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Recent progress leads us to believe 
that X-ray lasers will, in the near future, 
become generally available as a new 
tool for science and technology. Their 
output is in the soft X-ray range, the 
shortest wavelengths attained being a 
few nanometers. In this range, they will 
be by far the most brilliant and coherent 
sources with applications in such diffe­
rent fields as living sample holography, 
contact microscopy, lithography, sur­
face studies, flash spectroscopy and so 
on.

Lasing, as is well known, arises from 
stimulated photon emission whereby 
the radiative decay of an excited system 
is induced by an incident photon instead 
of occurring spontaneously. This is the 
key to getting amplification. It is also 
well known that the Einstein coeffi­
cients A and B defining respectively the 
probabilities of spontaneous and stimu­
lated emission are related by the follow­
ing:

A = (8  h/ 3) B (1)
where X is the wavelength. For a long 
time it was thought that this implied 
that X-ray lasers were an impossibility 
since the spontaneous emission rose so 
dramatically with wavelength. It was 
not appreciated that the intensity of 
emission from a macroscopic medium 
was not proportional to A or B, except in 
very dilute gases. To derive the macro­
scopic intensity, it is necessary to take 
account of radiative transfer, which in 
the simplest case can be expressed as:

I = S (1 - exp-kL) ((2)
where S is a source function indepen­
dent of A and B, and k, which involves 
both absorption and stimulated emis­
sion, has the form:

k = (h g B/ )  N F( ). (3)
AN is the reduced population differ­

ence (i.e. divided by a statistical weight­
ing g) between the lower and the upper 
level of the transition under considera­
tion and F(X), a profile function. Seeing 
these expressions, it becomes clear 
that the relevant parameter for lasing 
action is not X but AN because, what­
ever the value of X, if there exists a po­
pulation inversion in the medium, AN 
becomes negative and k turns into an 
amplification instead of an absorption 
coefficient. This holds for X-rays as well 
as much longer radiation.

The true significance of the scaling 
law involved in expression (1) appears in 
the pumping power needed to achieve 
population inversion. It is much larger 
for X-rays than for longer wavelengths. 
Not only must the transition energy be 
larger than for, say, visible light, but the 
time allowed for population inversion is 
considerably reduced, since the radia­
tive life-time of the upper level decrea­
ses with the third power of the wave­
length. That is why it is extremely 
difficult to imagine an efficient labora­
tory system which uses pure X-ray 
pumping. Taking into account the effi­
ciency of X-ray sources and the low ab­
sorption of the lasant, the required 
power would have to come from a nu­
clear explosion rather than from any 
laboratory source!

Population Inversion
The important discovery of the last 

ten years has been the fact that popula­
tion inversions can occur sometimes 
spontaneously in hot dense plasmas 
produced by the powerful lasers used in 
thermonuclear fusion research. This 
has been observed in several laborato­
ries: at Hull University and at Rutherford 
Laboratory in the UK, at Livermore 
Laboratory and at Princeton University 
in the USA, at GRECO "Interaction 
Laser-Matière" (Palaiseau)* and Centre 
d'Etudes de Limeil in France, and at 
Osaka in Japan [1, 2, 3].

Two types of mechanism have been 
identified as the main sources of popu­
lation inversion. Relatively simple to un­
derstand is the recombination process 
which arises from the rapid cooling of 
the plasma causing a large departure 
from thermodynamic equilibrium, and 
leading to transient population inver­
sions between some of the excited 
levels of plasma multicharged ions. Less 
evident is the mechanism that relates to 
the specific atomic properties of pecu­
liar ion species in the so-called collisio- 
nal scheme. Here population inversions 
are produced as a result of a balancing 
between the excitation of the ground 
state species, induced by collisions with

* now LULI, the National Facility for Use of Intense 
Lasers of CNRS and Ecole Polytechnique.

Fig. 7 — Recombination pumping.
IV Nd-laser pulse;
(2) density of ions of charge z;
(3) density of ions of charge z+ 1;
(4) density of population inversion between 
two levels of z ions;
(5) plasma temperature. Population inver­
sions appear between levels of different 
main quantum number, ( n  O).

free electrons, and the fast radiative de­
cay of low lying levels.

