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1 INTRODUCTION

Lasers operating at X-ray wavelengths are considered to have important
applications in crystallography and materials science in much the same
way as synchrotron and wiggler sources are now used but with the
possibility of fast time resolution arising from the transient
conditions for lasing. Coherent X-ray imaging of biological (in vivo)
cells makes an appealing application for lasers operating within the
'water window' ie between 23 and 448, where the contrast between the
absorption of the aqueous matrix and the carbon atoms of the proteins
is greatest. An immediate application relates to the use of short
wavelength Tasers as diagnostic beam probes for interferometry,
refraction and atomic species studies in laser compressed matter. A
probe laser beam operating at 1004, say, could be used up to electron
densities ~102%cm=3, the critical density for total reflection being

N = 102lem3/32(ym)

This density is of the same order as has been reported for present
laser compression experiments. Other applications which do not
necessarily demand wavelengths as short as X-rays, include micro-
manufacturing of integrated circuits and fine-scale photolithography.

After nearly two decades of research world-wide and several false
starts, the search for X-ray lasers has been rewarded with several
recent demonstrations of lasing action, see articles in [1] and [2] [3]
[4] [5]. It is worth making clear at the outset that lasers
'operating' in the X-ray region have not yet been developed and that
the recent experiments are considerably more modest in their claims,
namely a demonstration of the amplification of extreme ultra-violet
(XUV) 1light by stimulated emission. The present short review draws
attention to the factors which have provoked the success of the recent
experiments and speculates on possibilities for reaching higher photon
energies.

In principle, lasing at X-ray wavelengths involves either valency
electron transitions in highly ionised atoms or inner-shell, eg, K- or
L- shell excitation of weakly ionised atoms. In practice it is
difficult, perhaps impossible, to achieve the density of ions or atoms
with inner-shell vacancies required for lasing without at the same time
generating a plasma. More typically, the large energy input required
to distort the Tevel population from their 'thermal' or equilibrium
values ensures that the plasma environment is highly ionised.



Normally, Tevel populations are heavily weighted in favour of the
ground state, the occupancy of the upper levels scaling approximately

as l;.where n is the principle quantum number. Absorption and

n3
spontaneous emission are the only photon transfer process to worry
about.

In the event that the levels are inverted, then stimulated emission
plays a role as can be seen from the equation governing radiation
transfer from a plasma (with vector normal T).
A.Grad I (r, 8) =Jd (r) =k (r) I (r, ) (1)
v A" v v

and where the emission coefficient Jv(r) is

J (r) = Yo A Nu(r') bug (v, r) (2)
and the absorption coefficient

hv, Nl(r) Nu(r)
kytr) = Z;_Biu 9 I: 3, 9, :[“’;w("’ r)s (3)

where the absorption and emission profiles ¢ (v, r) when intergrated
over frequency have the value of unity.

The output intensity depends on the level populations N , N and in
order to gain amﬁlifi%ation by negative absorption (je stimulated

emission), then ﬁE'> % . Thus the inversion factor
9, 9,
Ny 9y
F = [1 - j must be positive. (4)
[¢]
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Expressing the 1ight gain by stimulated emission as e“L, where a is now
a positive quantity associated with a positive F, and L is the optical
al

-1

al

~103,

path length, then for an amplification factor £

a’L=9=c NFL (5)

Assuming %ﬁ-= 10-% » 10-3 and the absorption oscillator strength,
0

~ . = 10-16 -15 2 ; - =
fzu 0.1; then st . em. 10 > 10 cm< and if F=1land L =1
then, Nu ~ 1016 5 1017cm=3 and this is the order of the inverted
popul ation density needed for substantial single pass gain through a
plasma with a dimension ~ 1 cm. At first sight the attainment of these
order of magnitude figures does not Took a formidable task. A major
consideration however is the power required to maintain the inversion
even for a transient period. The minimum pump power requirement per

p

unit gain, can be expressed in termms of _lEETEl.= NLI L hy (r + Aux)’

Area
where (r + Aux) represents the total spontaneous decay due to radiation

(A) and radiationless processes (r), and hence

p
L R Y (7)
Area al

Thus a laser operating at 10& requires a factor of 1012 increase in
pump power over that needed to generate Tasing at 1um,

A highly ionised plasma which is both produced and pumped by the most
intense source available, namely a high powered (Nd) glass Taser, is a
suitable starting point for X-ray laser research, [6] [7] [8].

