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Int roductory Remarks

These lecture notes will only treat fundamental frequency
generat jon in the UV and VUV to XUV region by lasers which are at
present or promise to become in the future the work horses for
applications in fundamental and applied science as well as in
industry. This excludes generation of coherent optical radiation
in this spectral region by nonlinear optical techniques, as e.qg.
frequency-multiplication or Raman-shifting of visible or NIR
lasers, as well as discussion ot lasers with intrinsic or
technical limitations, as e.g. hollow-cathode lasers. At present
this leaves us with excimer lasers {actually only a few of the
many possible types} and lasers pumped by a laser-generated
plasma. Thus, the first lecture will concentrate on excimer
lasers, the second on so-called "X-ray lasers”., It is clear that
in the short time available only the principles, some typical
examp les, and some remarks on developmental trends canm be given,
while an exhaustive treatment of the extensive literature in
either case would require a full semester's course. Enough
literature references will be cited for a detailed study of all
topics.



|. Excimer Lasers (1)

1. Excimers and Exciplexes

It has become standard practice, to call all molecules that
can only exist in an excited state “excimers" (originally
derived from "excited dimer"), This includes e.g. homonuclear
dimers of the noble gases, 1ike He', Ar; etc., as

well as mixed noble gas dimers as Arxe”. Other moiecules

that should strictly be called “exciplexes™ [for "excited
complex"}, are the noble-gas halides, e.g. XeCI*, Are”

etc., the noble-gas oxides, e.q. XeO', or triatomic

mo lecules as ArzF'. The term excimer is often even applied

to stable compounds |ike the halogen molecules, e.g. FZ’ or
interhalogen compounds, e.g. IF, since they possess excited
states that resemble closely in their spectiroscopic properties
the true excimers and behave similarly in laser devices. Many
of these "excimers" emit in the visible and near UV, Even of
those which emit in the UY and VUV only a few are useful for
powerful lasers. These are in the order of decreasing laser
wave length Xef' at 352 nm, XeCI" at 308 nm, Krf  at

248 nm, ArF” at 193 nm, Xe, at 172 nm, and F, at 158 nm.

Spectroscopic Propert jes

L The potential energy curves
of Xe2 are shown in Fig 1.
An excited and a ground

state Xe-atom colliding can

be seen to be able to form
a stable compound, provided

the excess vibrational and

Fig. [
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rotational! energy can be dissipated in collisions with other

~atoms or the walls, This is due to a covalent bond formed
between the two atoms. The radialjve transitions from the
singlet or triplet excited states to the repulsive ground
state have strong transition moments, which also means

relat ively short radiative lifetimes of about 100 ns and high
cross-secltions for stimulated emission.

Typical potential energy curves for rare-gas halides MX are
shown in Fig., 2, where M is lLhe rare-gas and X the halegen.

Here one sees that a rare-
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to as the B-state, and a slightly more energetic 2n—siale,
usually referred to as the C-state. Dne also notes that the
potential energy curves of an excited rare-gas atom and a
ground-state halogen atom or an excited ha togen atom colliding
with a ground-state rare-gas atom cross the curve of the ion
pair, so that by diabatic curve crossings these systems will
also finally populate the B- and C-states. The ground states
are a strongly repulsive covalent 2I[-state, usually calied the
A-state, and a weakly attractive but thermally unstable
Zg-state, called X-state. The tramsition BaX normally has a
very strong transition moment, whereas the C+A transition is

weak and very broadband. The normally used laser transition in



excimer lasers is the B+X transition, even though widely
tunable but weak excimer lasers have recently been operated
on C+A transitions, when the B+X transition was artificially
suppressed. The radiative lifetimes are as fo!llows:
XeF = 15 ns, XeCl = 11 ns, KrF = 6.8 ns, Arf = 4.2 ns, The
oscillator strength of these allowed charge transfer transi-
tions is about unity, as in dye lasers, but line widths are
smaller, so it Is clear that high gain is to be expecled in
rare-gas halide excimer lasers even at relatively low concen-
tratjons. Figure 3 shows the
fluorescence spectrum of KrF