The qualitative features of the recom­
bination scheme are presented in Fig. 1, 
which displays the temporal variation of 
various parameters of a plasma produ­
ced by a laser beam focussed onto the 
surface of a solid target. The laser pulse 
(curve 1) is assumed to have a width of 
about 2ns. Plasma temperature is repre­
sented by curve 5 where an order of 
magnitude for the maximum is 200 ev 
(1800000 K). Plasma ionization ap­
pears in curves 2 and 3 which show the 
density variation of two successive 
ions, i.e. ions of the same target element 
but differing from each other by 1 unit 
of electric charge, say z and (z + 1)ions. 
The density of population inversion,

Fig. 2 — Collisional pumping. Excitation of 
the ground level by free electron collisions 
populates the 3p levels directly or via the 
3d levels. Population inversions appear bet­
ween levels 3p and 3s, ( n = O).
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Log N
Fig. 3 — Gain as a function of plasma elec­
tronic density at fixed temperature in Ne- 
like ions.

AN, between two given electronic 
levels of the less charged ion (z-charge) 
is displayed in curve 4. Plasma electro­
nic density, which is not represented in 
this figure, has a maximum near 1023 
cm-3 but it is no larger than 1019 cm-3 or 
less during population inversion. As can 
be seen by numerical simulation, the 
population ratio (z + 1) ion/z ion, during 
plasma cooling, is much larger than it 
would be at equilibrium. Then popula­
tion inversions are provoked by the 
recombination of (z + 1) ions with free 
electrons which populates the high- 
lying levels of z ions more rapidly than 
the low-lying ones. Simultaneously, the 
lower levels have a faster radiative de­
cay to the ground level. Curve 4 in Fig. 
1 shows some important characteris­
tics of population inversions produced 
by recombination: they are delayed 
with respect to the laser pulse and they 
occur at relatively low temperature in 
the plasma. Moreover these population 
inversions occur between levels with 
different principal quantum numbers 
( n   0), for instance 2 and 3 in hydro- 
genic ions and 3 and 5 or 4 in lithium- 
like ions. The range of inversion duration 
is from one to a few nanoseconds.

Turning now to the collisional sche­
me, the production of population inver­
sion is purely a matter of transition rate 
balance in neon-like or nickel-like ions. 
Let us look at the Ne-like 2p6 ground 
level (Fig. 2). In round terms, the larger 
the plasma electronic density the larger 
will be the collisional excitation rate 
from the ground level to 2p5 3p levels. 
Nevertheless, the radiative decay pro­
bability remains constant for all levels, 
including that for the 2p5 3s. This leads 
to the appearance of population inver­
sions between 3p and 3s levels when 
the electronic density becomes larger 
than some minimum value. The gain 
curve of Fig. 3 illustrates this behaviour 
at fixed plasma temperature. The num­
bers show the correct order of magni­
tude rather than values exactly calcula­
ted for a well defined transition. The 
gain starts at 2-3 x 1019 cm-3 and

reaches a maximum around 5 x 1020 
cm-3. Then the increasing collisional 
rate of all transitions begins to reduce 
and finally the population inversion is 
destroyed.

The detailed study of the process, es­
pecially the role of cascades from 3d to 
3p levels as well as dielectronic recom­
bination, needs a great deal of quantum 
mechanical calculation. Numerical mo­
delling may include several hundred 
population equations. In contrast to 
recombining plasma, population inver­
sions occur during the laser pulse and at 
high temperature (typically 800 ev). 
The duration is a few hundreds of pico­
seconds only. For inversions to take 
place between levels with the same 
principal quantum number (3 for Ne- 
like, 4 for Ni-like ions), z must be larger 
than in recombination systems at equal 
lasing wavelength.

Amplification
Once a method of generating popula­

tion inversion is known, amplification 
can be looked for in plasma columns, 
whose length is sufficient to satisfy 
equation (2), which we rewrite as:

/ = S' (exp GL - 1) (4)
where S' = -S, and G = —K.

