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Spectrochemistry is the instrumental analysis of substances with light pulses. High brightness beams such as
lasers, capillary discharges, etc. have dramatically contributed to the advancement of spectrochemistry, and
largely replaced traditional continuous wave lamps. To extend this progress, intense pulses of even shorter
wavelengths than state-of-the-art, such as in the extreme ultraviolet or soft/hard X-ray regions, are necessary.
With that, one is able to carry out tabletop spectroscopy with high resolution in space, time and frequency.
Unfortunately, such advanced beams are not yet commercially available but only found at synchrotron beam
lines. Here, the user access is discontinuous, granted to large teams (”big science”), and mainly dedicated to
proof-of-principle experiments. To fill the 24/7 gap between users and tools, prototypes of high-brightness shortwavelength sources for tabletop operation, have been developed. Complementary figures-of-merit make them
unique for specific high resolution domains, such as generating tunable hard X-rays, monochromatic lines, or
ultrafast pulses. Advantages of these tabletop high-brightness short-wavelength sources for spectroscopy are
discussed as well as their limitations.

1. Introduction
Spectrochemistry is the instrumental analysis of substances, tracking
chemical processes through the information sampled with radiation
pulses. An essential instrumentation component is thus the source. The
radiation used determines the space and time scale of the interaction, or
resolution, as well as the chemical selectivity and sensitivity. A pulsed
illumination enhances the brightness and with that also the resolution.
The single shot brightness (BL) is the intensity deposited onto the sam
ple, for a given propagation divergence angle (collimation) and spectral
bandwidth (monochromaticity) of a single sampling pulse. The defini
tion of shot brightness (aka peak brightness) is thus as follows:
BL =

P

ε⋅Δω

(1)

where P is the shot radiant power, ε is the etendue (or geometrical flux),
and Δω is the spectral bandwidth (BW) or monochromaticity (often the
value is normalized to 0.1% BW). Eq. 1 indicates that not only the power
is a metrics of the light source performance, rather how collimated the
pulse propagates over a long distance, and how selective the spectrum is,
have their relevance. The etendue is an important parameter, a so-called
optical invariant that cannot decrease upon light propagation. It is the
product of source area and angular emission spread to express the
limiting flux given from geometrical characteristics. The power per

etendue corresponds to the intensity per solid emission angle. In fact, the
ratio P/ε can be expressed with the following equivalent expressions:
P

ε

=

P/A I F/Δτ
= =
θ
θ
θ

(2)

where I is the intensity (commonly in units of W/cm2), F is the fluence
(J/cm2), and Δτ is the pulse duration, A is the area, while θ is the solid
angle of emission divergence (lasers have divergences of as low as a few
mrad’s, while thermal lamps emit over the full spherical 4π sr. solid
angle). For instance, the Sun is a high power radiator, but the (broad
band) spectrum is irradiated over the entire solid angle: while less
powerful than the Sun, a laboratory laser emits monochromatically
within a narrow solid angle, to the enhancement of its brightness.
One understands that Eq. 1 is the essence of the success of lasers in
high resolution spectroscopy: lasers introduced high shot powers, low
divergence, narrow bandwidth, in a compact footprint. The brightness
units found in the scientific papers are: photons per unit of second
mm2mrad2 at 0.1% BW (attention: number of photons per second ex
presses the power, but the value in Watt is then a function of wave
length). These” photon units” are implicit throughout this review, using
the shorthand of BL. Furthermore, whenever it is mentioned” bright
ness”, it is always intended the shot brightness, which is characteristic of
pulsed sources.
Power values reported for the various sources are based on shot-to-
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shot statistics. The term beam brightness is used to indicate values
averaged over 1 s. This implies summing-up the pulse energy in the
window of 1 s, which is the energy of one pulse (or power times pulse
duration) times the number of pulses in 1 s. Henceforth, for the beam
brightness (BL, beam), the pulse repetition rate (frep) is important, i.e. BL,
beam = BL ⋅ Δτ ⋅ frep. The formula considers that different pulse durations
Δτ have different pulse energies, for a given shot brightness. Fig. 1 shows
both beam and shot powers, and highlights how sources with high
repetition rates such as synchrotron and high harmonic generation
(HHG) are benefitted, in spite of modest single shot energies. Here the
bandwidth is considered qualitatively (see the open symbols to indicate
large bandwidth), which is a further factor on the brightness.
Pulsed sources of short wavelength, i.e. for photon energy beyond
the so-called optical range (i.e. UV to IR), have a few advantages: (i)
enhancement of the spatial resolution, thanks to a lower diffraction
limit; (ii) enhancement of the time resolution, thanks to ultrashort
pulses; (iii) enhancement of the absorption cross-section, thanks to a
resonant interaction. Sources of short-wavelength are popular as ther
mal lamps on a tabletop setup, or as coherent beamlines at user facilities.
Beamlines, i.e. up to the latest (fourth) generation (Table 1), are tech
nically the state-of-the-art, with unique specifications for advanced

Table 1
Overview of worldwide latest generation beamlines and main specifications.
System
(Year)

Min. λ
[nm]

Beam
[GeV]

Rep. Rate
[Hz]

Length
[km]

Country

EuroXFEL
(2017)
FERMI
(2011)
FLASH
(2005)
LCLS-I
(2009)
LCLS-II
(2021)
PALXFEL
(2017)
SACLA
(2011)
SHINE
(2025)
SwissFEL
(2017)

0.0496

17.5

27,000

3.4

Germany

4.13

1.5

50

0.5

Italy

4.13

1.2

27,000

0.3

Germany

0.113

13.6

120

1.7

USA

0.0496

15

120

4

USA

0.103

10

60

1

0.0827

8.5

60

0.8

South
Korea
Japan

0.0496

8

1,000,000

3.1

China

0.103

5.8

100

0.7

Switzerland

spectrochemistry. Beamlines are however accessible only after approval
of a research proposal, submitted at specific calls, for granting a fewhour shifts of beamtime. Henceforth, the limited access presents prac
tical drawbacks, such as:
• The proposal discloses the original research idea. This model is
not acceptable for confidential research, especially with industrial
impact, or with excellence or breakthrough character;
• The experiments must strictly follow the description of the
accepted proposal, and ideally deliver results as submitted to the pro
posal review panel (PRP), lest the applicant might be excluded from the
next beamtime call. This dissuades from an inventive and agile (high
risk) discovery-oriented approach, encouraging a must-get-that conser
vative approach;
• The beamtime is very expensive, so that it is unlikely granted for”
unproductive” activities, such as pilot studies or student training;
• The experiments cannot be prepared and pre-tested until one
starts the live beamtime.
These few points highlight the benefit of pulsed laboratory-scale
setups, in order to perform tabletop experiments in the traditional
way, i.e. trying an idea, thinking it over about the first observations, and
replicating the tests until more robust statistics is accomplished, later
disclosed to the peers, whenever appropriate.
For this operation model, one does not need the most flexible source
that permits all kinds of experiments, like it is the case in a user facility.
Every research group has a scientific focus and profile, and their lab
tools are specialized enablers of that science. Flexibility may turn in lack
of reproducibility. On the other hand, the model of the” user facility”, i.
e. with a large variability of proposed science cases, requires a flexible
setup both in terms of technical specifications as well as logistic inte
gration, to mount case-by-case different experiments.
Fortunately, the various tabletop source architectures discussed here
offer complementary capabilities. One may question if tabletop sources
are a technical downgrade of the beamline state-of-the-art. In terms of
flexibility, as discussed above, this can be the case. In terms of specific
capabilities, it is not necessary true that compact sources are compro
mising on performance. Actually, depending on the required specifica
tions, some of the tabletop sources may even offer more advanced
capabilities than beamlines, such as highly monochromatic, ultrashort,
or fully coherent pulses.
A straightforward technique for down-scaling the same mechanism
behind the large-scale synchrotron is discussed first, which is particu
larly suited to obtain tunable pulses in the hard x-rays. This makes it
unique among the various tabletop schemes, and particularly suited for
diffraction, imaging and core shell spectroscopy. An alternative

Fig. 1. Power comparison of main pulsed short-wavelength sources as a func
tion of etendue (geometrical flux). Here the bandwidth is not considered: closed
symbols indicate monochromatic radiance, which further enhances the
brightness as given in Eq. 2. The X-ray tube is given for reference, though it is
not a pulsed source. a) Beam power considering the pulse repetition rate, b)
Single shot power. The dotted lines give constant brightness. Legend:
CD = Capillary Discharge, DPP = Discharge Produced Plasma, HHG = High
Harmonic Generation, LPP = Laser Produced Plasma, XFEL = X-ray Free Elec
tron Laser, XRL = X-Ray Plasma Laser, XRT = X-ray Tube.
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technique utilizes plasma radiation, from either discharges or laser
irradiation. This approach is particularly appreciated for the generation
of monochromatic lines, so important in high resolution spectroscopy,
actinic microscopy, and extreme ultraviolet lithography. A further
technique is based on the generation of high order harmonics through
non-linear photon conversion across a medium. The broad bandwidth
obtained as a comb of harmonics is ideal for the generation of ultrashort
pulse durations, as low as in the attosecond range. This is a unique value
in time-resolved ultrafast spectroscopy. The demarcation of the appli
cative scopes of the three concepts serves to orient the reader, and is
therefore used to structure the present review.
This paper is organized as follows: section 2 summarizes the main
characteristics of various short-wavelength sources, i.e. state-of-the-art
sources in sect. 2.1 and advanced sources in sect. 2.2; section 3 pre
sents a focus on advantages for spectrochemistry; finally, section 4
summarizes conclusions and presents an outlook. The rationale of the
review is to convince the reader that new possibilities of” big science”
class are becoming accessible for the home lab use. Here is not about just
one more spectral range. Rather, such radically different kind light
–matter interaction will enhance spatial and/or chemical resolution, as
well as sensitivity and selectivity, in an unprecedented way.

Fig. 2. Livingstone chart, which summarizes the accelerator technology
advancement in particle energy as a function of year. This represents some kind
of Moore’s law of the accelerator technology, whereas the orders of magnitudes
it span is much higher than what observed in the semiconductor industry.
Adapted from Teng [1].

