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The use of hot and dense microplasmas as gain media powered 
a renaissance of X-ray lasers on a tabletop. The research was 
boosted forty years ago in the Star Wars era for military applica-
tions. In the last decade, however the number of scientific and in-
dustrial applications has grown. Stimulated emission from a highly 
ionized shell is a transient process that is difficult to accomplish. 
Still both laser-produced plasma as well as discharge-produced 
plasmas have tacked the challenge. Switzerland is at the forefront 
in this unique field.

1. Introduction

The generation of laser light at wavelengths shorter than 
ultraviolet is a virtually impossible task. As dictated by the 
scaling of spontaneous versus stimulated emission at short-
er wavelengths, the ratio between the Einstein coefficients A 
and B shows a power of 3 dependence with the wavelength. 
Since X-rays are 4 - 5 orders of magnitude shorter in wave-
length than the UV-Vis, spontaneous emission dominates 
over stimulated emission by much more than 1012-fold.

Indeed the "short wavelength range" comprises spectral dif-
ferent spectral domains with specific names and character-
istics. Ranges such as extreme ultraviolet (EUV), soft X-rays 
(SXR), and hard X-rays (HXR) have been often confused. 
The physical boundary is defined using the refractive index 
jump between a strongly absorbing (e.g. EUV and SXR) to a 
notoriously penetrating (i.e. HXR) behavior while irradiating 
matter.

The accomplishment of "Light Amplification by Stimulat-
ed Emission of Radiation" (LASER) presumes a so-called 
population inversion. In a population inversion, there is a 
shift of the bound electron distribution toward upper energy 
levels, with transient vacancies at lower or ground levels. 
Such core excitation lifetime is all the shorter, the larger the 
energy gap. At energies of hundreds of eV's and more, as 
found in the short wavelength domain, the corresponding 
lifetime is too short for stimulated emission to be an active 
gain process.

A further challenge to make a X-ray laser happen, is the 
availability of a suitable gain medium. The need to extract 
high energies will inevitably cause the destruction of any 
gain material. Therefore, both liquids and solids are to be 
ruled out as X-ray gain media. Gas lasers are well-known 
even in the deep UV (exciplexes), but no ordinary sub-
stance would permit X-ray amplification. It needs an exotic 
one such as a plasma.

It must be clarified that so-called X-ray Free-Electron Lasers 
(XFEL's) are coherent short wavelength sources that do not 
work on the mechanism of stimulated emission on bound 
transitions. Such accelerators extract radiation from the 
oscillatory motion of charged particles, whereas the coher-
ence can be increased by means of radiative feedback to 
the emitting particle bunch. Hence, not all coherent sources 

are, strictly speaking, "lasers" i.e. based on stimulated emis-
sion. Fig. 1 shows that all the available short-wavelength 
sources cover a wide range in brightness.

2. Basic Underlying Physics

2.1. Plasma Gain Medium

A viable option to stimulate the emission of EUV/SXR pho-
tons (20 - 500 eV) is using a gain medium with such large 
energy transitions, i.e. based on highly ionized atoms of a 
plasma [1]. The concurrence of such ions and a bath of free 
electrons, as it is in a plasma, is important. Highly ionized 
atoms of several charge units can be produced on a tab-
letop as a transient state in electrical discharges or alter-
natively by focusing a high peak power laser onto a solid 
target. Such expanding plasmas are very hot-and-dense at 
the birth moment while rarefy rapidly. The electron tempera-
ture and electron density characterize the medium (Fig. 2). 
For the sake of X-ray lasing across a plasma medium, the 
electron density is important to sustain an optimum num-
ber of excitation collisions between the free and the bound 
electrons [2]. This collisional excitation should bring the ion 
into a population inversion. If the collision rate is insufficient, 
the laser amplification is hindered. If the collision rate is too 
extensive, deexcitation or local thermalization also hinder 

Fig. 1. Comparison of brightness for coherent short wavelength 
sources.
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population inversion. Obviously, the energy exchanged in 
the collision should be effective to promote the bound elec-
tron to the upper laser level, which demands the temper-
ature of the plasma to be at a hot optimum. In previous 
publications, we have analyzed in detail the exact values of 
optimum conditions [2-5]. Such hot-and-dense plasma may 
support amplified spontaneous emission (ASE) across the 
plasma length. The requirements are strict and discussed in 
the next section.

2.2 Lasing by means of "Ionization Locking"

As the temperature does fluctuate across the plasma vol-
ume, also as a function of time, one needs to "lock" the re-
lated impact on the population inversion for a period long 

enough for the gain to establish. The gain 
relies on metastable levels in closed-shell 
ions working as upper laser level. Metasta-
ble levels are populated by means of col-
lisional interaction (monopole excitation). 
These are between free electrons and 
bound ones in the ground level, where the 
selection rules do not allow a dipole tran-
sition. Henceforth, if the transition cannot 
be accessed radiatively (Fig. 3), the upper 
laser level state cannot relax spontane-
ously. The only ways to relax are either by 
stimulated emission, or by collisional de-
excitation. The former contributes to gain, 
while the latter is realized at high electron 
densities.