The next problem relates to the plasma conditions which are necessary
to distort the level popul ations from their equilibrium values. The
steady-state populations in hydrogenic ions [2], [10] under different
conditions of jonisation and recombination provides an answer. In



strongly recombining plasmas, population inversion can occur between
the Towest excited levels which are emptied by rapid radiative decay to
ground and the upper neighbouring levels which are filled through
recombination from the continuum states.

This situation is illustrated in Fig 1 where one would expect to find
overpopul ation of the n = 3 levels relative to n = 2 and hence the
potential for lasing on the Ha transitions. Inversion is a natural
consequence in any strongly recombining plasma whether the
recombination process is dielectronic, collisional-radiative or charge
transfer recombination. The latter process, being state selective, is
attractive since the upper levels can be populated directly. A sample
calculation of the level populations in an Fe*l* jon produced by
dielectronic recombination [11] is shown in Fig 2. The populations bn
are expressed as a fraction of their Saha Boltzmann equilibrium
populations for a number of electron densities at a temperature of 106
K. . Where the curves have a positive slope, level inversion occurs. At
the highest densities, the recombination coefficient is decreased and
collisional coupling between the levels ensure a destruction of the
inversion. Of course, in laser-produced plasmas, the density is much
higher but the principle remains the same, namely that in a strongly
recombining plasma where collisional excitation and optical pumping (eg
due to opacity) are negligible, then overpopulation occurs.

Other plasma conditions have been proposed for inversion, for example
photon pumping schemes, such as resonance photon absorption or
inner-shell photoionisation. Strong electronic excitation arising from
a rapid increase in the plasma temperature is another possibility. It
is the authors' opinion however that the recombination schemes, so far,
are the most convincing and best documented scenarios for inversion in
a highly ionised plasma medium.

A sample of the collision processes which can create or destroy
inversion is shown in Fig 3. Clearly, a realistic calculation of the
inversion requires many levels to be taken into account simultaneously.
Metastable levels often play a particularly important role in the
excited 1evel populations of non-hydrogenic species. The atomic
physics problem is formidable enough with often inadequately known rate
processes being included in the manifold of time dependent equations
describing the level populations. The complexity introduced by the
plasma dynamics and radiation transfer makes a faithful (numerical)
model of the inversion very difficult to construct.



The few numerical calculations which have been developed are extremely
useful for predicting the general features of gain conditions, though
they are usually less successful in accounting for the detailed time
histories of the Tine intensities.

The remainder of the paper focuses on the recent plasma experiments
where inversion has been shown unambiguously. We omit therefore many
optical pumping and other state-selective experiments which may yet
prove rewarding. For a wider discussion of the problem the reader is
referred to review articles eg., by Hagelstein [12] and Key [13].

EXPERIMENTS ON INVERSION

Gain due to stimulated emission yields an increased brightness which in
principle can be demonstrated by non-linear amplification of the 1light
intensity with the Tenath of the lasing medium, spectral line narrowing -
or reduced divergence. Non-linear amplification is the most practical
of these components of the brightness since in the XUV region with
diffraction grating spectrometers, the spectral line width is usually
dominated by the instrument resolution and in high density plasmas the
divergence is often affected by refraction due to the plasma density
gradients. For this reason some care is taken to generate cylindrical
plasmas with a Targe aspect ratio (g/r), and with very uniform plasma
conditions per unit Tength along the cylindrical axis.

The irradiance of the Tight (photons cm2s-1) when viewed along the
length of the cylinder is greater than the transverse irradiance by the

ratio

I(2) _

Lot oy, (8)
I(r) al

both guantities I(2), I(r) having been 'normalised’ by dividing by the
Tongitudinal and transverse viewed plasma volumes. For small gain
coefficients in the range 1< oL <3, the intensity ratio is difficult to
interpret unambiguously in terms of stimulated emission. In the region
3< ol <10, there is a clear exponential increase in the amplified 1ight
with plasma length. For high gain coefficients, ¢L >15, typically,
saturation of the stimulated emission occurs during a single pass.
Clearly a demonstration of the lasing action requires oL >3.

There are three main reasons for the recent observations of XUV 1ight
gain, [1] [2] [3] [4] [5]. These are improved techniques for producing
long (2 1 cm) uniform, high temperature plasmas. Secondly,
developments in time-resolved diagnostic instrumentation, and lastly
the development of numerical models in which the atomic physics is
coupled to the plasma dynamics.