2. Short-wavelength sources
2.1. State-of-the-art
2.1.1. Beamlines at accelerators
Early Beamlines (up to the 3rdGeneration). Beamlines are extremely
flexible and far-reaching facilities for spectroscopy. Originally, the
emission of light was however an unwanted parasitic effect, hampering
the specific goal of these machines: the acceleration of charged particles
to relativistic speeds for high energy experiments. Since the early times,
particle acceleration facilities (electrons, protons or positrons) were
uniquely meant as high energy colliders, i.e. for fundamental physics,
exploring the nucleus and the Standard Model. Prompted by the dis
coveries of Rutherford, that the α particle scattering efficiency by a gold
foil did not scale as the Thomson theoretical analysis predicted, Cockroft
and Walton conceptualized and realized a dedicated device in 1932
[2–4]. The Cockroft-Walton voltage multiplier is a rectifier, amplifying a
relatively small AC voltage to a DC potential able to accelerate charged
particles. It is history that Cockcroft and Walton were awarded the 1951
Nobel prize for their invention. Van der Graaf scaled up the acceleration
power with his charge transport design on a moving belt, until RF
technology brought the scientific community to the MeV and GeV and
beyond [1], as shown in the so-called Livingstone chart (Fig. 2).
A milestone to mention was the work by Sir Marcus Oliphant [5],
whose conceptualization to a large scale cyclotron was tragically inter
rupted as World War II broke out. The presently top-class accelerator
technology embodied in the 27 km Large Hadron Collider at CERN (13
TeV) was never scaled-up to ambitious projects such as the Eloisatron
(ELN), a proton collider operating at 200 TeV whose 300 km circum
ference was designed to fit-in within the triangular edges of Sicily [6,7].
Following the theoretical predictions by Ivanenko and Pomeranchuk
[10], the accelerator community realized that kinetic energy was lost to
radiation, and needed to be replenished. This was an annoying short
coming for the particle physicist, but a new perspective for the spec
trochemist. The first experimental utilization of synchrotron light
[11–13], i.e. the radiative emission by bending relativistic free elec
trons, dates back to 1947 at General Electric’s research laboratories. A
periodic magnetic field was synchronized to the electrons’ orbit, such
that at each turn, a” synchronized electron acceleration” was accom
plished. It was not before than 1956 that synchrotron radiation’s po
tential was identified for spectroscopic applications [14]. Since then
generations of beamlines have happened, with as much as twenty orders
of magnitude increase in brightness (Fig. 3). This sensational progress is
way much more than celebrated Moore’s law in the semiconductor

Fig. 3. Comparison of brightness of a selection of beamlines. Fourth generation
accelerators (FEL) show top brightness thanks to the reduction of the pulse
duration. For reference a 60 W light bulb produces a brigthness of 106BL, a x-ray
tube approx. 109BL, while the Sun achieves 1010BL. Plasma x-ray lasers (XRL,
see Sect. 2.2.2) achieve approx. 1025BL, which is remarkably above the syn
chrotron, thanks to the narrow linewidth. Modified from Ackermann et al. [8]
with permission.

industry.
The basic mechanism is rather simple, while the engineering and
financing is full of challenges. Charged particles are injected into a
3
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storage ring, to accelerate along a circular path, up to relativistic speeds.
Their steering, i.e. change of direction, is accompanied by the emission
of photons, which is radiative energy subtracted from the kinetic energy.
Henceforth, the realization of storage rings of large diameters is essential
to relax the radius or curvature of the trajectory and achieve speeds
closer to the ultimate limit, i.e. the speed of light.
The energy lost during the particle propagation across the storage
ring is recovered as they travel across RF cavities. The radiated power
generated by bending magnets is peaked around a critical value (Ec), as
shown in the curves on Fig. 3. The peak photon energy Ec is a function of
the magnetic field strength (B) and beam energy (Ee) as follows [11]:
Ec [keV] = 0.66⋅Ee2 [GeV]⋅B[T]

(3)

For instance, for B = 0.6 Tesla and Ee = 7 GeV, as reported for the
Advanced Photon Source at the Argonne National Laboratory [11], a
critical photon energy of about 20 keV can be obtained.
The 1st generation synchrotron light sources were simply a byproduct
of the storage rings used as colliders [11–13,17,18]. The complete
dedication of the storage rings to generate radiation gave place to the 2nd
generation light sources, which later evolved into the present-day 3rd
generation light sources with insertion devices (Fig. 4), i.e. either wig
glers or undulators, significantly improving the brightness (about 8 or
ders of magnitude) [13,19].
Wigglers and undulators (Fig. 5) are different periodic magnetic ar
rangements, which drive quivering charged particle paths across broad
(K ≫ 1, see Eq. 4) or narrow (K ≪ 1) amplitudes, respectively. In gen
eral, the wiggler emission spectrum is qualitatively a broad spectrum
from microwaves up to the hard x-rays, like in bendig magnets. A higher
radiated power is obtained with a wiggler than with a bending magnet,
due to a factor of 2 stronger magnetic fields [11]. The broadband
emission must be monochromatized for x-ray spectroscopy. On the other
hand, the undulator spectrum is composed of monochromatic x-ray
harmonics at wavelengths (λn) given as follows [11,12]:

Fig. 5. Operation of the undulator and wiggler modes of operation. The lobes
are the instantaneously emitted radiation from the oscillating electrons.
Adapted from ref. [15] with permission.

λn =

/ )
λu (
1 + K2 2
2γ2 n

(4)

where K = 0.934Bλu (B is the magnetic field), γ is the Lorentz factor [21],
n is the harmonic order and λu is the magnetic poles period. The undu
lator produces the highest spectral brightness (e.g up to 1024BL) [20],
also as a consequence of higher radiation collimation (e.g θ~ 40 μrad).
The radiation has also qualities of partial coherence and energy
tunability (e.g. 5–20 keV at [18]), which is accomplished by changing
the gap between the periodic magnets.
Latest Beamlines (4thGeneration). A latest advance in accelerator
technology, especially in the X-ray, has been accomplished with fully
spatially coherent pulses, which significantly enhance the beamline
brightness [22,23]. As in the case of the synchrotron beamlines, rela
tivistic particles (~GeV), here electrons, are utilized. Differently from
the synchrotron, the free-electron laser (FEL) relies exclusively on
undulator radiation attached to a linear accelerator (LINAC). Coherence
is enhanced by clocking the undulator emission to realize a feedback
with the electron packets propagation.
Radiation feedback is the” laser component” of a FEL, while other
wise there is no lasing process strictly speaking, as discussed below.
Under precise synchronisation between electrons and emitted photons,
the electrons spread over a given length-scale (Fig. 6.a) tend to microbunch as a function of travel distance (Fig. 6.b). In fact, the photons
travel faster than the electrons. Photons catching-up with electrons
downstream can give a push to steepen-up the trailing edge. Photons
travelling backwards interact with electrons upstream and steepen-up
the leading edge. If the radiators could be compressed over a lengthscale smaller than the emitted wavelength, so-called superradiance
[24] would be accomplished over a short distance. Due to electrostatic
repulsion this is extremely challenging in the case of free electrons,
while may be accomplished with plasmas. In reality, over a large dis
tance of hundreds of meters of a LINAC, or even a few kilometers,
electron self-bunching can be saturated such that the feedback action
leads to self-amplified spontaneous emission (SASE). Table 2 compares
typical parameters at synchrotrons and x-ray FEL. As it can be observed,
the FEL delivers advanced performance in terms of pulse duration,
brightness and coherence.
Technically speaking a FEL, although called” laser”, it is not Light
Amplification by Stimulated Emission of Radiation (LASER). As shown
in Table 3, a laser has three distinguishing features: (i) a feedback cavity,
for the saturation of the gain; (ii) the population inversion, for the

Fig. 4. Conceptual sketch of the architecture of (a) first/s and (b) third gen
eration, and respective spectral emission distribution. Modified from Schlachter
[9] with permission.
4

D. Bleiner

Spectrochimica Acta Part B: Atomic Spectroscopy 181 (2021) 105978

FEL in the short-wavelength domain is a top experimental achieve
ment of the recent times [27]. The brightness is so intense, that such
pulses literally destroy the sample. However, since their pulses are in the
range of femtoseconds, they generate ultrafast spectroscopic signals
before the sample is gone. Ultrafast spectroscopy can thus access charge
transfer processes, which in the past could only be simulated. Altarelli
[28] reviewed the field at the dawn of the soft x-ray FEL, while in those
days’ hard x-ray FEL was only a vision. Ackerman et al. [8] character
ized one of the first worldwide soft X-rays FEL in operation, at
λ=13.7 nm. The average energy per pulse reached 70 μJ with a duration
of 10 fs, at a pulse repetition rate of 700 Hz. At λ=2.75 nm the fifth
harmonic (H5) is the so-called water window. The window is the spec
tral region of the soft X-rays (λ = 2.33–4.40 nm) across which the ab
sorption of carbon exceeds that of oxygen, main absorbing components
of water. The K-absorption edge of carbon is at 282 eV while the K-edge
of oxygen is at 533 eV. It follows that water is transparent to soft X-rays
in this region, but organic bio-molecules are not. This spectral domain is
very interesting for direct x-ray microscopy of unstained living speci
mens, in their natural aqueous environment. While the field of FEL at
soft and hard X-rays is now very active, it is beyond the scope of this
tutorial review to provide a detailed account. The interested reader is
encouraged to refer to the extensive literature [29–33].
In the last several years, intense research efforts have been spent for
downscaling a x-ray FEL. Li et al. [34] have proposed an original design
that would fit the footprint of a FEL to a shoebox size. The Gordon &
Betty Moore foundation have funded 13.5 million USD in 2015 to an
international consortium including Switzerland [35], in order to
develop a working prototype of such” accelerator on a chip”. Photonic
nano-structures, irradiated by a high field fs-laser, mainly fabricated on
a fused silica substrate, are utilized as dielectric laser accelerators (DLA)
[36]. Present compact RF modules for FEL technology operate with an
accelerating gradient of 35 MV/m, which over a length of km’s
accomplish several GeV’s bunches. To shrink down the footprint to the
tabletop (or even a shoebox), a remarkable increase of the electron
accelerating gradient, well above the GV/m, is required. While laser
wakefield accelerators (discussed below) are driven by the pulse enve
lope, the beam dynamics in DLA are directly dependent on both the
intensity and phase of the drive laser pulse, which leaves more options to
find a possibility. Numerical simulation is thus important to explore
windows of operation. However, the Lawson-Woodward theorem [37]
prohibits to an electromagnetic pulse to drive particle acceleration as
high as to touch relativistic energies in vacuum. Henceforth, field
enhancement on a pilot nano-structure is functional. To make the pro
cess seemingly impossible, laser intensities approaching the damage
limits of the material are involved.
So far, fused silica DLA driven by fields of 1.8 GV/m have been
demonstrated [38,39]. Combining the GV/m fields of femtosecond la
sers with high damage thresholds materials, known from the nano
fabrication expertise of the semiconductor industry, may be crucial for
the realization of the highest-gradient non-plasma particle accelerators
of miniature footprint [36]. However, another limitation of DLA pro
totypes so far is the wide energy spread at the bunching stage, which
hinders a good lasing action.
An alternative scenario has been sketched by the Nobel winner 2018,
who believes that massive arrays of thousands of fibre lasers may be the
driving force behind next-generation particle accelerators. The Inter
national Coherent Amplification Network project strives this direction
[40].

Fig. 6. Conceptual sketch of the working principle of a fourth generation
beamline, based on micro-bunching by emission feedback. On the left subpanel,
the spontaneous random electron undulator-emission propagates downstream
and by feedback on the electron bunch induces structured packets of radiators.
This leads to the high-gain FEL coherent emission. Adapted from He et al. [16]
with permission.
Table 2
Comparison of typical beamline parameters of 3rd and 4th generation light
sources. (*) Brightness in BL units (see text).
Parameter

Synchrotron (3rd gen.)