LUORESCENCE OF KrF
i R aour ar sow  With the B+X and the C-+A

2o 2

' transitions and that of the

trimer KrzF that becomes
more prominent at higher '

pressures,

~
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Figure 4 schematically

shows the potentia!l

energy curves of a
x*+ X"
halogen molecule, |ike

X e x F2. Again the lowest

upper state is ionic in

character and the lower

ENERGY

state is covalently
bound, thus resembling
the rare-gas halide

excimers, Since we here

- have a bound-bound
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transition, maintenance of an inversion depends on rapid
vibrat ional relaxation and possibly other processes, |ike
predissociation,

. Electron-Beam-Pumped Exc imer Lasers
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COAXIAL EXCITATION
Figures 5 and 6 show some experimental
AR arrangements with transverse (2),
-\ longitudinal (3) and coaxiat (4)
— pumping. The very low repetition
Fig. 5 rates, relatively low efficiency, and

high cost of the e-beam machines have
made this method of pumping almost obsolete for practical
purposes, even though for very high pulse energies and for
fundamental studies they are still valuable.
Xe;-LASER MECHANISM Figure 7 gives a listing of the
most important elementary steps

XerezNeoe ¢-beam pumping

*
Xe+ Xe = Xe; excimer formation of an e-beam-pumped Xez-laser.
Xe; +hv = Xe +Xe s Thy laser gain {(This laser could not yet be
Xe;+hvzXejr e reabsorption pumped by pure discharges.}
XejeXe =Xe e Xe o Xe loss

Xe)eXe; sXejsXesXere loss Fig. 7



Similar, however more cdmplicated, sets of elementary steps
must be used in order to describe the behavior of rare-gas
halide lasers. This |s a consequence of the three or more
components gas mixtures used in these lasers. A typical
example is the mixture used in a KrF laser consisting of
5 % Ke, 0.2 % F2, and the rest Ar with tota! pressures of
2 Lo 10 atm. The rare-gas atoms in an excited state after an
electron collision forms an excimer in a "harpooning” reactiaon
with ground-state halogen moiecules:

Ke' s Fy + KeF™ 4 F,
Instead of excited aloms, excimers can also be formed from
ions, predominantliy by

e” +F, »F s+ FandF +K' + Ar + KrF" + ar.
Apart from quenching collisions, like

e +KrF' s Kr +F + e~ {superelastic collisions),
the main loss terms arise from photoabsorpl ion: ’

F, + hv + 2F {photodissociation)

2

F +hu+F+e (photodetachment }

Ar* + hy = Ar+ +e )

+ - {photolonization)
Ary + hv » Ar, + e}
Ar; + hy + art + ar {photodissociation)

Figure 8 shows

Rare-Gas Absorption

some relevant ab-

sorpt ion spectra
for halogens.
Some of these
losses can be
avoided by using
ha legen donors
that do not

0gx 107 em?—

WAVELENGTH, nm —= Fig. 8

absorb In the region of the laser wavelength, e.q. HCIl in XeCl
lasers instead of CIZ, and NF3 instead of F2 in KrF

tasers. Often, however, performance of these lasers is reduced
by unfavorable kinetics and side-reactions of the halogen
donors,

Discharge-Pumping

The formation of excited atams and of ions by electron
cailisions can, of course, also occcur in electrical discharges
through the appropriate gas mixtures. The difficulty is that
these discharges, which should occur simultaneously and homo-
geneously between two elongated electrodes, are intrinsically
unstable, forming arcs and sparks after some time after
initiating the discharge. In addition, it is difficult te
match a constant impedance power supply to a discharge that
starts from a very high impedance and finally ends with a very
low impedance of often no more than a fraction of one Ohm.

For this reason one has to use some means for providing a
relat ively uniform leve! of ion density in the mixture, before
power s applied to the

g MIRROR electrodes. The first
OPTICAL WNDOW-, :

CATHODE (SCREEN] method is a natural exten-
e L . 3
sion of e-beam pumping,
ELECTRON QEAM
- e name ly applying some pre-~
ELECTVON - : 43 (DISCHARGE Y applying P
FOWER Speut ma POWER  SUPPLY) ionizat ion by an e-beam,
ANCOE {S0LID) as shown in Fig, 9,
— REGON Fig. 9

The second method makes use of a serjes of small sparks not
far from the main electrodes, whose hard W-radiat icn ionize

impurities of low lonization potential in the gas mixture and



that the

excimer

« 15 kY

is shown

Fig. 10

discharge

thus supply the necessary
preionizat ion level (5). These
sparks must be created some
100 ns to 1 ps before the main

is switched on, so
charge carriers can be

uniformly distributed by
diffusion. An example of an

laser using this method

in Fig. 10.