2.1 Recombination into Hydrogenic Ions

The freely expanding plasma plume formed by irradiation of solid
surfaces with a powerful visible Taser has been used for over a decade
to study inversion in strongly recombining conditions. Sufficiently
far from the target surface, typically 1 mm or more, adjabatic cooling
due to the rapid expansion causes the levels to be populated purely by
a recombination cascade from the continuum. Experiments have mostly
involved the populations of Rydberg levels in H-Tike ions since naked
ion plasmas (eg. C6%) are readily produced at solid surfaces with
moderate irradiation intensities. Line focus irradiation of thin
(micron thick). foils and of fibres have been modelled extensively [14]
in order to optimise the gain, usually on the He transition. These
calculations have been backed up by carbon fibre irradiation
experiments [4] shown schematically in Fig 4.

Gain coefficients ~2-4cm! and oL = 4 have been measured [ 4] [13] for
the Hg 1ine of CVI at 182.2&, when the electron density has transiently
fallen to n. ~ 2 x 1019cm 3 and the electron temperature to Te ~ 30 eV.
Evidence for gain is derived from the the longitudinally and
transversely viewed intensities of the CVI Balmer series [4]. The
182.2% He 1line intensity increases exponentially with plasma length
while the H 1ine at 120.5& remains only Tinearly dependent. This
approach toY1asing in the XUV has been extended to higher Z elements eg
fluorine where gain on He F IX has been detected [15] at 81A. This is
the shortest wavelength at which gain has been reported so far.

Scaling to even shorter wavelengths using adiabatic expansion has been
considered [13]. Unfortunately, the ideal plasma parameters [9] [10]
required to keep the gain constant with increasing Z, correspond
inexactly with the plasma parameters resul ting from irradiation of
higher Z targets. In order to create supercooled naked ion plasmas at
higher Z, higher Taser pump intensities are required with more rapid,
possibly enhanced cooling, resulting in a shorter gain duration ~ 20 »
30 ps. Higher initial densities can in principle be created with a
shorter wavelength for the pump laser while cool ing may be enhanced
with radiating dopants. It is thought possible using this route to
reach Ha of Al XIII at 39& je., within the 'water window'.

An interesting variant of the free expansion recombination scheme,
namely a stagnated expansion, using magnetic fields, has been studied
by Suckewer et al. [5]. The concept here is to use magnetic fields ~9



2.2

2.3

Tesla to suppress the radial expansion of a cylindrical (carbon) plasma
to prolong the inversion period. Cooling especially of the outer
region of the plasma is ensured by radiation 1oss. Anomalous transport
of the C&" ions from the core to the outer cooled region results in
recombination and inversion. Gain coefficients al ~ 6.5 with a ~ bem~1
have been reported for Ha CVI at 1828%. Gain sets in at 1ower density
<6 x 1018em=3 and lasts longer, t_~ 100 ns, than is the case for free
plasma expansion. Evidence for gain comes from the exponential
dependence of the intensity of Hg CVI. Use of a 12% reflector at 1824
allowed a double pass amplification of 120% of single pass signal,
confirming the gain coefficient. '

Li-1ike Ions

Free expansion cooled, laser-produced plasma have also been studied by
Jaegle and colleagues [1] [3]. In these experiments however,
recombination of He-Tike ions eq Al XII are calculated to form excited
states of Al XI with inversion between the lower 3d and the upper 4f
and 5f Tevels. The recombination mechanism is dielectronic.

The Tine intensity emitted from plasma columns of differing lengths but
with identical plasma parameters is used to diagnose the gain

IL ) l_e-kL
— e (9)
I 1l-e

where the linear gain coefficient o =- k (cmrl).

The A1 XI, 3d - 4f line at 105.72& shows transiently an anomalous
behaviour relative to neighbouring lines in the respect that the
absorption is negative with ¢ = 2 cm-l. Opacity between the ground
states and the 3d levels may prove to be an ul timate problem with this
scheme,

Neon-1ike Ions

The most convincing XUV gain experiments have been reported for
Neon-Tike ion species for example, Se XXV, [1] [2]. Lasing takes place
between the metastable 252 2p5 3p levels and the lower 252 2pS 3s
lTevels, the latter having strongly allowed decay rates to ground, Fig
5. The d = 0, 2p53p levels can be populated by non-dipole electron
excitation directly for the 2p®lS, ground state, whereas the J = 2,
2p53p levels are most Tikely to be populated by cascades from higher
levels. Dielectronic recombination would favour the J = 2 states.