XFEL (4th gen.)

Photon flux [pH. s− 1]
Pulse duration [ps]
Brightness [BL*]
Beam size [μm]
Bandwidth ΔE/E [%]
Spatial Coherence [%]

ca. 1013− 15
10–100 [20]
1024 [20]
~ 200 [18]
~0.1
30–40

1011
0.01–0.1 [20]
1033 [20]
~ 100 [21]
~0.01
100

Table 3
Comparison of fundamental aspects in a laser and in a FEL. * This acronym isa
fictive for the sake of this tutorial.
Pumping
Cavity
Gain Medium
Requirement
Process
Outcome
”LASER”
indicates...

Optical Laser

Free Electron Laser

Flashlamp or Other Laser
Yes
Yes: Gas, Liquid, Solid
Population Inversion
Stimulated Emission
Amplification
Light Amplification by
Stimulated Emission of
Radiation

Undulator Radiation
No
No
Population Bunching
Emission Feedback
Coherence Growth
Light Accumulation by
Synchronized Emission of
Radiation*

operation in the active gain mode (in passive gain mode, radiation is
self-absorbed); (iii) stimulated emission, to drive the emission coher
ently. In a FEL these features are missing, and replaced by: (i) a long
linear single-pass accelerator, for the SASE feedback; (ii) a microbunching process, for the operation in the active gain mode; (iii)
SASE, to sync the emission towards coherence. Hence, a FEL, differently
from a classical laser, does not directly extract stored energy from a gain
medium. Rather it sorts out the radiator distribution to achieve a col
lective effect. FEL radiation grows from background fluctuations (elec
tron noise) which hampers the spectral quality.
In 2007 Wu et al. [25] have examined an advanced approach to
enhance the FEL emission quality. Instead of a radiation field selfamplifying out of background radiation, a seed pulse” primes” the
amplification. This process, while requiring challenging control on
timing and radiation homogeneity specifications, leads to a cleaner and
more monochromatic pulse of coherent x-rays. At the FERMI beamline
in Trieste, the seeding approach is now routinely operational [26].

2.1.2. Low-brightness laboratory sources
For more than a 100 years, X-ray spectroscopy as well as imaging
have been carried out in the home laboratory, e.g. using cathode tubes.
Their working principle has remained essentially the same, although
alternative architectures have been realized. The generation of an
electron bunch, accelerated to bombard a target material, triggers
Bremsstrahlung as well as characteristic fluorescence lines [41,42].
5
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The Crook tube produces the seed electrons by ionizing the residual
atmosphere in the tube. The tube consists of a glass sphere evacuated as
low as 0.1 to 0.005 Pa. A concave Al cathode plate is juxtaposed to an
inclined Pt anode target, so that X-rays can shine through the side of the
tube. The Crook tube has a third electrode, the anti-cathode, connected
to the anode. The operating voltage is powered by an induction coil or
electrostatic machine in the 1–100 kV range. This simple architecture is
limited by the loss of residual atmosphere through physisorption to the
inner walls. With that, the change of pressure initially shifts the spectral
range towards harder X-rays, until the functionality is self-terminated. It
is common observation, similar to household light bulbs, that with the
passing time, the glass walls turn opaque as a consequence of this aging.
On the other hand, in a Coolidge tube, electrons are generated by the
thermal emission off a tungsten wire, ohmically heated by a current. The
filament is thus the cathode, and a high voltage accelerates electrons to
bombard the W or Mo anode. The x-ray can be output either through an
end-window, requiring a thin transmissive anode [43], or a sidewindow. The anode is inclined, as in the Crook tube, to facilitate the
side extraction of the x-rays. Both architectures generate remarkable
temperatures at the anode, as high as a few thousands degrees. The large
amount of heat requires strong cooling and limits the efficiency to a
modest percent figure. In order to mitigate the effect of heat, a larger
region is swept by the electron beam by rotating the anode [44]. As an
alternative to Rh, graphite provides thermal storage for the anode
[45,46] and makes the anode lighter [47].
As a further aspect to consider, the emission is isotropic, such that the
effective power utilized is rather poor. This limits the brightness of these
sources to ca. BL = 107. High brightness is necessary for (i) spatially
resolved information, such as in x-ray microscopy or spectromicroscopy;
(ii) for temporal resolution, to keep-up sensitivity while reducing the
exposure time; (iii) for efficient diffraction, to bypass the issue of
growing large crystals to be able to collect strong reflexes; (iv) for fast
data collection, especially in the progress of a reaction.
In order to enhance the brightness, microfocus X-ray sources have
been devised [48]. The peculiarity is the implementation of electrostatic
or electromagnetic optics to bundle and focus the electron beam, so to
accomplish a microspot. Henceforth, the emission is delimited to a
narrow” point” source [49] that is helping to enhance the imaging res
olution [50]. An aperture homogenizes the output, while cutting part of
the X-ray light. Indeed, if the spatial coherence is enhanced, the power is
rather modest. Besides the solid-anode microfocus [51], metal-jet anode
microfocus [52] have been realized.
Besides x-ray tubes, spectroscopy lamps targeting application in ul
traviolet spectroscopy [53–56] can be similarly mentioned. These
sources make use of resonance lines, e.g. He I at 21.2 eV (λ=58.4 nm)
and He II at 40.8 eV (30.4 nm) generated through a gas discharge. In
general, several lamps configurations have been implemented, leading
to specific advantages in terms of intensity, lines, electrode erosion or
compactness. For instance, Schönhense et al. [53] implemented a coldcathode discharge tube that operated with He, Ne and Ar, and allowed
generating lines between 30 and 110 nm and photon at remarkable
fluxes up to 1013 ph/s. Further details can be found in specific publi
cations [57,58].

High spectral resolution data, however, require sources with much
narrower linewidths than nominal 0.1% BW, like it is customary for
optical (UV/Vis/IR) lasers. Furthermore, the scanning, needed for a
spectral acquisition, is a sequential process accomplished by moving the
monochromator system. This is inconvenient when dealing with tran
sient signals, because the sample is changing while the spectral bins are
collected, with the risk of spectral skew.
For these reasons, tabletop setups complement logistical and tech
nical shortcomings of beamlines. The technical gap between beamlines
and tabletop short-wavelength sources tends to reduce year-by-year, but
it is still large in certain respects. The level of engineering in a beamline
(technology readiness [61]), as well as its investment capital, is still
orders of magnitude higher than any tabletop setup. Tabletop setups are
specialized into different domains of impact, namely:
• Electron acceleration offers the best solution to obtaining wave
length tunability as well as hard lines. The scheme utilized in large-scale
facilities is miniaturized by using the oscillating field of a laser pulse in
place of a mechanical array of poles for the undulator.
• Plasma radiation offers the best solution to obtaining wavelength
monochromaticity. A plasma medium that is hot and dense permits to
extend to soft X-rays the well-established process of optical amplifica
tion across a gain medium.
• Photon conversion across a non-linear medium such as a noble
gas is the best solution to obtaining ultrashort pulses. Since the spectral
bandwidth Δω is inversely proportional to the pulse duration
(Δτ = 0.44/Δω), a large broadband comb of harmonics leads to ultrafast
pulses as short as attoseconds (Δτ = 10− 18 s).
The following discussion is henceforth organized around these three
directions. Technical details are given as well as milestone references.
The tutorial character of this review should make the discussion acces
sible to non-specialists. The application in spectrochemistry is still
limited by the restricted availability of these sources, which are mainly
at research-level prototypes. The technology readiness of these system is
discussed at the end of this paper.
2.2.1. Laser Wakefield acceleration techniques: tunable X-rays
In the years 2000’s, compact x-ray sources emerged thanks to the
advent of Terawatt lasers delivering focused intensities greater than
1018W/cm2. These sources are based on relativistic laser-plasma inter
action [15] and downsize the principle of a synchrotron beamline across
a millimeter: electrons are accelerated to relativistic energies and
wiggled in the laser field, so that they emit x-ray radiation (Fig. 7). Todate, sources from laser plasma wakefield (LPW) accelerators [62–65]
have not been demonstrated at repetition rates higher than 10 Hz. The
main challenge is to produce x-ray radiation with lasers of easy opera
tion and maintenance, e.g. below the TW power class and above the Hz
repetition rate, to fit a spectroscopy experiment.
For appropriately chosen parameters, laser accelerators [63] pro
duce a femtosecond electron beam emitted in the laser direction. The

2.2. High-brightness laboratory sources
Despite their enormous capabilities, beamlines are limited in a few
respects. As mentioned above, the logistics of beamtime-limited access is
a major drawback. Beamlines cannot be ported to the field for envi
ronmental or in situ spectroscopy. Often, the installation of specific
experimetal systems, e.g. multicollector for high precision isotope data,
is impractical for just fews days of campaign. Technical aspects, on the
other hand, make also scientifically interesting the realization of
tabletop alternatives [59,60]. For instance, bending magnets and wig
glers are” white light” (broadband) sources, which can be spectrally
controlled within the technical limits of available monochromators.

Fig. 7. Conceptual visualization of the synchrotron x-ray source based on
oscillation of a relativistic electron in a laser-produced ion channel. Adapted
from Rousse et al. [62] with permission.
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basic concept can be visualized using the popular image of an Hawaiian
surfer on a wave crest. Free electrons are surfers guided by the laser
wave front. As the surging laser field propagates, it pushes the free
electrons ahead, leaving behind a depleted region across its wake
(Fig. 8). This ion cavity follows at the speed of light. Electrons trapped
by ambipolar diffusion are thrusted by the strong laser field. If the field is
as strong as several hundreds MeV/mm, electrons can reach relativistic
energies over tiny distances, orders of magnitude shorter than in
beamline accelerators.
The LPW technique has been developed during the past decades.
Femtosecond electron bunches, at energies of a few hundreds MeV and
divergence of a few milliradians (mrad), are now routinely produced, by
means of two main schemes: (i) betatron and (ii) inverse Compton.
These differ by the way in which electrons are driven. When the elec
trons are wiggled by the fields of the ion cavity itself, the radiation
produced is called the betatron radiation. When the electrons are
quivered in a counter-propagating laser pulse, one speaks of inverse
Compton scattering radiation.
Betatron. In this LPW scheme, the ion cavity acts as both a linear
accelerator and wiggler. When using a few tens Terawatt lasers, elec
trons reach energies of a few hundreds MeV energy and oscillate in the
transverse direction with about λu~100 μm period. Even if the energy is
here one order of magnitude weaker than in synchrotrons (GeV), the
scaled down λu permits emitting coherent x-rays, as shown in Eq. 4 (the
kinetic energy is given by the Lorentz factor γ).
Demonstrated for the first time in 2004 [62], the betatron source has
a typical wiggler-like spectrum, i.e. broad and smooth, in the few keV
energy range. The integrated flux reaches up to 108 photons/shot. The xray pulse duration is a few femtosecond and the beam divergence is of
the order of 20 mrad. Fig. 9 visualizes the architecture of a betatron
source obtained with a commercially available TW laser. The orbits of
the electrons oscillating in the cavity can be controlled by tuning the
laser pulse polarization. For a linearly polarized laser pulse, the elec
trons oscillate in the field plane, and the x-ray radiation is also linearly
polarized. When the laser is circularly polarized, the electrons undergo a
helical orbit, and produce circularly polarized x-ray radiation [66].
Betatron sources are now being studied worldwide, some built next
to FEL and used as probes for matter irradiated with the beamline.
Several methods have been explored to increase the energy and flux of
the source. The most straightforward one is to increase the laser energy
[67] but it comes at the cost of a larger pump laser and a lower repetition
rate. Using hundreds of a TW laser, betatron radiation has been pro
duced in the few tens keV range. Recently, methods based on the control
of electrons orbits in the cavity, by tailoring the plasma density, allowed
to significantly increase the source efficiency [68,69].
Inverse Compton Scattering. In this LPW scheme, electrons are first