The third and most recent method, which has by far the highest

potential
preionization,

cold or heated

for high power, high efficiency excimer lasers is X-ray
In this case an X-ray flashtube using either a

l ine~-shaped cathode and a pulsed voltage of 50 lo

300 kV is fired just before or simultaneous with the switching-on

of the voltage to the main discharge electrodes, so thal the
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whole volume of the gas mixture

between the electrodes is very

uniforhly ionized even at very high

9as pressures,

preionization
for gaps of a
preionization

prejonization

In contrast to UV-
which can only be used
few centimeters, X-ray
has been used for the

of discharge vaolumes

of several cubicmeters, Figure 11

shows just one of the many possible

realizations of this method.

Fig, 12

5. Power Supplies and Switching

The two main problems that plague excimer laser designers are
1. energy storage and conduct ion to the main electrodes with
extreme |ly low impedance for matching the impedance of the
fullly deve loped discharge and 2, high-current, high-voltage
switching of the main discharge. These are determined by the
necessary E/fp-ratios for a fully developed discharge, which in
most rare-gas halogen lasers is found to be approximately

2.5 kVeem leatm
3 cm and a pressure of 2 atm a voltage of 15 kV should

. This means that actually for a gap of

suffice. In practice about twice that value is necessary
because of the inductivity of the conductors connecting
electrodes and energy storage and because of dissipat ive and
inductive losses in the switching means. As energy storage
means either low-inductance capacitors or transmission lines
are used. The latter usually take the form of solid-state
transmission lines, mostly for smaller lasers, or water

Blumlein transmission lines for high pulse energies (7).

The high-current, high-voltage switches presently used in most
commercial excimer lasers up to pulse energies of about 1 J
are specially adapted thyratrons. For farger pulse energies at
present the only possibility are spark gaps, especially in the
form of so-called rail-gaps. A promising recent deve lopment
are light-activated silicon switches (8), which are intrin-
sically reliable and simpte, but unfortunately need another
laser as light source for switching. Another recent develop-
ment is the so-called magnetic switching {9}, which actually
means the introduction of a saturable inductivity between the
electrodes and the thyratron. (f the core of this inductor is
made of a material with a nearly rectangular hysteresis loop
{e.g. special ferrites or amerphous metals) then the transi-
tion from high unsaturated to low saturated inductivity is



very abrupt with a concomitant fast current rise. This relaxes
the d1/dt-demand on the thyratron with a corresponding
increase in reiilability and life of the thyratron.

Materials Consideral jons

In rare-gas halide lasers the presence of aggressive halogens
or halogen compounds necessilates the use of materials for the
construction of such lasers, which are fully compatible with
halogens, The worst halogen in this respect is certainly
fluorine. The best material for the frame work and enclosure
of excimer lasers was found to be polyvinylidenf luoride
(PVDF). As electrode material nickel-plated stainless steel
has the best overall properties. After some passivation for
some hours in an atmosphere with high fluorine content, the
nickelf luoride coating is quite stable. Nevertheless, some
almost unavoidable arcing at the end of the pulse discharge
causes some sputtering. The sputtered material is introduced
into the gas circulation as a fine powder which deposits a
scattering film almost everywhere, e.g. also on the windows
which can mean a2 serious reduction in outpul energy. This can
be avoided by introduction of filters in the gas circulation
system and a careful design of the flow pattern of the circu-
lating gas. The unavoidable chemical reactions that use up the
ha locgen can be compensated for by an appropriate gradual
admixture of additional halogen. The impurities that would
gradually pile up in the gas as a consequence of these
chemical reactions have a lower vapour pressure than the noble
gases and halogens and thus can be trapped in a cold trap of
suitably adjusted temperature in the gas circulat ion path. Al
these processes as well as the capaciter charging voltage can
be controlled by a microprocessor so that a constant output
puilse energy can be maintained in modern commercial excimer

lasers for many millions of shols, in contrast to a few tens

of shots in early laboratory lasers, before there is a need
for a new gas filting (10).