Numerical models [2] based on purely collisional excitation and
radiative depopulation predict the J =1, 2p°3s «J =0, 2pS3p
transitions, which have the highest A ~values within the mul tiplet, to
show the most gain following inversion. In fact, the j = 2, 2p53p
transitions are observed, Fig 5, to have the higher (x5) gain over the
other transitions though there is also a measurable gain on all the
other decays between 3p and 3s. The inversion mechanism may not be
collisional excitation as first thought [2] but could indeed be a
recombination laser in common with the other demonstrations of XUV gain
described earlier in this paper.

Dielectronic recombination happens to be the most important
recombination process in the formation of the highly ionised neon-shell
jons. The population rate of the 2p53p levels via the doubly-excited
states formed by dielectronic recombination of fluorine~1ike Se has
been included recently in the gain calculations of Hagelstein et al .
[16] and of Jacquemot et al. [17]. The dielectronic rates for Se XXV
have also been calculated by Summers et al. [18] and we note, see

Fig 6, that recombination directly into the 2p53p configuration greatly
favours the multiplets with the higher statistical weights. The
results of including recombination [16] is to equalise the J =2 and J
= 0 gains while in [17] the J = 2, 2p> 3p levels are predicted to have
the higher gains.

Starting from the viewpoint that the neon-shell lasing is purely a
recombination process we indicate, table 1, the popul ation rates into
the 2p53p levels, which may be derived from Fig 6 by assuming a
statistical population among J states, and, mul tiplying these rates by
the A values gives a crude ordering of the gain coefficients for each
transition. Table 1 indicates also that there is a great deal of Tevel
'impurity' and that spectroscopic assignations are something of a
problem.

The purely recombining scheme, table 1, indicates that the 2p53p 3D,

and 3D levels should have a strong or appreciable decay to 2p> 35.
These 11nes might at first sight not be expected to lase since their
lower levels 2p53s 3P, and 3P, respectively appear metastable. However
quadrupol e co]]wsxonal mixing of the 3s levels at the high plasma ion
density probably quenches the metastability.

The 2pS3p 30, (30% 10,) and 1S, (20% 3P,) are the next most important
1ines of wh1ch only the former is observed to lase strongly. The
strongest observed lasing 1ine from the 2p>3p 3P, (32% 1D ) level comes
next in order in the table.
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Clearly the ordering of the 'emission rates' (in table 1) is not in
accord with the experimental results, Fig 7. The problem with the pure
recombination model is not so much the presense of the observed lasing
1ines but absences including 3s lPl - 3pls, and 3s 3P, - 3p3D,. This
latter line especially presents a difficulty. However two points must
be noted. Firstly, the jdentification of all 1ine components is not
yet confident. Overlap and misinterpretation are still possible.
Secondly, rough estimates of positive ion collisionally induced
quadrupole mixing rate of the 3D levels indicate that they are
comparable with 3s-3p A values. This opens the possibilities of
funnelling of the emission through a restricted number of lasing lines.
An additional factor for J=2 (and J=3) levels is the population rate
via recombination from 2p>53d, Fig 5. The dielectronic rates into the
2p53d levels are higher even than into the 3p53p term and favour the
3F, 3D multiplets which decay directly into the upper levels of the
lasing transitions, table 1. The 2p°3p 15G Jevel lacks this populating
mechanism since the 2p53d levels feeding 2p33p 1S, have branching
decays to ground. A detailed study of this recombination model remains
to be done.

In the Lawrence Livermore Laboratory (LLL) experiments a uniform

1+ 2cm x 200 pm plasma is initially produced by a 450 ps duration
irradiation pulse on foil targets, one such foil, for example, be'ing
0.15 pm formvar coated with 7504 of Se. Using green 1ight with a pump
intensity ~ 5 x 1013 W cm2, neon-1ike jons from elements in the range
7 = 30 » 40 are readily produced. The results of using different
plasma gains lengths to study emission from Se XXV and neighbouring ion
species, are illustrated in Fig 7. The linear gain coefficient on the
J =1, 2p5 35 «dJ =2, 2p° 3p line is ~ 5 » 6cm-l, with a considerably
smaller gain on the J =1 « J =0 transition. Lasing on a single pass
is unambiguously demonstrated.