accelerated in a laser-produced plasma, and then wiggled in a counterpropagating laser pulse [70]. Here, the oscillation of the electrons in the
laser field is as small as 1 μm and femtosecond x-ray beams can be
produced up to a few MeV, depending on the electrons energy [71].
Unlike betatron radiation, a Compton inverse scattering source can
produce undulator-like monochromatic and tunable x-ray radiation. The
radiation is emitted at the Doppler-shifted fundamental frequency of the
electrons orbits.
All-optical inverse Compton sources have known a rapid develop
ment during the past few years and x-ray radiation has been produced
with energies from a few keV and up to a few MeV with broad-band of
narrow-band spectra [72–74]. Compton sources typically deliver 108
photons/shot at 1–10 Hz repetition rate. The x-ray pulse duration is a
few femtoseconds and the divergence is at 20 mrad. Fig. 10 shows the
architecture and example of the spectrum obtained.
Even if most of the experiments performed so far were focussed on
the production of high energy x-rays, the main interest of the Compton
scattering source lies in the possibility to produce tunable, femtosecond
and keV beams using smaller lasers at higher repetition rate and
reasonable cost. While it appeared as a considerable challenge a few
years ago, it recently became a reasonable objective since MeV electrons
can now be produced using commercial lasers [75].
2.2.2. Plasma emission techniques: Monochromatic XUV
A promising technology towards tabletop systems is represented by
plasmas. Microplasmas, generated either by means of laser irradiation of
targets or by means of gas discharges, can be routinely produced on a
tabletop. The radiation, for extreme conditions of plasma temperature
and density, is in the x-ray domain. The coherence of the light is one
important parameter to distinguish the various sources, i.e. spontaneous
(or incoherent sources) versus stimulated (i.e. coherent sources). Spatial
coherence is a measure of the wavefront flatness and collimated emis
sion. An incoherent pulse is best suited for imaging and microscopy,
while a collimated beam has several other advantages: (i) high bright
ness (ii) it can be focused into spots; (iii) scattering experiments are
possible. The most prominent advantage from plasma radiation is
however the emission of a monochromatic characteristic spectrum of
lines. These lines are related to the relaxation of the collisionally excited
states of either atoms, molecules or ions. Such transitions can be
exploited for the amplification of lines by means of self-stimulated
emission (so-called amplified spontaneous emission or ASE).
For the high transition energies involved in highly stripped ions, a
hot plasma can be used as a gain medium for lasing at much shorter
wavelength than what is possible with conventional solid state or gasdriven lasers. The ion population is very important to control the
source characteristics. Hence, the required plasma temperature must be
predicted. The fraction population of ionization stages, as a function of
the electron temperature, is shown on Fig. 11. The distributions are
computed with a public code from NIST (FLYCHK [76]) under LTE and
non-LTE conditions. By increasing the temperature, the ionization
window shifts towards high energy stages [77]. Closed shell stages (e.g.
Ne-like Ar + 8) are clearly more stable: their distribution curves are wide
and tall.
Laser Produced Plasmas (LPP): Kαsources and Amplified Spontaneous
Emission Soft X-ray Lasers. High-intensity laser irradiation of materials
(e.g gas jets, liquid droplets or solids targets) leads to the generation of
hot (e.g. electron temperatures of ≥ 10 eV, where 1 eV = 11,604.45 K)
and dense (e.g. electron densities ≥1018cm− 3) plasmas. These LPP are
spontaneously emitting short wavelength radiation [78]. Further, fast xray pulses in the keV range can be produced by focusing a femtosecond
laser pulse onto a solid target at remarkable intensities above 1015 W/
cm2.
While the detailed description of the process is complex, a frame
work understanding is sketched as follows. The drive laser pulse deposits
a part of its energy at the surface of the target and creates a thin plasma
layer where two populations of electron energies exist. The first consists

Fig. 8. a) Conceptual sketch of the laser plasma acceleration by ion cavity
generation, as in the case of betatron, with transverse injection and accelera
tion. b) Simulation by particle-in-cell, showing that the electrons originate from
a ring-shaped region around the laser axis. Adapted from Döpp et al. [65]
with permission.
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Fig. 9. Schematics of the tabletop experimental setup for electron acceleration and betatron x-ray generation. Adapted from Formaux et al. [65] with permission.

Fig. 10. All-laser-driven Compton γ-ray source setup and energy spectrum obtained. From Chen et al. [73] with permission.

of thermal electrons with energies in the 0.1–1 keV range. They produce
a radiation background through Bremsstrahlung radiation [79–82] and
radiative recombination. The second population consists of supra-ther
mal electrons accelerated in the 1–100 keV energy range by collective
plasma effects. These electrons can penetrate inside the target, beyond
the plasma layer, and ionize atomic K-shells. Finally, electron recom
bination together with the emission of Kα photons at a characteristic
energy depending on the target material is accomplished. The emission
is isotropic (incoherent and non-collimated) and the x-ray pulse dura
tion of the Kα emission was confirmed to be a few hundreds femtosecond
[83]. The number of photons emitted over 4πsr/shot is as high as 109.
The pulse propagation across the plasma depends on its opacity. Opacity
is a function of the so-called critical electron density (nc), i.e. the number
density for which the electron oscillation frequency (plasma frequency
ωp) matches the laser frequency (ωL), i.e. ωL = ωp at ne = nc. If the laser
field oscillates slower than the plasma electrons, the plasma is like an
opaque metallic surface. The critical density nc can be expressed as a
function of ωL, the electron mass (me) and charge (e), the vacuum
permittivity (ε0), as follows [11,78,84,85]:
[
] me ε0 ω2L 1.1⋅1021
nc cm− 3 =
≈
e2
λ2μm

industrial applications in Extreme UV lithography at 13.5 nm [84]. The
vision is however to replace these incoherent sources when the coherent
alternatives based on stimulated emission will become more performing.
The seminal 1967 paper by Duguay and Rentzepis [86] is the first
conceptual sketch for X-ray lasers. Several reviews, over the years, have
updated the progress [87–93]. Here the essential digest is given as well
as a further update on the latest progress. First demonstrations of LPP
lasing (laser action across the plasma) were at the Lawrence Livermore
National Laboratory in 1987 using massive lasers with kilojoule pulses
[94]. The efficiency has dramatically improved since then, such that the
state-of-the-art is suitable for tabletop operation using a laser pulse of a
few hundreds of mJ’s up to a few Joules.
Such energetic pulses are needed to obtain peculiar plasma condi
tions [95]. Closed shells of Ne-like configuration (i.e. residual number of
electrons is 10) or, for larger atomic number a Ni-like configuration (i.e.
residual number of electrons is 28) have metastable levels for accom
plishing inversion (Fig. 12). Large electron densities close to solid den
sity are needed to collisionally pump the ions upper levels, and get to an
inverted population. Collisional excitation prevents radiative relaxation
(dipole forbidden), and thus the upper level is a metastable level.
Stimulated emission will generate photon amplification. A metastable
lifetime of 30 ps is long enough to enhance the probability of stimulated
emission from the spontaneous fluorescence. Daido compiled a complete
table with the major wavelengths demonstrated [87], and Fig. 13 gives a
selection of these lines.
In order to perpetuate amplification, such peculiar plasma conditions
must be sustained over a certain length. A hot plasma column must be
generated. This is more easily said than done. The inhomogeneous

(5)

where the last expression is for the wavelength in micrometers.
Extensively developed in the 1990s, so-called Kα sources have been
used for applications in physics, such as atomic dynamics at the
femtosecond time scale. Since then, Kα sources became less popular,
while most of time-resolved experiments are being performed at FEL.
LPP with nanosecond or picosecond pulses are however still popular for
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Fig. 13. Wavelengths of soft X-ray plasma lasing, obtained with a selection of
closed shell atomic radiators (Ne-like or Ni-like). Adapted from Suckwever et al.
[91] with permission.

grows. Obviously, there can be multiple concomitant beamlets that
emerge, such that the raw pulse profile is multimode.
Giant kJ-pulses at the Livermore facility were enabling to generate
such hot spot conditions under a quasi steady state (QSS) of the plasma.
These experiments were effective but not efficient for routine applica
tion. The use of a pre-pulse for a transient collisional excitation (TCE)
has significantly reduced the energy demand, and increased the effi
ciency by three to four orders of magnitude. A pre-pulse (2–10% of the
main pulse) is delivered to generate a weakly ionized pre-plasma, on
which the main pulse deposit the most of energy. The main pulse is
supposed to generate a transient highly ionized plasma, with population
inversion. The main pulse is delivered with a few ns delay to the prepulse, which allows the pre-plasma to (i) expand of few hundreds mi
crons, (ii) relax density and the opacity, and (iii) smear-out the steep
density gradients which may otherwise refract the radiation (Snell law).
Loss of opacity is required to relax plasma shielding effects on the main
pulse. The main laser pulse is delivered as a line-focus, in order to
generate a plasma column parallel to the target surface [98]. The plasma
column can radiate from both termination (Fig. 14.a), such that the use
of a collector mirror can help to recover the energy lost in the rear di
rection (Fig. 14.b) [99].
A plasma column (Fig. 14.c) is easily accomplished by means of linefocus irradiation of the target (the spot is a 10-μm-by-10-mm stripe). A
line focus is realized in either of two ways: (i) using a cylindrical
focusing lens, (ii) inducing aberration (i.e. astigmatism, spherical ab
erration) of a titled focusing mirror. Considering the high energy pulses
involved, the use of lens is to be ruled out, due to risk of destruction and/
or pulse broadening. Line focuses are discussed in details elsewhere
[100].
Since the TCE plasma is a transient medium, the use of pre-pulses
proved successful to improve control on the plasma conditions. For a
plasma length of 10 mm a” time-of-flight” of the x-ray front of (10 mm /
c =) 30 ps is easily estimated, in which duration the plasma can cool and
rarefy. A TCE using pre-pulses normal to the target, leads to plasma
columns radiating from both endings (Fig. 14.d). Although the efficiency
of energy conversion has been increased by orders of magnitude in TCE,
as compared to QSS, the absolute efficiency of utilization is still modest.
By grazing-incidence pumping (Fig. 14.e) one is able to generate a
unidirectional gain sweep to be able to collect the x-ray emission on one
side. A technique called” travelling-wave excitation” (TWE) has been
introduced to favor the matching between sweep propagation and hot/
dense plasma conditions. TWE implies the target inclination with a
grazing-incidence angle, such that the drive pulse-front hits the targets