As said, one needs to stabilize the ioniza-
tion stage, otherwise the metastable state 
can be destroyed by means of ionization 
and/or recombination. This is done by 
means of ionization locking. Fig. 2.b shows 
the fractional abundance of ion stages for 
Sn calculated by means of coupling colli-
sional and radiative rate equations (so-
called non-local thermic equilibrium) for the 
hot and dense plasma core as well as for 
the corona. The plot shows that for closed 
shell configurations, i.e. +22, the specific 
ion stage is stable over a larger range than 

non-closed shell configurations.

For instance, a closed shell is the 1S0 term of neon-like 
ions, i.e. with 10 residual electrons. Indeed, Ne-like argon 
(atomic number 18) giving soft X-ray lasing in a capillary 
Z-pinch discharge is eight-fold ionized Ar8+ (Ar-IX). Ne-like 
ions support lasing at modest energies of tens of eV that are 
possible on a tabletop. In order to extend the lasing to short-
er wavelengths, higher atomic numbers are necessary. So 
far, Nickel-like (3F4), Zn-like (1S0) or Pd-like (1S0) ions have 
demonstrated lasing at energy as high as several hundreds 
of eV.

An alternative approach to population in-
version, instead of collisional excitation, re-
lies on free electron recombination. While 
the collisional approach discussed above is 
easier to realize and scale, it is less Stokes 
efficient. The use of a hydrogen-like C5+ ion 
that produced lasing by recombination at m 
= 13.50 nm (n = 4 to n = 2) and 18.22 nm 
(n = 3 to n = 2) has remained promising for 
long time to be scaled up. The underlying 
difficulty is that one needs a strong temper-
ature contrast interface: a hot core where 
to breed high ionization radiators, directly in 
contact with a cold shell to induce massive 
recombination.

2.3 Advantage of the Plasma X-ray Laser

The accomplishment of amplified sponta-
neous emission (ASE) is based on fluores-

Fig. 2. Hydrodynamics as a function of time and expansion distance of a laser-pro-
duced plasma generated by irradiation of a Sn target with a pre-pulse (t = 0) and a 
main pulse (t = 2.7 ns). a) Electron temperature: one notes the short transient window 
for hot plasma lasing at the instant of main pulse delivery (see also d.); b) Ionization 
degree: at the hot condition a +22 ionization (Ni-like Sn) is accomplished, which due to 
plasma rarefaction does not recombine; c) Electron density; d) Calculated laser gain. 
From: Masoudnia & Bleiner [3].

Fig. 3. Comparison of Grotrian schemes for the Ne-like and the Ni-like shells that are 
used to generate amplification across the 3p-3s and 4d-4p transition respectively. The 
upper laser level is metastable since it can be only populated by means of collisional 
excitation. The lower laser level is rapidly emptied thanks to dipole-allowed relaxation, 
which gives the upper-to-lower level population inversion.
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cence that stimulates emission in population-inverted ions. 
The sweep of this process across the plasma-column length 
gives an active gain. As the process occurs, the natural line-
width experiences gain narrowing. Henceforth, the plasma 
X-ray laser is extremely monochromatic, with linewidths 
much narrower than the natural width, in the range of Dm/m 
< 0.001 % or < 1 meV. This spectral purity is at the base of 
the enhancement of the peak brightness (Fig. 1), and per-
mits high-resolution applications such as spectroscopy and/
or lithography.

Furthermore, this is the only X-ray laser able to concomi-
tantly emit two coherent lines at a significant energy span 
for interest in applications, as we demonstrated a few years 
ago [5]. While these lasers are extremely coherent in time, 
they are not so in the transverse direction. This means that 
the wavefront flatness is rather limited to approx 15 - 20 % 
of the pulse diameter, as it was shown before [6].

As the ASE is primed by fluorescence, the poor spatial co-
herence is not surprising. In order to improve the wavefront 
quality, and enhance collimation, a technique known as in-
jection seeding has been used. This implies to prime the 
lasing using a good quality external pulse. One has to distin-
guish between self-seeding and external seeding. The for-
mer is accomplished with the concomitant (slightly delayed) 
generation of two plasma lasers, one injected into the other. 
In the case of external seeding, high-harmonic generation 
(HHG) is used which however makes the system grow in 
complexity.