Deve lopmental Trends

At present commercial excimer lasers operate with pulse
energies of up lo one Joule and pulse repetition rates of up
to 1 kHz, although both condilions cannot be fulfilled
simultanecusly. Nevertheless, average output powers of more
than 100 W have been achieved and more than 1 kW“Ean be
expected in the near future.

The recent introduction of X-ray prelonizaticn has allowed the
use of very large apertures, e.g. 1 mx 1 m in a Krf laser
deve loped in Los Alamos National Laboraltories, which has
already delivered pulse energies of more than 5 kJ. In Japan a
very large KrF laser is under construction that is designed
for 1 MJ pulse energies. The jncredible scalability of excimer
lasers is demonstrated by the fact lhat even lasers for 1 MJ
and 100 MJ have been seriously considered for laser fusion
work., While most of these devices have been used with pulse
lengths of a few nanoseconds, it has recent ly been demon-
strated that excimer lasers can also be used with high
efficiencies for amplification of pulses as short as 2 ps to
powers of 20 GW (11), and probably very socon pulses of
terawatt peak power with only 150 fs duration {as determined
by the spectral bandwidth of the B+X excimer transitions in
XeCl and KrF} will be demonstrated. We can thus foresee a
wealth of exciling new developments and apptications of

excimer lasers.
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X-ray Lasers

. Why X-ray Lasers

Apart from the drive of fundamental research to demonstrate
the feasability of X-ray lasers, there are many praclical
reasons to develop X-ray lasers, Foremost among them rank
microscopy and microlithography (1), (We will not discuss
here any weapons applications of "Star Wars" fame.) For
biological X-ray microscopy the spectral region of 2.3 to
4.4 nm is of special importance since there the absorption
coefficlient of water and protein differ by one order of
magnitude, allowing microscopy of unstained living cells of
up to 1 pm thickness with high contrast and resclution.
Presently such work has to be done with synchrotron radia-
tion, which is very time-cansuming and cost-intensive. An
X-ray laser of suitable wavelength would allow a much more
wide-spread application of this method. The same can be said
of sub-micron lithography for semiconductor-chip production.
Finally, X-ray lasers would allow holographic applications

with extremely high resclution e.g. in crystallography.

. Elementary Facts of X-Ray Physics - a Brief Reminder

The usual definition of the spectral region of X-rays is from
0.1 to 10 ﬂ, corresponding to quantum energies of 1 to
100 keV, but these boundaries are rather fuzzy. The two
mechanisms for the generation of X-ray radiation are
a) Bremsstrahlung, which is caused by the scattering of
electrons in matter (Fig. 1) creating a continuous
spectrum (Fig. 2); -
b) electron jumps between inner shells of atoms,
creating the so-called characteristic line radiation
(Fig. 3).
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The absorption spectra of atoms in tﬁe X-ray region are
essentially continuous spectra since they are created by
electronic transitions from an inner shell into the cont inuum
beyond the ionization potential, The absorpt jion coefficient
for such a transition decreases with increasing energy, until
the ionization limit of the next lower lying shell |s
reached, so that at any wave length the absorption coefficient
Is a sum of contributions from the transitions from var jous
shells. This has the important consequence for optically
pumping X-ray lasers that a wave length beyond, say, the K-
absorption )limit has a nuéh higher probalility of absorption
by the transition from the K-shell into the cont inuum than
irom the L-shell or even higher lying shells, These facts capn
clearly be seen in Fig., 6, which demonstrates the relat ion-
ship between absorption and emission spectra in the X-ray
region. The absorption coefficient Habs between the
absorption edges decays according to Pabs ~ Zx/(hv)3, with
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L Not all excited atoms {i.e, atoms with a vacancy in an inner
shell) decay by emission of X-ray radiation. A mechanism for
radiatjonless deactivation s the Auger-effect or inner

R R

K photo-effect, In the case of a vacancy in, say, the K-shell,
the energy of the transition from the L-shell to the K-she | |
is used for the promotion of another electron of the L-shell

jnto the ionization continuum {with a
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Réntgen - Emission certain amount of excess energy which
appears as kinetic energy of the Auger-
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. Some X-Ray Laser Mechanisms

A selection of the most promising X-ray laser mechanisms are
presented here, following closely ref. 2. A more complete
account of other mechanisms can be found in ref. 3.