Fig. 11. Fractional population of argon neutral (0) and ion stages (Z indicated)
as a function of plasma temperature (electron density constant to 1019cm− 3),
calculated for (a) a local thermic equilibrium (LTE) and (b) a non-LTE colli
sional radiative model.
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Fig. 12. Electronic levels of the closed shell configurations utilized for plasma
lasing. a) Ne-like system, b) Ni-like system. The fast radiative decay de
populates the lower lasing level to permit stimulated emission on 3p3s and
4d4p, respectively. The population inversion is accomplished by means of
collisional excitation to the upper levels.

structure of the plasma column, i.e. temperature and density distribu
tions and fluctuations, impacts the ionization degree and the ASE. Oc
casionally, in certain plasma” hot spots”, the tight condition to shortwavelength spontaneous emission are met. Beamlets from various hot
spots propagate across the excited neighboring regions and stimulate
further ASE. As long as this sweeping gain is fulfilled, the ASE pulse
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in a linear sweep, as a function of angle of incidence. With TWE, a
remarkable improvement of the pulse profile was demonstrated [97].
The gain across the (plasma) medium can be determined from the
output intensity (Il) as a function of the length (L) of the plasma column,
using the so-called Linford formula [101], as follows:
3/2

IL =

S(egL − 1)
)1/2
(
g gLegL

(6)

where S is the spontaneous emission per unit length, while the gain is g
[102]. Bleiner [103] has shown that the saturation of the gain is a
function of the aspect ratio of the plasma column, i.e. width over length,
with a theoretical limit close to gL=15, e.g. a saturation gain of g = 6
cm− 1 for an amplification length of L = 2.5 cm.
The main strength of plasma-lasers is the capability to generate
extremely monochromatic (Δλ/λ < 10− 5) laser lines at λ= 10 to 60 nm in
pulses of a few ps duration. Furthermore, two-color pulses (two wave
lengths at the same time) have been demonstrated [104]. The main
weakness is the poor repetition rate (although a few groups have re
ported operation at 10 Hz or even 100 Hz [105,106], which comes with
large systems above several million euros). For LPP stimulated emission,
brightness of above BL = 1026 and pulse duration of about 1 ps have been
reported [107].
The LPP laser is a fundamental atomic spectroscopy experiment that
teaches a number of lessons on the fundamentals of the elements, as
Daido [87] has pointed out, namely:
• The linewidth is narrower (monochromatic) even than the natural
linewidth. This surprising statement is explained as a consequence of
gain-narrowing, i.e. the fact that a line under amplification develops a
slanted lineshape, because the function, e.g. Lorentzian, is multiplied to
itself. No single experiment has shown re-broadening. The lack of rebroadening confirm that collisional effects determine the line profile,
not Doppler.
• Poor performance of the odd Z elements for lasing. Elements with
odd atomic number (Z) have nuclear spin and nuclear moment, and this
may indicate that hyperfine splitting limits the gain by increasing the
line width. In fact the gain is inverse proportional to the line width.
• The J = 0–1 lasing line exhibited a spontaneous polarization [108].
The 1-D expansion of the laser-produced plasma make the opacity of the
ground-to-lower-level transition anisotropic, which was considered as a
reason for the observed process. Still the issue is debated.
Discharge-Produced Plasmas (DPP): Low-Pressure Pinch-Discharge
(Pseudospark) and Capillary-Discharge Laser. Gas discharge-produced
plasmas are well studied for more than a hundred years, after the
works by Townsend, Dempster, and Christiansen [109–111]. The
threshold for the breakdown voltage (Vb) as a function of pressure (p) or
electrode gap (d), or their product, is given by the Paschen curve (Fig. 15)
[112,113]. The classical Paschen law describes the dependence of the
breakdown voltage in planar electrodes, as follows:
Vb =

Bpd
ln(Apd) − ln[ln(1 − 1/κ) ]

(7)

where A and B are experimental constants and κ is the secondary elec
tron emission coefficient.
Eq. 7 highlights two main regions aside from the glow discharge
region: the pseudospark (pd < pd(Vmin)) and the streamer discharge
(pd > pd(Vmin)). In general, the pseudospark discharge is characterized
for having electron mean free paths approaching the dimensions of the
electrode gap (λe ≈ d), i.e. the electrons generated at the cathode do not
undertake inelastic collisions before being extracted through the anode.
In contrast, for the streamer discharge, the electron mean free path is
decreased due to the increment of collisions at higher pressures (λe ≪ d).
The curve has a steep decreasing left-branch, a minimum region at about
700–1300 Pa mm (”glow discharge”), and a less steep linear right-branch
(”Raethmer’s streamer”) [114].

Fig. 14. Schematic of (a) a single-pass and (b) a double-pass laser. (c) The
aspect ratio of the plasma column is important to saturate the amplification. In
order to optimize it, instead of a (d) simple orthogonal target irradiation, one
can induce (e) a travelling wave that cascades the generation of a hot plasma to
match with the propagation of the growing laser field. Adapted from Key [96]
and Bleiner et al. [97] with permission.
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(Fig. 16). Bennett thus determined the plasma temperature (kT), as a
function of the discharge current (I), the degree of ionization 〈Z〉=ne/ni
(ne and ni are the electron and ion densities) and the line density Ni=πr2ni
as follows [78,123]:

Vmin
Pd(Vmin)

Pressure x Electrode Gap

Fig. 15. Paschen’s curve showing the pseudospark and streamer discharge
regions. The minimum breakdown voltage Vbmin (~ 0.3 kV) is obtained at
pdmin=7 mbar mm. Adapted from Frank et al. [114] with permission.

kT =

Vb =

pdc22

(8)

[ln(κ) − ln(c1 p) ]2

where p and d are the gas pressure and electrode gap, c1 and c2 are low
pressure-dependent coefficients and κ is the secondary electron emission
given by:
1 − (b/b* )T(1 − e−
(1 − T)ea1 d + Te

− b* d

b* d

)

− 1 + (b/b* )T(1 − e−

b* d )

μ0 I 2
8π(〈Z〉 + 1 )Ni

(10)

Peak currents of 10 to 20 kA, input energies of 3 to 15 J, at source
sizes of about 0.1–0.3 mm have been reported [119]. The pseudospark
source can deliver soft X-ray pulses of several mJ in the spectral region
between λ=5 and 50 nm. The incoherent emission is over the entire 4π
sr. solid angle, and thus only a minimal fraction is utilized onto the
sample. For samples of the order of 500 μm located at approx. 1 m from
the source (0.5 mrad illumination angle) typical efficiencies are approx.
2.5 ⋅10− 7. For 2 mJ 4π sr. emission, such value corresponds to 0.5 nJ,
which at λ = 10 nm corresponds to a still useful number of more than 107
photons/shot on the sample [125].
Self-pinching discharge plasmas have been also used for lasing. In
particular, for scaling-up the pulse repetition rate of short wavelength
lasers, DPP have proven more suitable than LPP Ṫhe discharge across a
capillary filled with a work-gas leads to ASE, with repetition rates as
high as hundred of Hz or even kHz. The capillary (ca. 2 mm wide and
20 cm long [126–128]) is used to obtain a hot plasma column [129], as
discussed in the LPP section above. For many years capillary discharge
lasers have been large and complex systems based on Marx generators
(Fig. 17) [124]. Nevrkla has studied a compact tabletop capillary
discharge laser [122,130] for suppression of unwanted self-inductances.
If the current through a circuit with given inductance L rises, a voltage V
(t) = LdI/dt is self-induced across the conductor with a polarity that
opposes the current. Due to the required high current rise dI/dt ~ 1012 A
s− 1 for the pinching process, all parasitic self-inductances in the circuit
are unfavorable: their reactance may become dominant and impede the
lasing. Reduction of self-inductances in the laser wiring is a critical
element, in order to achieve high dI/dt with a relatively small charging
voltages, in compact systems.

Although the Paschen law has been widely applied for planar elec
trode geometries, it shows deviations from experimental data when non
planar geometries are investigated. In fact, deviations in breakdown
voltages, caused by penetration of the anode potential into the hollow
cathode have been reported [115]. A Paschen law for the hollow cath
ode discharge, has been proposed as follows [116]:

κ=

Radiation

(9)

where a1 and a2 are spatial averages of Townsend first ionization co
efficients, one moving towards the anode, superimposed by another
reflected back away from the cathode. Finally, b* = b − (a1 + a2), b
characterizes the reflecting action of the electric field and T is the anode
transmission.
The ignition of the DPP, in a pseudospark configuration [117–120],
occurs whitout any switch between the storage capacity and the elec
trode system (self-triggering at Paschen breakdown), with low inductive
coupling of the electrically stored energy to the plasma. The pseudo
spark process has been described with four steps by Bloess [121], such
as:
1. Low-current self-triggering at Paschen breakdown,
2. The hollow cathode phase fills the empty region behind the
cathode,
3. The borehole phase fills the electrode gap, with increasing
current,
4. The rapid switch to the high current phase (tens of kA) and
switch in impedance, when the discharges reaches the self-pinching
stage.
Self-pinching makes the plasma hot and dense to soft X-ray emission.
The Bennett Eq. [123] quantitatively describes the physical process of
pinching, as equilibrium between thermal and magnetic pressure. In
brief, the current rises at a rate as fast as 1012 A/s, which induces a
strong magnetic compression against the plasma thermal pressure

Fig. 17. Schematic of the architecture of one of the early capillary discharge
XUV lasers. Adapted from Khan et al. [124] with permission.
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In the 1990’s, a compact Ar capillary discharge at λ= 46.9 nm, had
been however already demonstrated [131,132]. This setup has matured
to lately become reliable for applications [133,134]. The pulse energy of
1–100μJ and a pulse duration of 5 ns makes it possible to perform
ablation [135].

respect to the laser intensity IL).
In this treatment, a linearly polarized monochromatic laser field E
(t) = Eo cos ωot is assumed for simplicity. One notes that for the kinetic
energy to be high, large field amplitudes and small frequencies are
necessary. If the former is intuitive, the latter suggests that IR lasers (low
frequency is long wavelength) are better suited for HHG. The physical
explanation relies in the fact that the drive laser must be slower than the
atomic time-scale it couples to. It may be surprising that a semi-classical
treatment is an accurate description for a quantum atomic process: how
does the emitted radiation packs in harmonics? Why are only odd har
monics possible? The electrostatic field pulling together the (oscillating)
electron and the parent ion is, as discussed, overdriven by the laser field.
As long as the electron is also far from relativistic speeds (i.e. the Lorentz
force is negligible) a simple harmonic oscillator treatment is accurate.
This means that the instantaneous position of an oscillating electron,
whose initial position is x(to) = 0 (the atom) and initial velocity v(to ) =
ẋ(to ) = 0 (no kinetic energy while tunneling), is as follows:

2.2.3. Non-linear conversion techniques: Ultrafast XUV
Familiar photo-ionization, e.g. as in the case of x-ray fluorescence
spectroscopy (XRF), x-ray photoemission spectroscopy (XPS), etc. occurs
at weak electric fields (incoherent sources with modest brightness)
however with high photon energies. Such high-energy photons promote
a bound electron to the conduction band of solids or overcome the
ionization barrier. On the other hand, strong electric fields, even in the
infrared, act very differently: they can alter the atomic quantum levels,
lower the ionization potential, and make a bound electron” tunnel out”
with its own original energy. At the threshold, the electron is freed with
zero kinetic energy.
Large electric fields for tunnel ionization have been prohibitive for
many years. In field emission guns of electron microscopes, these are
achieved by tapering an atomic tip. Laser fields in fact scale non-linearly
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
with the intensity as E∝ 2FL /τεc, where the laser fluence is FL, the pulse
duration is τ, and ε is the medium’s dielectric constant, while c is the
speed of light. This non-linear relation makes increasingly harder to
scale-up the field, with either a strong increase of the fluence or a sub
stantial shrinking of the pulse duration (or both). It turns out, however,
that a 5–6 orders of magnitude reduction of the pulse duration, i.e. from
ns to fs, is now easier to pursue than a comparable increase in fluence,
from pulses of mJ to kJ (the latter has also practical difficulties such as
the destruction of the amplification media). Therefore, by means of
femtoseconds pulses, laser fields apt for tunnel ionization are possible in
the laboratory.
The tunneled electron then is accelerated under the driving action of
the laser field. If it freely propagates over a significant distance from the
parent atom, it can be accelerated to high kinetic energies of 20–200 eV
(in some reports even higher than that up to a keV [136]). Upon inter
cepting the high energy returning electron (recombination), the parent
atom emits XUV radiation. This is the so-called three-step model by
Corkum [137] (Fig. 18): (1) tunnel ionization, (2) propagation, and (3)
recombination, to describe the mechanism of high harmonics generation
(HHG). The process produces a comb of odd harmonics from the
fundamental one, which is the drive wavelength.
The cycle-averaged kinetic energy of the oscillating electron (pon
deromotive energy Up), which is contributing to the HHG radiation, is
quantified as follows:
( 2 )
( 2 )
e
e
IL
2
Up =
=
(11)
⋅E
⋅
L
4me ω2L
2me ω2L c⋅ε

x(t) =

Ekin (ωo t) = 2Up (sinωo trec − ωo to )

Ecutoff ∼ Ip + Ekin,max = Ip + 3.17Up

e-

2.
Propagation

e-

(13)

(14)

where Ip is the ionization potential [140,141].
It remains to clarify why odd harmonics interfere constructively and
even harmonics interfere destructively. The HHG pulse is a consequence
of the displacement of the electron cloud from the equilibrium position,
under the action of the laser field. Such polarization (P(χ (n))) is a func
tion of the n-th order electric susceptibilities. For a monochromatic field
E(t) the polarization is as follows:
[
]
P(t) = εo χ (1) E(t) + χ (2) E2 (t) + χ (3) E3 (t) + …
(15)

3.
Recombination

Ip

(12)

Fig. 19.a shows many possible trajectories from different times of
birth (tunneling time). The ponderomotive energy is the average kinetic
energy. The trajectory, for which the electron meets the atom with
largest energy, is the one for which the electron tunneled when the field
started decreasing (Fig. 19.b). For early time of birth (see green trajec
tories in Fig. 19.a) the electrons are lost in the positive position direc
tion. For late time of birth (red trajectories), electrons are also lost in the
negative direction.
Phase matching is thus a necessary condition, besides the high irra
diance for tunneling, to support harmonics [139]. This means that the
drive field and the oscillating electrons must have a locked phase offset
to optimize emission. All multiple would provide a suitable solution
with identical efficiency, until a cut-off. The cut-off is limited by the field
and bandwidth of the drive pulse, as shown in Eq. 11.
Recombination leads to the emission of a photon whose energy is, for
conservation, never exceeding the binding energy plus the acquired
kinetic energy. The latter was shown to be related to the ponderomotive
energy (Fig. 19.b shows that the maximum kinetic energy is 3.17Up).
Thus, the photon energy cannot exceed a certain cut-off value, obtained
as follows:

Energy

Harmonic
Emission

[(cosωo t − cosωo to ) + (ωo t − ωo to )sinωo to ]

Eq. 12 describes the trajectory of the tunnel-ionized electron under
the action of the laser field. According to the three-step model, a photon
is radiated after recombination, depending on the final electron kinetic
energy. Solving Eq. 12 for x(t > to) = 0 (when the electron passes back by
the atom), one obtains the time of recombination (t = trec). The kinetic
energy is finally computed from the attained velocity (i.e. ẍ2 (trec )) and
gives [138]:

where one has the electron charge (e), the mass (me), the vacuum
permittivity (ε), and the variables are the driving laser field amplitude
(EL) and the frequency (ωL) (the last expression is formulated with

Po
ten
tia
l

Eo

ω20

Kinetic
Energy

e-

In a centro-symmetric compound, like a gas without pre-oriented
molecules, one has the obvious condition that P(− E) = − P(E) (odd
parity): the electron polarization does not depend on the orientation of
the field. The consequence is that for any integer N, then χ (2N) (even
orders) have to be zero, where one has P(− E) = P(E) (even parity). In

1.
Tunneling
Ionization

Fig. 18. Three step model of high-harmonics generation. Adapted from Ishi
kawa [138] with permission.
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spectroscopic applications. Nonetheless, these sources face limitations
regarding low photon fluxes (<106 photons per shot over the entire
bandwidth), given by their modest conversion efficiencies (e.g. ~10− 6)
[143].
HHG in Liquids. Luu et al. [147] have recently published a radically
new method for HHG, based on the use of a liquid medium. The utilized
flat microjet provided an ultrathin (1.9 μm) slab of liquid. The flat
interface avoids curvature issues reported with droplets and microjets,
cause of reabsorption and phase mismatch, sample disruption, as well as
drive beam scattering. As a medium, water and various alcohols have
been investigated. In comparison to gas media, liquids showed much
brighter emission at low energies and a lower cut-off. The linear scaling
of laser intensity is similar to what observed with solids [148], and
deviates from the quadratic scaling reported for gases [149].
HHG in Solids. The HHG process across a solid non-linear medium is
attractive for the stability of the conditions. On the other hand, the risk
of conversion medium damage, as derived by runs with high peak power
is of concern. For this reason, materials with high damage thresholds are
required.
Burnett et al. [150] reported the first observation of the process, up
to the H11 harmonics of the CO2 laser (H11 at 0.96μm), as an unwanted
back-scatter during planar Al target irradiation. Von der Linde et al.
[151] studied the HHG process in combination with dielectric and
metallic surfaces, using a chirped pulse amplification Ti:sapphire drive
laser. Both odd and even harmonics have been reported, with smooth
roll-off in the spectral distribution. The cut-off was at H15 corresponding
to 55.3 nm. Norreys et al. [152] reported extreme UV harmonics with
solid targets, while using a relatively long pulse of ps. Wavelengths
down to 14.0 nm have been reported. Ghimire et al. [148] presented first
HHG across a crystalline medium. The harmonics spectra stretched
above the bandgap edge of the zinc oxide crystal.
Generation of HHG across solid material is not only interesting as a
technique to tabletop short-wavelength sources. Rather, it is an
insightful probing into the time-resolved electron dynamics of a
condensed matter sample. For instance, Luu et al. [153] exposed thin
films of SiO2 to intense pulses, yielding broad-band coherent extreme
UV. The emitted ultrafast XUV radiation was used to amazingly spot the
attosecond dynamics of the intraband electron motion. Yoshikawa et al.
[154] have explored HHG in a special context, that of a two-dimensional
material, such as graphene. They reported the observation of up to H9 in
graphene excited by mid-infrared laser pulses at room temperature.
Plasmonic surface phenomena are believed to enhance nJ laser pulses,
such that the field can grow strong enough to self-convert the funda
mental laser frequency into high-order harmonics. The small number of
atoms close to the surface, driving the non-linear process, is a limit to the
efficient generation of high harmonics. Vampa et al. [155] devised an
array of patterned nano-antennas, i.e. 500 nm Si layer Au structures on a
sapphire substrate, to enhance plasmon-assisted HHG. The high density
of the substrate allows higher HHG emission.

Electron Position

a)

E (t)

Most Energetic Trajectory
Time
b)
4
Kinetic Energy Upon Return / Up

E (t)

3

2

E k/Up

1

0
0
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1.5

Phase (Relatively to Field Peak)
Fig. 19. a) The position of the electron as function of time for different initial
ionization times. In the most energetic trajectory the electron transits by the
nucleus with the maximal kinetic energy. b) Kinetic energy upon transit by the
nucleus as function of the ionization time. The maximum is at about 0.31 rad
after the electric field (dashed curve) peak, for which the kinetic energy reaches
3.17 Up.

fact, as shown in Eq. 15, at the even orders the minus sign on the field
would not be preserved. This would invalidate the condition for spher
ical symmetry, and reduce it to a axial-symmetry.
Therefore in the overall HHG spectrum no even harmonic peaks will
be seen as long as a inversion symmetry of the medium is given. In fact, if
the gas molecules are pre-oriented, even order can be generated. This is
a powerful spectroscopic tool to sample the population distribution in a
non-linear medium.
HHG in Gases. The state-of-the art in HHG is using noble gases as nonlinear media [140,141,143,144]. A high intensity (≤1014 W cm− 2
[143]) ultrafast IR laser, focused across a low-pressure noble gas jet
expanding from a nozzle (Fig. 20.a), can lead to HHG, i.e. multiples of
the input wavelength. For a typical HHG experiment, a Ti:Sapphire laser
at λ=800 nm across a Ar cell leads to a comb of odd harmonics (Fig. 20.
b) such as H1 = 800 nm, H3 = 266 nm, H5 = 160 nm, H7 = 114 nm, …
H27 = 30 nm, until a cut-off limit. The main requirement is to utilize a
high intensity pulse, in order to operate in the non-linear tunneling
regime.
In general, the HHG-based XUV sources deliver collimated, highly
coherent beams, with pulse duration from femto- to atto-seconds
[141,145,146], which make them ideal for time-resolved

3. Potential for Spectrochemistry
The utilization of ionizing light pulses is extremely advantageous for
analytical applications. Access to high brightness ones combines the
sensitivity of photon methods with the resolution of electron methods. In
fact, radiation can be adjusted in intensity without trade-off to the spot
size, while electron beams can be tightly focused only at low flux, due to
the Coulomb repulsion. Short intense pulses of photons are also possible
and useful for ultrafast spectroscopy, while for the same reasons this is
challenging with electrons.. Finally, the sensitive chemical contrast at
absorption edges is advantageous for micro/nano-scale fingerprinting.
The following discussion is organized around two main processes
(Fig. 21), i.e. a incoming energetic photon interacting with the sample
producing a detected photon (absorption, scattering, fluorescence) or an
incoming photon triggering photoemission (electron spectroscopy or
mass spectrometry). As explained below, the extreme ultraviolet and
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Fig. 20. a) Experimental setup for HHG. b) Experimental spectrum of harmonics (each stripe) and spatial divergence of the various orders. Modified from Lorek et al.
[142] with permission.