3. Experimental Realization on a Tabletop Setup

The physics of laser action across a plasma is rich and 
dominated by unsteadiness and local transient processes. 
From an experimental standpoint, the overall process relies 
on specific critical steps to drive the amplification across a 
microplasma. To begin with, a pre-plasma has to be gen-
erated, a weakly ionized plasma that is suitable to prepare 
the main process of a hot-and-dense plasma gain-medium. 
A single-pass (no cavity possible) gain process can grow 
above a lasing threshold, if the plasma width-to-length is 
within an optimum aspect ratio. We derived the exact rela-
tion in a previous publication [7], which would explain why 
in some case the output is modest while in some other is at 
saturation. The drive-laser line-focusing (discussed below in 
sect. 3.1) or discharge confinement capillary geometry are 
thus crucial.

As the electron density is thicker in the core of the plasma 
and thinner at the margins, the opacity is also inhomogene-
ous. While the opacity of a medium determines its refractive 
index, one experiences larger refraction at the boundary 
of the plasma column. With that, the ASE tends to give a 
diverging X-ray laser pulse, as wide as 5 mrad at the out-
put, with a donut profile. We have showed a solution to this 
issue, using a telecentric normal-incidence collector, fabri-
cated with a multilayer coating [8]. Multilayers working as 
Bragg reflectors [9] permit to realize reflective optics for this 
wavelength range, to overcome the limitations of grazing 
incidence optics. State-of-the-art experimental concepts 
have been reviewed recently [10]. Here a short synopsis 
is given about plasma-based X-ray lasers. In general one 

distinguishes between two architectures (Tab. I): (i) optical-
ly-pumped, and (ii) electrically pumped.

Pumping Optical Electrical
Plasma Medium Ne, Ni-like Ions Ne-like Ions
Drive Power / Energy 0.2 - 20 TW / 0.3 

- 30 J
1.5 GW / 2 J

Conversion Yield < 10-5 ~ 10-5

X-ray Pulse Energy ~ 10 - 30 µJ ~ 20 - 50 µJ
Number of Photons ~ 1011 ~ 1011

Wavelength 3.56 - 42.10 nm 46.87 nm
Linewidth < 1 meV < 1 meV
Pulse Duration < 1.5 ps ~ 1 ns
Repetition Rate < 10 Hz 1 - 100 Hz

Tab. I: Main characteristics of the alternative methods for plasma 
lasing.

3.1 Optically-Pumped X-ray Laser

One approach to generate hot-and-dense plasma gain-me-
dia is line-focusing a high peak power laser on a target [11]. 
Line focusing is important to produce high aspect ratio plas-
ma columns by means of laser ablation [12]. Line focuses 
can be realized using tilted mirrors: the related astigmatism 
stretches the focal spot over a thin oval. Alternatively one 
could illuminate a spherical mirror parallel to the optical axis, 
such that the focal spot is affected by spherical aberration. 
Obviously, one could also obtain a line focus using a cy-
lindrical lens: this practice is however disadvantageous be-
cause for high pulse intensities is hard staying below the 
damage threshold.

In fact, the drive-laser should have a pulse duration in the 
range of ps, leading to high peak powers. Shorter pulse du-
ration of fs, although enhance the peak power, can deposit 
the energy in a time-scale too fast to exploit the full gain 
buildup time [4]. Obviously, long pulse durations of ns are 
too slow to pump the population inversion and ASE gain. 
The drive laser wavelength is typically in the infrared (IR), 
although visible pulses can penetrate deeper into the ex-
panding opaque plasma.

A pre-pulse of 5 - 20 % the energy of the main pulse enhanc-
es the efficiency. The delivery of the main pulse with a few 
ns delay permits the pre-plasma to expand and relax the 
opacity and high-density gradients. The main pulse is thus 
advantageously coupled. Our group has also introduced a 
double pre-pulse technique to improve the control and align-
ment [6]. The pre-pulse was traditionally delivered from a 
separate laser than the main pulse: while the pre-pulse was 
a long pulse on-axis to the target, the main pulse was a 
ps-pulse at grazing incidence. The alignment of these two 
completely independent pulses, both in time and space, is 
crucial and critical. Jitter effects or minimal optics tilt would 
cause a detrimental mismatch of the two pulses on the tar-
get. Therefore, our group introduced the use of a dog-leg 
beam-splitter to generate a pre-pulse from the same laser 
used for the main pulse.

The pumping requirement (Fig. 4) to realize X-ray plasma 
lasing have substantially relaxed over the decades. If in the 
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early times a multi-kJ laser was mandatory (which is an im-
mense facility, with just a few pulses per day), nowadays a 
few hundreds of mJ can do the job.