. RELAXATION
INITIAL PUMPED ~LASING Figure 10 is an
—eo—
tol : he overview of these
K e —_—— 1 schemes, showing
first the initial
slate, second the
3 ——— —— —m
b1 Ne " ST pumped state with

the pumping mecha-
nism (hv means

1 a— —— - — pumping by another
i T.
fel L v s X-ray quantum, e
s *—e— ——e —t—e

means pumping by

electron colli-

]
4

ta) * i sions} third the
H-LIKE . .
It —_—— —— . lasing transition,
and fourth the
re laxat ion mecha-
3 —— —_—— _I___ —_— nism of the lower
3s —_— laser level or the
a
(s} - LIKE
3 e—e —o— ——e ——J.—o— Fig. 10

indication that there is none and consequently the laser
self-terminating (S.7.).

The first mechanism shown (Fig. 10a) is an inner shel!
scheme. Here jnitially all shells shown are filled, which
could elther be indicated by putting on the lines indicating
the K, L, M levels as many filled circles as there are

electrons or, as done here, indicating that there are no
vacancles (or "holes"), by not putting any symbol on the
lines. Pumping by an X-ray quantum of shorter wave [ength than
the K-edge will then create a vacancy in the K-shell as indi-
cated by the "hole"-symbol on the K-1ine. Lasing can then
occur by filling the vacancy with an electron from the
L-shell, which means a jump of the hole from the K- to the
L-shell. Now the hole is sitting on the L-shell and can be
filled by absorption of an X-ray quantum of exactly the wave-
length of the lasing transition, which might constitute a
serious reabsorption loss. This loss can be avoided if the
L-vacancy is filled either by a radiative transitlon of an
electron from M- to L-she!l or radiationless transition by an
Auger-transition creating two M-vacancies. Since the radia-
tive lifetime of the lower laser level is longer than that of
the upper laser level, a purely radiat ive relaxation canngt
prevent accumulation of vacancies on the L-shell after a
short period of lasing, thus destroying the inversion, Self-

termination can only be avoided by a sufficient shortening of

the lower-state lifetime by a radiat ionless Auger transition.
One might wonder whether the radiationless Auger transitions
filling up a K-vacancy by creating two L—vacanciés might not
constitute a serious loss factor preventing laser action by
increased reabsorpt ion especially in low-Z elements with
their high Auger coefficient. This is not the case, since the
resulting absorption line s shifted considerably by the
reduced electronic interaction (e.9. in the case of the
Cu-Ku tine about 50 eV). This K-shell pump ing scheme requires
a powerful pump source which must selectively pump the
K-sheli without significantly disturbing the outer shells,

The next inner-sheil scheme (Fig. 10b) although avoiding com—
plications by Auger transitions,; is self-terminating, i.e.
allowing lasing only for a short time (0.4 ns in the case of
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Na, depicted here}. it Is based on a 3s-2p transiton in Na
atoms or Na-like ions (37 nm in the case of Na and corre-
spondingly shorter in Na-like lons}. There are no Auger
transitiions because the tlasing transition involves the
cutermost electron.

The next scheme {Fig. 10c) is aiso an inner-shell scheme, but
implies the use of a metastable level, In the case of Li {or
Li-like ions) shown here, the pump radiation removes a 1s-
electron thus creating a metastable state, If simultaneous
electron collisions or jntense long wave length radiation
transfer the 2s-electron to the 2p-level at a rate faster
than the decay rate of that level, inversion is created for
strongly allowed 2p-1s lasing transition. The metastable
state might also be created in a plasma afterglow. Again, the

lasing transition is obviously self-terminating.

The scheme of Fig. 10d is an ouler-shell scheme thal makes
use of the recombination of electrons in a rapidly cooling
plasma with highly-stripped ions, e.g. hydrogen-like ions as
shown here. The electrons could either be free electrons or
captured by charge-transfer from another atom or jon in a
collision. Since the lower states decay more rapidly than the

upper lasing level, one can even expect quasi-cw operation.