3.1. Photon spectroscopies
X-ray Absorption Spectroscopy (XAS) is a technique popular at
beamlines thanks to the tunability of light [156]. A recent review ad
dresses it in detail [157] such that here only the essential information is
brought together. Scanning the wavelength over a certain range, one
probes both unoccupied electronic states and the local atomic structure
of a material [158], by observing the fraction of radiation absorbed at a
given photon energy. The deposited monochromatic photons may or
may not promote electrons in the core energy level, or also valence
electrons, when the incoming photon energy matches, or not, a possible
transition (resonance) to unoccupied energy levels in the conduction
band.
The characteristic spectral signature (see the excellent illustrations in
Kowalska et al. [159]) shows a background absorption signal, at low
photon energy, indicating a non-resonant sub-edge measurement.
Increasing the photon energy, then, one may tune-in to a off-resonant
region. The absorption signal suddenly rises as soon as the wavelength
is resonant with an absorption edge. At such energy the sample shows a
peak and edge that is element specific and moves to higher energy with
the oxidation state [160]. In the near-edge (NE) at higher energy, the offresonance condition leads to a signal that comes from the superposition
from the various lattice atoms. This is an information on the local atomic
structure of the material.
Henceforth, XAS provides information on the orbitals and the elec
tronic structure of the target [12,161–167]. Relaxation of the excited
electron gives emission, which probes the occupied states by means of xray emission spectroscopy (XES). For light elements, Auger processes are
dominating, especiall for the K-shell. However, while considering L
shells, the observation is extended to higher atomic number Z, as shown

Fig. 21. Schematic of different spectroscopic methods and relationships. By Xray irradiation one may induce photoionisation, which reduces the input ra
diation at specific shell edges (absorption spectroscopy) and generates a photoion (mass spectrometry) and a photo-electron. If the core hole is filled, either
fluorescence (photon spectroscopy) or an Auger electron are observed. Legend:
TFY: total fluorescence yield, TEY: total electron yield.

soft X-ray spectral ranges are particularly effective in stimulating elec
trons, both as secondary or Auger one. The photo-ionization process
produces charged particles, photo-electrons and photo-ions, whose in
formation is complementary. Hard X-rays, instead tend to penetrate
deeper and activate core shell fluorescence. Due to the fact that highbrightness short wavelength pulses are hardly accessible for daily
research, the majority of reviewed works have a proof-of-principle
character, carried out in the short beamtime period at a large-scale
beamline. As tabletop sources are getting reality, it is presumable to
observe an increase of popularity in the coming years.
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in Fig. 22.
Henceforth, two complementary types of signals can be detected: on
one hand, the total fluorescence-yield (TFY), which is mainly strong at
hard x-rays and/or for heavier elements; on the other hand, the total
electron-yield (TEY) that is strong using soft X-rays and for light ele
ments. Further, one can measure either in transmission on thin samples
[12,161] or in reflection for thick or opaque ones. XAS in transmission
mode can be quantitative, because one is able to determine the reference
incident intensity (I0) with the same detector. In reflective mode, the
measurements with and without the sample are not just a matter of
sample introduction. When a dispersive approach is used (the output
pulse is frequency-resolved) [162,165], the absorption coefficient μ(ω)
may be determined for specific energies to spot shell edges, and with
that chemical fingerprints, by measuring the incident and sampletransmitted x-ray intensities (It) as follows:
( )
1
I
μ(ω) = − ⋅ln t
(16)
z
I0

LPP from a pulsed Kr gas jet target, suitable for NEXAFS in the energy
range between 250 and 1000 eV. Along with a detailed description of the
table-top spectrometer reaching a spectral resolution of up to ΔE/E≈
0.2%, at an energy of 430 eV, NEXAFS measurements were conducted at
the carbon, nitrogen and oxygen K-edge. Additionally, oxidation state
and coordination at the L-edge of various Mn and Fe compounds were
analyzed for the first time with a laboratory-scale NEXAFS system.
Kleine et al. [180] showed the feasibility of soft x-ray absorption spec
troscopy, also in the water window, using a table-top laser-based
approach with organic molecules and inorganic salts in aqueous solu
tion. Finally, x-ray absorption spectroscopy is a useful probe for
element-specific dynamics in molecular reactions. Pertot et al. [181]
developed a tabletop laser-based high-harmonic source that extends far
enough into the x-ray region to probe the carbon K-edge and sulfur Ledge absorptions with femtosecond temporal resolution.
XAS is of particular interest at the femtosecond time scale whenever
the matter is strongly out-of-equilibrium and the ultrafast phase tran
sitions are the results of the dynamic interplay between electronic and
atomic structures. It is of interest for a wide range of systems, including
chemical or biological objects, that do not have a long-range atomic
order suitable to x-ray diffraction study. The potential of the betatron
source for femtosecond XAS was performed in 2018 [182]. It was used to
probe the femtosecond dynamic of the copper L-edge brought to warm
dense matter condition. In this pump–probe experiment, the betatron
radiation was used to probe the L3 edge of a copper sample heated by a
beamsplitted branch of the same laser. A clear spectral feature (offresonance pre-edge) was observed to vary as a function the pump–probe
delay, that is the result of the ultrafast electron temperature increase.
The temporal resolution was evaluated to 75 ± 25 fs, mainly limited by
the geometry of such proof-of-principle experiment. This first experi
ment demonstrated the great potential of the betatron source, opening
unprecedented possibilities for femtosecond x-ray absorption. Bueades
et al. [183] presented a decisive step towards an open access method
ology, in the context of water-window (284–543 eV) spectroscopy, at
attosecond resolution via dispersive XAFS. Zhang et al. [184] showed
that the electronic structure of molecular first-row transition-metal
complexes can be reliably measured using tabletop high-harmonic
XANES at the metal M2, 3 edge. Grazing incidence and grazing emis
sion (GI/GE) x-ray fluorescence spectroscopy (XRF) are techniques that
enable nondestructive, quantitative analysis of elemental depth profiles
with a resolution in the nanometer regime. A laboratory setup for soft xray GE-XRF measurements is presented in ref. [185]. Popmintchev et al.
demonstrated the use of HHG for laboratory XAS at the K- and L-ab
sorption edges of solids, and in the water window was also shown [186].

where z is the sample thickness.
X-ray absorption fine structure (XAFS) and XES are only marginally
carried out on tabletop setups. Jahrman et al. [170] presented a new
XAFS and XES spectrometer concept, based on the design by Seidler
et al. [171] to enable extended XAFS (or EXAFS) measurements in the
laboratory, for routine applications incompatible with synchrotron fa
cilities. Rothhart et al. [172] reviewed the state-of-the-art in tabletop
technology, and the interested reader is advised to consult this
reference.
Recently, few research groups demonstrated tabletop XAS using LPP,
operated in dispersion mode [165]. Laser-based plasma sources provide
high XUV photon fluxes, which allows high-performance nanoscale
imaging in every laboratory. Mantouvalou et al. have pioneered the
realization of tabletop NEXAFS [173,174] using a LPP source. A
112.5 nm thick polyimide film was investigated as a reference. With the
help of adapted off-axis reflection zone plates [175], NEXAFS spectra at
the carbon and nitrogen K-edge have been recorded, using a single 1.2 ns
soft x-ray pulse. Wachulak and co-workers [176,177] presented another
compact laboratory system for NEXAFS, developed using a gas-puff
target. The source is based on a double stream gas jet irradiated by a
nanosecond laser. The plasma radiates soft x-rays from a Kr/He mixture,
in the range of λ=1.5 to 5 nm. Kühl et al. [178] presented a tabletop soft
x-ray absorption setup, using a picosecond laser irradiating a pulsed Kr
gas jet, emitting radiation in the range from 1 to 5 nm, i.e. at the water
window. Müller et al. [179] also developed a compact soft x-ray spec
trometer based on a long-term stable and nearly debris-free picosecond

3.2. Ionization spectroscopies
The high photon energy involved in the extreme ultraviolet and/or xray, well above the electron binding energy of any substance, can effi
ciently trigger electrons. Indeed, considering that the cross-section for
electron ionization is high, photoionization is strong. As a consequence,
both electron emission as well as ion generation are efficient processes,
which is interesting for spectrochemical utilization.
3.2.1. Photo-Electron spectroscopy
Photoemission is a very surface-sensitive element-specific process
that provides information on the electronic structure of the target atom
or molecule [187–193]. In commercial systems, this technique utilizes
incoherent high energy photons (x-ray or UV lamps) to eject core (x-ray)
or valence (UV) electrons, determining the binding energies (EB) by
difference, while measuring the ejected photoelectron kinetic energy
(Ek), as follows:
EB = ℏω − Ek,meas − Φ

Fig. 22. Radiative (fluorescence, ϕ) and radiationless (Auger or Coster-Kronig
[168]) yields for K and LI, II, III shells. Data from Krause [169].

(17)

where ℏω and Φ are the known photon energy and work function. The
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linewidth of the probe photons (δω) is thus crucial to determine the
spectral resolution (δEB). Very often the limiting resolution is given by
the bandwidth of the monochromator, which is about 0.01 − 1%. This is
however often, much too broad (e.g. 1–100 eV for a 10 keV x-ray source)
to resolve fine energy levels of meV. Plasma x-ray laser sources (Sect.
2.2.2) have linewiths of 0.1–10 meV, and are thus very attractive,
although so far only at soft x-ray lines. Such resolutions require detec
tion devices able to preserve the information devoid of broadening.
Time- and angle-resolved photoelectron spectroscopy (trARPES) is a
powerful method to track the ultrafast dynamics of quasiparticles and
electronic bands in energy and momentum space. Buss et al. [194]
presented a trARPES setup with 22.3 eV (λ = 55.6 nm)) femtosecond
pulses. An ultimate source-limited energy resolution of 60 meV was
determined. The 50-kHz repetition rate provided statistics at low flu
ences, in order to mitigate the risk of space-charge artefacts. A trARPES
setup employing a 500 kHz extreme-ultraviolet light source operating at
21.7 eV probe photon energy was reported in Puppin et al. [195]. To
allow for higher average flux without increasing space-charge artefacts,
HHG at repetition rates approaching synchrotron beamlines are desir
able [196].
Photoemission spectroscopy provides not only elementalcomposition, because the binding energies are element-specific, and
information on oxidation states, because binding energies tend to in
crease with the oxidation states, but also monolayer sensitivity. The
latter, is due to the shallow escape depth of the inelastic mean free path
(IMFP) of secondary electrons [187,197]. In particular, the so-called
universal curve shows a minimum IMFP, i.e. the highest surface sensi
tivity, for kinetics energies in the range of 30 to 200 eV (Fig. 23).