This ensures that / is largely domina­
ted by stimulated emission. A require­
ment is to focus the laser beams using 
cylindrical lenses. The principle of pro­
ducing the amplifying medium is shown 
in the sketch of Fig. 4. Amplification 
occurs along the column axis, but only 
in the plasma region where the density 
and temperature are suitable for genera­
ting the ion species able to give rise to 
population inversion. These features of 
the plasma are presented on the left of 
the figure, but it must be kept in mind 
that these parameters are changing 
rapidly with time.

Two examples of experimental ar­
rangements able to achieve plasma 
lengths of 5 cm and 6 cm respectively 
are shown in Figs 5 and 6. The first has

been built at Livermore (USA) near the 
very big Nova Laser, the beams of 
which are 74 cm in diameter and supply 
an energy of several kJ, at  = 0.53 µm, 
on both sides of the thin foil target. The 
second is at Palaiseau using the laser of 
LULL Its single side illumination has 
been designed for targets deposited on 
massive supports. Each beam is 9 cm 
diameter and carries 100-150 J (  = 
1.06 pm). At the Rutherford Laboratory 
a thin fibre target technique, allowing 
column lengths up to 12 mm, has been 
developed. At Princeton (USA), a mag­
netic confinement device increases the 
population inversion by maintaining a 
high density during plasma cooling.

Progress Towards a Device
Knowing how to amplify the radia­

tion, where are we in the matter of X-ray 
laser building? A gain-length product 
(GL) of 15, the highest ever achieved, 
has been obtained at Livermore, at a 
wavelength of 206 A in neon-like sele­
nium. This should be nearly sufficient to 
reach a strongly saturated regime. The 
brightness of the source, is such that 
the device can be considered to be 
working as a laser, but because of plas­
ma inhomogeneities and the absence of 
an optical style cavity, the spatial cohe­
rence of the radiation is still at the level 
of common X-ray sources. At Princeton, 
where hydrogenic carbon in recombin­
ing plasma has been investigated with 
the help of magnetic confinement, a GL 
value of 8 at 182 A wavelength has 
been reported and the directivity of the 
beam seems to be quite good. Lithium­
like aluminium, investigated at Palai­
seau with comparatively cheap means, 
does amplify radiation at 105.7 A but, 
at the present stage of the work, the GL 
does not exceed a value of about 4.

A great step towards lasers of good 
quality will be made when optical cavi­
ties are used. For instance, at Palaiseau 
even a 4- or 6-pass cavity would lead to 
very high brightness as well as to high

Fig. 4 — Sketch of plas­
ma column production 
by cylindrical focussing 
of laser beam. On the 
left, electronic density 
and temperature distri­
bution at a given time.
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Fig. 5 — Experimental 
chamber and main diag­
nostics at Livermore. The 
diameter of the NOVR 
laser beams is 74 cm. The 
X-ray gain is measured by 
the "on axis McPigs spec- 
trogtraph". Plasma length: 
5 cm.

beam coherence. Although preliminary 
experiments have already demonstra­
ted the efficiency of multilayer mirrors 
for soft X-ray lasers, two kinds of diffi­
culty have still to be overcome for cavi­
ties to come into current use. The tech­
nique for making the mirrors is difficult 
and, even if a 10%-20% reflection coef­
ficient can be achieved, it is still a 
problem to control accurately the wave­
length of the maximum of the reflection 
band. However one can reasonably 
think that substantial progress will be 
made in these matters in the coming 
years.

For the cavity actually to work, it is 
necessary that the duration of popula­

tion inversion in the plasma is much 
longer than the light flight-time be­
tween the mirrors. For a typical cavity 
length of 10 cm, this time   300 ps. 
Remembering the characteristics men­
tioned above, it is clear that this condi­
tion is far from being always satisfied, 
especially in the collisional scheme. 
Progress has still to be made either in in­
creasing the gain duration in the case of 
collisional pumping or in increasing the 
gain coefficient in the case of long- 
pulse recombination pumping. This 
could entail new requirements, not only 
for target designs, but also the charac­
teristics of the lasers which are used for 
plasma production.

Fig. 6 — Sketch of the experiment of Palai- 
seau, where massive target support is made 
possible by using single side illumination. 
Plasma length: 6 cm.
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