The scheme of Fig. 10e depicts the extrapolation of the usual
ion-laser scheme of np-ns lasing transitions {e.q. Ar®

laser: 4p-4s) to shorter wave lengths in highty-stripped ions.
The pumping mechanism could be collisional excitation or

ionization followed by recombination and rejonization.
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4, The Pump Power Problem

When considering the threshold pump power of an X-ray laser
one must realize that the surface reflectivities of all
materials rapidly tend towards zero with decreasing wave~
lenglh in the VUV regieon, so Lhat no resonators can be built,
which would store inversion and thus alleviate the pump power
problem, Even though considerable progress has been made in
mak ing multitayer reflectors for the VUV, reaching 20 to 50 %
reflectivity in narrow spectral regions, one cannot expect
these lossy coatings to be able to withstand the high
expected intensities in an X-ray laser resonator. Presently
the only hope is an ASE-device {ASE = amplified spontaneous
emission), If we consider a rod-like structure of diameter d
and length L, it would emit with a beam divergence of the

aspect ratio d/L. If this ratio equals the diffraction limjt Xi/d,

the output will be coherent. The optimum diameter is thus
d = /AL. A smaller diameter will lead to diffraction losses.

We can define threshold for such a device so that a photon
re leased spontaneously on one end of the rod just stimulates
another photon at the other end. This means u-N'-L =1,
where g is the stimulated cross-section of the transition
used and N" is the imnversion. According to general

consensus one could only speak of a laser when an amplifi-
cation of 1000 has been reached, i.e. exp{oN*L) > 1000.

Since the cross-section o at line center can be calculated
as g = Azl(&ﬂz-bv-rr}, where Av js the |ljnewidth and

1. is the radiative lifetime of lhe‘transition, one can
determine the necessary inversion N for a given pumped
length, provided that linewidth and radiastive lifetime of the
transition is known. To glive an example, we choose the copper
K 1-line (K+,). Here hv = 8 kev, X = 1.54 R,

a -
Av = 5.1014 Hz , T, < 1.5 fs, resulting in o, = 810 18 cm?.



With exp(ﬁm N®eL) > 1000 rewritten'as N* > lﬂ1;000/§0m'L)
and assuming L = 5 mm, we obtain N > 1.73.10 cm T,

To find the minimum pump power, we assume the optimum
diameter d of the rod: d = /X+L = 1 ym (forgetting for the
moment the technical difficulties of realization of such a
tiny target}. The total number of excited copper ions then is
n, = N®emedZ+L /4 and with the aclual lifetime, T = 0.45 fs,
the power necessary for maintaining this inversion is

P = nt-hv/T = 0.26 TW. Since the power scales as dz, a

fiber of 10 pm diameter would already need a minimum pump
power of 26 TW.

More interesting is the minimum power flux that is needed.
Assuming again the 1 um fiber with a surface A = 1.6+10"F em?
the flux is W = P/A = 1,6-10"° W/cm2, and in the case of

the 10 ym fiber, we have W = 1.6+10'% W/em?. Even higher
power, of course, will be required to reach threshold because

of unavoidable inefficiencies,

These power densities can actually be reached today with
ejther of three means:

1. lasers,
2. particle beams,
3., nuclear explosions.

Here we are only concerned with the first possibility.

Laser-Generated Plasmas

A laser-generaled plasma can serve a triple purpose:
1. generate X-ray emission in varijous ways, which can be used

as pump radiation for inner-shell schemes, 2. generate

highly-stripped ions for outler-sheil schemes, and 3. supply a
high-density pool of electrons, which are needed in various
excitation and relaxation processes, as explained before.

How is the process of plasma generation started by a {aser
beam? Let us again assume a 1 TW peak power laser beam
focussed on a fiber with 10 pm diameter and 5 mm length, The
intensity is then Ip % 6.&-101£ W/cmz. The‘correspond—

ing electric field strength Ep can be calculated as
- / 2 8 -
Ep/CV/em) = 27.4/1 /CW/em®) = 7-10° v/em = 7 V/R.

Since such a field strength is comparable to the field

strength in the outermost shells of atoms, field-ionization
can set in. The electrens thus created are strongly acceler-
ated by the high electric field in the focussed beam and are
then able to ionize further atoms and ions in collisions. In

this way very quickly a high-density plasma is created.