3.2 Electrically-pumped X-ray Laser

While a kJ laser is a gigantic facility, a kV generator is a 
handy device. Henceforth, plasmas produced as electrical 
discharges have proven a suitable alternative to reduce the 
footprint and increase the average power (pulse repetition 
rate). The discharge in a capillary of approx. 20 cm produc-
es the above-discussed plasma column. The pre-plasma is 
produced with a RF coil and a DC lead. The work gas is 
mainly Ar as other gases did not prove as effective. Ne-like 
Ar gives a strong lasing at 46.9 nm wavelength. The main 
pulse is delivered as a pulse-forming network drives a 40 
kV / 40 kA signal, switched in 1 ns by a hydrogen thyratron.

The forward power transfer to the plasma column as load 
must be optimized by matching the impedance, using a so-
called matching box.

4. Alternative Concepts for Short Wavelength Coherent 
Light

The focus of this update is tabletop X-ray 
lasers, based on plasma as a gain medium. 
There are however alternative concepts to 
realize tabletop high-photon-energy co-
herent light pulses. For completeness, we 
briefly mention them, pointing at the main 
differences with plasma-driven lasers. Co-
herent light is indeed a wider category than 
"lasers": the latter strictly implies energy 
extraction across a gain medium by stimu-
lated emission.

A popular approach is that of utilizing par-
ametric processes. In this case, there is no 
energy extraction from a medium. A non-lin-
ear medium is used for energy conversion 
involving a quadratic (or higher order) 
response of the polarization to a driving 

electric field. The non-linearity requires high 
amplitudes of the drive fields, i.e. as high as 
~ GV/m (or > 0.1 TW/cm2 in pulse peak in-
tensity). The interaction happens instantane-
ously through a virtual state: energy and mo-
mentum are obviously conserved, making 
so-called phase-matching critical. High-Har-
monic Generation (HHG) is the most popular 
of these parametric techniques. A high inten-
sity pump beam across a non-linear medium, 
e.g. noble gas, will generate a comb of odd 
harmonics of the fundamental wavelength. 
The conversion yield drops after a cut-off 
harmonic order, such that at soft X-rays the 
photon budget is at best 107 photons. The 
details of HHG are beyond the scope of this 
article, see for instance [14-19].

A further approach to obtain coherent short 
wavelength light on a tabletop is that to de-
velop scaled-down particle accelerators, in 
order to obtain synchrotron radiation in a 

similar fashion as it happens in the full-scale accelerators. 
We are involved in one such EU project within the Eupraxia 
consortium (http://www.eupraxia-project.eu/).

Let's consider the undulator equation which gives the wave-
length of the n-th harmonic as a function of the period of the 
undulator poles (mu), the relativistic Lorentz factor c and the 
deflection parameter K (function of the magnetic field) and 
the deflection angle i:

( )K
2 1 2 1n

u
2

2 2.m
c
m c i+ +b l

One realizes that if mu is substantially scaled down, a com-
parable output wavelength mn is obtained at much lower c. 
If a relativistic electron is driven by the oscillating field of a 
laser, instead of an accelerator of hudreds of meters, this 
condition is accomplished, such as in so-called betatron or 
inverse Compton setups. Similarly, the oscillatory drive field 
that can be realized on the crest of an array of nano-struc-
tures, to accomplish an accelerator on a chip. A few recom-
mended papers go into the details of this interesting concept 
[10, 20-22].

Fig. 4. Progress of the drive pulse requirement to accomplish tabletop X-ray lasers, 
from the first demonstration at the LLNL Laboratories forty years ago [13].

Fig. 5 The self-developed X-ray laser based on a electrical plasma discharge across 
a capillary.
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5. Applications of tabletop X-ray lasers

There is a number of scientific and technical uses of EUV 
and/or SXR which become accessible on a tabletop [8]. 
The main strengths of such spectral range are the following 
three: (a) strong absorption, (b) nano-scale sensitivity, (c) 
efficient photolysis [23].

Defect inspection of nano-lithography masks is a technolog-
ical application with huge economic impact [24]. The special 
physico-chemical processes that occur under the action of 
ionizing photons (radiolysis) are found also in nature in as-
trochemistry. Laboratory astrochemistry thus benefits for the 
possibility to produce and reproduce the quite exotic chem-
istry and radicals found in the extraterrestrial context.  On 
the other hand , the wavelength  range between the CK edge 
(282 eV) and the OK edge (533 eV) offers a strong contrast 
between organic and aqueous matter. This "water window" 
is thus attractive to perform in-vivo bio-microscopy.

The short wavelength favors the enhancement of the dif-
fraction limit. As the latter scales as m/2, a wavelength in the 
10 - 100 nm means a substatial improvement of the spatial 
resolution. Nano-scale microscopy is thus possible without 
the use of electrons, but with similar advantages, and with-
out sample preparation [25]. While illuminating the region 
of interest, chemical visualization in either pixel-scanning 
mode (mapping) or full-field snapshots (imaging) are pos-
sible [26, 27].
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