The period of lasing emission appears to follow close in time to the
switch-on of the laser pump when the electron temperature is high,
Te - 800 eV. This coincidence would not discount dielectronic
recombination, in contrast to other recombination processes, as a
mechanism for creating the inversion.

Experiments at LLL with longer plasma gain Tengths have led to
sufficiently high gain coefficients, «L > 15, to induce saturation
during a single pass. Isoel ectronic extrapolation of the inversion
ccheme has also been demonstrated [1] by lasing in ¥ XXX at 1554 and
1578 and in Mo XXXIII at 131& and 1334, the shortest lasing line
observed being at 106A.

_.10_



At the upper 1imit of the plasma Tengths (~ 4.5 cm) studied in these
experiments, Mathews et al. [1], refraction of the amplified light out
of the plasma volume proves to be the 1imiting factor in the gain
Tength and in the angular divergence (~10 mrad) of the lasing 1ight.

Scaling the 3p to 3s inversion in neon-like ions to still higher Z
appears to present no unsurmountable difficulties up to Z =47 je Ag
XXXVIII, lasing at 99&8. The enormous pump power required for still
higher Z and shorter wavel engths becomes a problem however and the
inversion analogue with the 4d and 4p levels of Ni-like ions may be
more promising. Other analogue ion species, for example, Bel-, BI- and
CI - 1ike ions where inversion might also be expected between the
excited 3s and 3p levels have been modelled by Feldman and co-workers,

[19] [20].

DISCUSSION AND SUMMARY

A measure of the relative quantum efficiency of different lasant
schemes is the lasing energy relative to the excitation energy of the
upper Tevels [13]. This is illustrated in Fig 8. On this basis, the
Li-Tike ion and the H-1ike ion recombination schemes have a higher
quantum efficiency than the Neon-like ions and so are more suited for
scaling to higher lasing photon energies. The present state of the
experiments on each of these ion species is summarised in the caption
to Fig 8.

There are strong indications that the inversion successfully achieved
with all of these jon species is basically due to a recombination
process.

These break-through experiments are very recent and many corroborative
experiments and improvements remain to be carried out. The maximum
lasing power achieved is ~ 1 MW with a very Tow over-all efficiency ~
10-7, Rapid progress can be anticipated using oscillator-amplifier and
confocal mirror configurations. Plasma profiling may also play an
important role.
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Fig.1 Basic energy level scheme of recombining H-like ion indicating
lasing transitions below the thermal limit.
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Fig.2 Steady state population of principal quantum levels for

“Fe*™ jons in recombining plasmas with electron densities #,
varying from 10*cm™ to 10'%cm™3 and with T, 2x 10°K. The level
populations b, are expressed as a fraction of their Saha-
Boltzmann equilibrium values!*!-



Populating and de-populating processes in XUV lasant ion.
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Fig.7 Spectrum from irradiated Se foil target. The intensities of the two lasing transition
increase exponentially with gain length. (DL Matthews et al, LLL 1984).
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Fig.8 Relative Quantum efficiency of different lasant schemes. The main parameters associated
with experimental demonstrations of Gain are appended.

Hydrogenic fons e.g. C*+

4 -3
Ref.™  n, =2x10%cm ] free expansion

T, = 30eV

$,(0.53x)10”Wem™ = 20Jem™! = 0.3 TWem™?

a(182A) = 4cm™ Tase = 0.15ns
Ref.H ne=2x10"cm™ ] Stagnated expansion, B = 9 Tesla

T, =30eV

[,(10gm).dt = 300J

a(182A)=6.5cm™ Tase = 50-100ns

Li-like Ions e.g. A1

Ref.l  p,=1.5x10"m™ ] free expansion
T, =30eV
$,=6x10"W/cm? 7p ~4—20ns
a(106A) ~ 2.5¢cm™

Neon-like Ions e.g. Se?**

RetF = 8x10*%m™ } free expansion
T, = 800eV
®,(0.53) = 5x 10°Wem™ = 500Jem™ = TWem™ 7, = 450ps
a ~ 5cm™, oL = 20, 6§ ~ 10mR. Tase = 200ps
Pse~ 1MW, E,se=200u]

Note: subscripts ‘p’ stands for ‘pump power’.
‘ASE’ stands for amplified stimulated emission.