What are the interaction mechanisms between a high-intensity
faser beam and a high-density plasma? The answer to this
question is different for long laser pulses {several ns pulse
duration, or longer) and for short pulses (severa! ps, or
shorier) with an intermediate gradual transition region., In
the short-pulse regime we have only to consider two mecha-
nisms: 1. inverse bremsstrahlung, 2. resonance absorption.
For the long-pufse regime one has o consider a mult itude of
additional effects, |ike stimulated Raman scattering,
slimulated Brillouin scattering, two-plasmon instability, and
filamentation, to name only a few of the most important.

For the relatively large targets and long pulses of laser
{usion'work, one must carefully consider all of these

effecls, which make huge compuler-codes mandatory. For X-ray
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laser work just the opposiie applies. We have seen that one
has to use targeis of only a few microns diameter and a few
mn long, and the very short lifetimes of the upper X-ray
laser levels dictate the use of short pulses, if one wants to
achieve reasonable efficiencies, We will thus only treat
inverse bremsstrahlung and resonance absorpt ion,

As the name im-
“l) BI‘CMSStV‘qﬁcu‘H? {v plies, inverse

bremsstrahlung is

just the reverse of
bremsstrahiung as
2e® indicated in
Fig. 11. This pro-
cess is also often
e? vreferred to as

<f, collisional absorp-

truhl
4‘) (nverse Br::;z:':“,[u:gnrfflh’!’

tion for obviocus
E>Fe reasons. The ab-

sorption coeffi-
.Rv . cient for this
free-free transi-

tion is given by

{4)
(] * 5.0
[A iE; 2-e
Fig. 11
4.97922 ngn,
kee = 3377 0
ALT c
e
whe re Te is the electron temperature in keV, XL is the laser

wave length In pm, g is the quantum-mechanical Gaunt factor, which
is calculated lo be close to unlty..ne and n, are the density

of the electrons and ions, respect ively, and n

is the
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critical density to be calculated below, The most Important
facts to be learned from this formula are the Iimportance of
this effect for high-Z targeis and the advantage of short
laser wave lengths to obtain high absorpticon. So one sees that
a C02-laser beam has a 100times lower absorption probability
than a Nd-laser beam, and a KrF laser beam again is 18times
better absorbed than a Nd-laser,

The critical denﬁity n. of a plasma is that density, beyond
which no transverse electromagnetic radiat jon can propagate.
This can be seen from the dispersion relation of a plasma,
which is changed from the normal dispersion relationship
ki-cg = mi-e (e = n2), with kL
laser light, <5 the speed of light in vacuum, € the

= 2ﬂ/AL the wavevactor of the

dielectric constant and n the refractive Index, into the
relat ienship
2 2

o2, . 2,2
kptcg = o (§] mp/mL)

with wp = /Mn-ne-ez/me, the plasma frequency (e is the charge

and m, the mass of the eleciren). It is obvious that k
becomes imaginary, when w < wy - This means that all laser
light is reflected at a critica! electron density Ne that

is calculated by letting mp =W and solving for ng:

.2, 2
ne = w me/(hﬂe ).

Here again the advantage of short wavelengths is ciearly
seen, penetrating to higher electron densities, resulting in
higher absorptive path lengths and concomitant ly reduced

reflect ive losses.

For resonance absorption to occur, -the laser field must
interact with a plasma density grad}ent to produce lonaitu-
dinal electric waves (plasma or Langmuir oscitlations). This
can only happen, if the electric vector of the laser |ight



has a component in the direction of the density gradient of

the plasma. Consequentiy, resonance absorption shows a streng

dependence on polarization [(only p-polarization, no s-polari-

zat ion absorbed) and angle of Incidence of the laser light,

as indicated in Fig. 12 and Fig. 13, Here L is a scale length
of the density gradient, assuming a

=4

M=o Nncos’® n, linear rise in electron density from
E

zero to N.» A is the power absorp-

<]
=

~n, tion coefficient and ko the vacuum
Fig. 12

wavenumber. |f the angie of incidence

kiﬂo © is very large, then the light is

1 already reflected at tge low electron

odf- 1 density ne(e) = n. cos @ and little

o A light is absorbed; if & = 0, then

T k=1 >
L E-Vne =0 and no tight is absorbed.

