows sealing the active medium at the
Brewster angle, so that the oscillator radiation is p-polarized and a s-polarized
probe can be extracted nearly without noise. An experimental setup for this kind of
measure is reported in Fig. 20, The relative error on this measure can be = 20-25%,
while with standard methods it is as high as 50%.

Electron Density Measurements by Holographic Techniques

This technique4? permits the measurement of elactron density in a plasma
during the discharge with a sensitivity of the order of N.L = 10'%/cm=?, if N, is the
electron number density in cm™ and L is the total optical path in the plasma in cm,
with time resolution of the urder of sume nanoseconds. The principle of the method
is the following: the refractivity n of a plasma can be expressed as

s

s

e
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(22)
(n=-11=(n ~1)+ L o ~1

density N, and to
here (n.-1) and {ny-1) are the components flue to the elec‘:tron :

:vheezmavy particle deasity N,. If the radiation (requency is mucl:n higher than the
plasma frequency and far enough from the resocnance frequencies of the heavy

particles, Eq. {22) may be approximated by

! ; TV :
(n—l)=$k(:\k+ F“k)“‘k““””’ N, 23

where Ay and B, are characteristic coefficients of the species considered and A is
the radiation wavelength.

In intecferometric measurements of the refractivity of a homnge_neous plas'ma:
layer of thickness L the normalized fringe shift S caused by introducing an optica
path difference is related to the refractivity variation aln-1) by the expression

L 24

5= n Aln -1}
Usually, (n-1) refers to the initial state c_haraclerilz_ed by N, = 0. Fr(?m Ec:]s.
{23) and (24) and taking into account th_at in .the. \ns:bl‘e.spectral region the
contribution of the heavy particles Lo the fringe shift is negl:glble, compared to the
electronic contribution, we may write the following expression:
. -1 (25)
§=—-4.47TxN .\J'.l L ‘

for the normalized fringe shift § of radiation with wavelength 1 after an optical
path L in a plasina which had a variation N, 0 electron number density.

The sensitivity limit of the electron density measurement can he evaluated
assuting for the smallest detectable fringe shift the realistic value 5 0.1, su that

it must be

I ) (16}
(Nl 2 o

at the wavelenpth of suby Lewer (U 00 nm),
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Preionization Density Measurements by Collecting Electric Charge

Preionization by X-ray or UV radiation provides an effective methed for
initiating homogeneous discharges in rare gas halide excimers at high pressure. The
measurement of the preionization electron number density is required not only in
the computation of the characteristics of dis¢harge lasers, but also in the
identification of the preionization electrons formation or loss mechanism. The
measurements are often made by determining the gas mixture conductivity or
electron drift current between two collecting electrodes subject to a given voltage,
However, due to a very strong electro-magnetic interference (typically, in the first
few us ) arising from the firing of the preionizer, it is difficult to use the laser
discharge electrodes as collecting plates. In order to overcome this problem, the
preionization electron density has been measured hy collecting the electric charge
of the drifting electrons. In this way the measurements can be done with a high
signal-to-noise ratio. The measurements require rather long {* ps} collecting time,

so that they must be done without the electron attaching species in the gas
mixture,

An jmportant process which must he taken into account is the jon space
charge which develops near the cathode due to the drifting electrons. This space

charge field or potential drop can strongly influence the drifting process of the
electrons.

A model4]l has heen developed to describe the collection of the drifting
electrons in presence of space charge.

The main results are: if the ionized region is limited by parallel electrodes of
area S, at a distance d, and if n, is the uniform electron density produced by the

preionization, the applied voltage Vg in order to collect all the electric charge must
be

d!
VO ze ne ; = len (2n
0
If Vy < Vi then the collected electron charge () will be expressed by
=5 ; 28
Qﬁb\/Ztu\ronec (28)
while when Vg » V., it will be
Q=35d nc (29)

which is independent of collecting voltage,
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