The peaking of the absorption for the

T T
i sn's

Fig. 13
p-polarization is clearly demonstrated for the experimental

results shown in Fig. 14 (5), The laser intensilties in this

case were in

the range from

0.5 1015 to

' 0.4 :t—‘“‘- v jo18 w/cmz
0. R . .

o2 O‘t!h-g. - and the pulse
& 0.2 2 . B T
e i . o durat ion 30 ps
<or S-roramzarion il from a Nd-glas

535 30 % 20 &5 %o 70 o w0 E jaser. The in-

Angle of incidence Angle of incidence

o " Fig. 14

fluence of the

wave length,
pulse length
and intensity
can be seen in
Fig. 15, which
clear |y shows

the over-

Absorplion, %

whe fming im-
portance of
short wave-
lengths {6).

a i i | 1
0" 2" 22 w101 2a9g™ 2210

Liwes intensity |, Wrem? Fig. 15

. Experimental Results of X-Ray lLaser Work

The many attempts to realize an X-ray laser in the late
sixties and early seventies were all unsuccessful (7). The
first reliable measurement of gain in a laser-generated
plasma at 182 R was achieved by Pert and coworkers in a
serjes of publications
between 1976 and 1982 (B).

Lassr = 5 = 190ps.

Concave lend :j 200em icytnoricall They Used a Nd-g IaSS lase r
with up to 8 J in 180 ps,

focussed, as shown in

Convex lang /—-h\ 0.4¢m Intenwric)

Fig. 16, in a line 2 mm

. long and 40 pym wide. In
Wy L o | r .|
w7 PR g e -the focal line carbon
,-" Agral Spaciegrapn

fibers of 2 to 8 um

Teansvarse

Soeciograzm F Ig . 16
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diameter were located. The output of the € VI (hydrogen-|ike
ion) was analyzed with two calibrated spectrographs, one
looking along the axis of the fiber, the other measuring the
spontaneous ocutput under 60° to the optical axis. At full
laser input energy of 8 J {of which most, of course, was
passing by the fiber) a gain-length product'of 5 was
measured, certainly beyond doubt a significant gain, but
still an order of magnitude be low the presently accepted
definition of an ASE-iaser,

After many years without success, it was only an announcement
on 29 October, 1984, from a group of 27 researchers from the
Lawrence Livermore National Laboratory, headed by Dennis
Mathews, that claimed to have achieved laser action in a
target of selenium at a wavelength of 206 and 209 R,
measuring an amplification of 700 along the target (9).

They used the lab's giant Novette Nd-glass laser built for

fusion work., The pump laser energy of 2 kJ in 450 ps after

frequency doubiing and focussing resulted in an irradiation
intensity of 5-1013 W/cm2 on the target., This target was

a 75 nm thick evaporated strip of Se on a 150 nm thick foil
of Formvar. Its length was varied from 11 to 22 mm for the

measurement of the gain factor, and it was 0,15 to 0.2 mm

wide.

The output was no more than 0.1 pJ, but up to 1 mJ are
expected on saturation. The lasing transition was a 3p-3s
transition of the neon-like Se-ien {ground state 152252296)
that was excited by electron collisions to several

22522p5

vat ion of the lower laser level is by a fast 3s5-2p transi-

1s 3p configurations as upper laser leve!l. The deacti-

tion.
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Later on an Yb-target showed similar galn on a 155 §
transit jon. There is good reason to expect lasing in Mg
at 13 nm and Mo at 10 nm.

. Developmental Trends

There is no doubt that the success at LLNL will spur other
groups to higher activities, One possibility for progress is
the availability in the near future of powerful ps-excimer
lasers, especially KrF jasers. A first report on X-ray
emission from KrfF laser-produced A{ plasmas (10} is raising
hopes, even though in'this case a pulse duration of 50 ns was
stil) used. The use of ps- or even fs-pulses, a travelling
wave excitat ion, and much improved focussing optics (11)
might make X-ray lasers possible, which are similar to that
of LLNL, but with pump pulse energies that are smailer by a
factor of 2000. An additional topic thal leaves much room for
improvement is thq design of multifayered targets for inner-
shell excitation schemes, e.g. an inner lasing material
coated by a filler material to discard the softer X-rays and
permitting oniy to pass the hard X-rays created in the
outermost target tayer. Theoretica! work covering the plasma
generat ion in the regime of subpicosecond pulses at the
extreme irradiation intensities that will become available in
the near future, and about which virtually nothing is known,
will certainly stimulate new experiments. We can, after all,

look forward to an exciting future in X-ray lasers,
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