Henceforth, photon sources of 10–100 eV are ideal for surface spec
troscopy, while hard x-rays of several keV’s present the advantage of
probing buried interferences [198]. This is a compelling argument to
demonstrate the benefit for a XUV laser for electron spectroscopy.
3.2.2. Photo-ionization and laser ablation mass spectrometry
The use of short wavelength for either the photoionization of gas
samples or for the direct micro-sampling of solids by means of laser
desorption or ablation, carries a few advantages for mass spectrometry
(MS), such as: (i) enhancement of the ionization efficiency and limit,
thanks to a high-energy photon; (ii) enhancement of the spatial resolu
tion, since the diffraction limit is inverse function of the wavelength; (iii)
high absorption cross-section, especially in the XUV spectral domain.
Bleiner et al. [199] have discussed in detail the field of soft X-ray
ablation and highlighted the potential of short-wavelength sources for
micro/nano-analysis. XUV-MS is a radically different micro-sampling
mechanism as compared to traditional ablation studies, even consid
ering advances by means of frequency doubling/quadrupling/quintu
pling of Nd:YAG or with excimer lasers. In studies based on such optical
lasers, the reduction of the wavelength was functional to improve the
coupling into a transparent sample, and to minimize plasma shielding.
Still the ablation was performed in a thermalized regime. Therefore both
photochemical (excitation) and photophysical (heat) processes
contribute to the lattice disruption. The concurrence of heat can bias the
sampling by means of fractionation. The introduction of ultrafast pulses
(femtosecond lasers) permitted to deposit the energy in a time scale
shorter than the thermalization, as long as the pulse energy is still suf
ficient to produce ablation. Since the time window for energy deposition
gets very short, all deposited photons may stack-up in a so-called
multiphoton packet. In the ultrafast context the utilization of long
wavelengths, such as in the IR, is advantageous to produce multiphoton
packets. The utilization of XUV light for ns pulses carries the advantage
of directly ionizing the target material, by single photon process.
In general, MS when coupled to Vis/UV lasers carries limitations due
to poor in-situ ionization and spatial resolution [200]. Advantageously,
a XUV-pulse can be focused to nano-scale spots. Due to the diffraction
limit, XUV lasers allow measuring mass spectra with high spatial reso
lution in a length-scale below the micron for high sensitivity [134].
Otherwise, spots of about 80 nm have been produced by focusing the
XUV pulses generated with a capillary-discharge laser [201], even
though this degraded the sensitivity as explained elsewhere [199].
As mentioned, the XUV photons allow single-photon ionization of the
target-sample, which is desirable in mass spectrometry, also to decrease
fragmentation [202,203]. The use of ion-beams (e.g. energy from 10 to
30 keV) or electron impact ionization (EI) (e.g. 70 eV) combined with
mass spectrometry, i.e. secondary ion mass spectrometry (SIMS) or
electron impact MS, is often limited due to fragmentation and molecular
interferences, which complicates the interpretation [203]. A framework
understanding of the XUV ionization invokes an efficient electrontriggering with bond weakening. In insulators, a” Coulomb explosion”
is induced, because of the residual charge buildup in the electron
depleted volume. Multiple ionization can also happen because of the
massive loss of electrons from the irradiated spot. The photoionisation
cross sections for multiple ionization has been investigated by Hayaishi
et al. [204]. Synchrotron radiation was utilized for the photo-excitation
of noble gases. Doubly charged ions of Kr (first ionization energy:
13.99 eV, second IE: 24.36 eV) and Xe (first IE: 12.13, second IE:
21.21 eV) were pronounced, while Ar (first IE: 15.76 eV, second IE:
27.63 eV) showed both +1 and + 2 stages. The formation of doubly
charged ions for Kr and Xe is explained as an auto-ionization process.
The observation of doubly charged ions by means of short wavelength
irradiation shows one interesting aspect: MS generally does not distin
guish from which level the ejected electron is originating. This is of
relevance for the bonding of the investigated compound and oxidation
state.
Giuliani et al. [205] reported the first application of extreme-

Fig. 23. Inelatic mean free path for free electrons as a function of kinetic en
ergy for (a) elements and (b) various materials. From the NIST Standard
Reference Database 71 (https://www.nist.gov/srd/nist-standard-reference-data
base-71).
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ultraviolet to tandem mass spectrometry, using wavelengths of
40—80 nm. The coupling with a QTOF highlighted radical-directed
dissociation and further new insights on ion-molecule reactions. Along
this line, Arbelo and Bleiner [206] have utilized a pseudospark source
for extreme UV mass spectrometry. Species with high ionization po
tential, could be ionized under illumination with extreme ultraviolet.
Short-wavelength photoionization in the home lab overcomes bottleck
access to beamlines. The resolution for N2 was factor of 2 higher than
with a quadrupole.
A simple experimental device was reported by Flesch et al. [207] that
utilizes time-correlated nanosecond pulses for photoionization MS. A
tunable dye laser in the UV photolyzes diluted gas such that a timecorrelated extreme UV pulse is detected from the laser-produced
plasma. The products ionized by single-photon absorption, are moni
tored by means of time-of-flight mass spectrometry. Similarly, Softley
et al. [208] directed radiation from 90 to 105 nm to a supersonically
cooled gas target, and acquire TOF-MS signals of the photoion yield as a
function of wavelength.
Biomedical analysis has also benefitted from short wavelength mass
spectrometry. Zubavichus et al. [209] studied the decomposition of
several aminoacids, under irradiation with soft X rays from a Kα x-ray
source. Interestingly, XPS and MS data have been combined. A
comparative analysis of changes in XPS line shapes, stoichiometry and
residual gas composition highlighted several decomposition pathways of
pristine molecules accompanied by desorption of H2, H2O, CO2, CO, NH3
and H2S. NEXAFS spectra of cysteine at the carbon, oxygen and nitrogen
K-shell and sulfur L2, 3 edges complement the XPS and mass spectrom
etry data and show that the exposure of the sample to an intense soft xray synchrotron beam results in the formation of C–C and C–N double
and triple bonds. Kiselar et al. [210] reported a new approach that
combines synchrotron radiolysis and mass spectrometry to probe
proteins.

Table 4
Technology readiness level (TRL) at different stages of a technology
maturation, adapted from [61].
TRL Scale

Specifications

1
2
3
4
5
6
7
8
9

Basic principles
Concept/Application formulated
Proof-of-principle
Experimental pilot in testing lab
Demonstrated pilot at user site
Industrial pilot
System pre-release
Actual system completed
Extensive/Upgraded implementation

capabilities and flexibility (and also worldwide occurrence). The access
is beamtime-limited and the beamtime approval based on a tracking
record, which make the users risk-averse.
• Beamlines and research-level tabletop sources are not contending
technologies: Beamlines must be flexible to allocate the largest possible
number of uses, while a tabletop system has to address a specific niche.
• Beamlines are characterized by a superb level of engineering, as
enabled by hundreds of million Euro capital investment. Tabletop
sources are developed with a single research group (PhD students,
postdocs, etc.) and hardly exceed the single million Euro investment.
• The gap between beamlines and tabletop sources is however
getting thinner, as shown in the present survey of technologies.
• Three main tabletop technology concepts are established: (i)
relativistic acceleration of electrons in a laser plasma (e.g. LPW, TRL:
3–4), (ii) plasma radiation or amplification across it (TRL: 3–5), (iii)
non-linear photon conversion (e.g. HHG, TRL: 4–5). LPW acceleration
presents two architectures, based on either betatron or inverse Compton
processes, and is the closest platform to beamlines specifications.
Plasmas offer flexibility with monochromatic pulses and/or long high
energy ones, however limited in spectral range. HHG is characterized by
a polychromatic spectrum with ultrashort pulses, which is mainly suit
able for ultrafast spectroscopy and/or use of tunable (choice of wave
length) pulses.
The realization of commercially available XUV/SXR sources will
directly impact a number of spectrochemical applications, such as:
• Photon In / Electron Out, exploiting the large photoemission
cross-section.
• Mass spectrometry, for either direct micro/nano-sampling or
single-photon photoionization.

4. Conclusions and outlook
The present review has highlighted a trend in light source technology
that in less than a decade may significantly impact analytical chemistry.
In fact, in several worldwide groups, ingenuous concepts have been
demonstrated for the generation of coherent short-wavelength light in
lab-scale setups. The complementarity of capabilities between the
different systems, such as wavelength range, monochomaticity, timeresolution, etc. may suggest that in a few years the current gap be
tween large-scale beamlines and tabletop alternatives will narrow down.
Yet, the aspect of massive public research funding tied to large fa
cility operation costs, preventing high risk investment on a compact
technology, is considerable. The tied capital to” big science” facilities is
strategic for technological supremacy of few countries, but unfortu
nately leaves small room for subsidies to disruptive initiatives in the
local laboratories. However, a science culture that is risk-averse is
celebrating stagnation and authority, and may be missing opportunities
for progress.
A technology readiness scale (TRL, Table 4) was proposed at NASA
[61] as a systematic metrics for the assessments of the maturity of a
technology. The TRL of the discussed technologies makes it evident an
engineering gap between beamlines and lab-based systems. However, it
is remarkable the (self-funded) progress made, also considering that lab
efforts on the development of analytical instrumentation may pay-off
only over a time span as long as a decade.
The limited access to beamlines has significantly bottlenecked ap
plications in spectrochemistry. The discussion presented, highlighted
the following points:
• Traditional short-wavelength sources are not yet able to match
the performance of large-scale beamlines, even considering potential
incremental developments. A disruptive technology is required to bring”
synchrotron science” to the home lab.
• Beamlines are unique facilities (TRL: 7–9), in terms of advanced
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B. Beutner, A. Brandt, A. Bolzmann, R. Brinkmann, O.I. Brovko, M. Castellano,
P. Castro, L. Catani, E. Chiadroni, S. Choroba, A. Cianchi, J.T. Costello,
D. Cubaynes, J. Dardis, W. Decking, H. Delsim-Hashemi, A. Delserieys, G. Di
Pirro, M. Dohlus, S. Düsterer, A. Eckhardt, H.T. Edwards, B. Faatz, J. Feldhaus,
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[121] D. Blöss, I. Kamber, H. Riege, The triggered pseudospark chamber as a fast switch
and as a high intensity beam source, Nuclear Instrum. Meth. Phys. Res. 205
(1983) 173.
[122] M. Nevrkla, Capillary discharge XUV radiation source, Acta Polytechnica 49
(2009) 53–57.
[123] W. Bennett, Magnetically self-focussing streams, Phys. Rev. 45 (1934) 890.
[124] M.U. Khan, Y. Zhao, T. Hui, M.K. Shahzad, H. Cui, D. Zhao, Impact of discharge
currents on the intensity of 469 nm capillary discharge soft X-ray laser, Opt.
Express 27 (2019) 16738.
[125] Y. Arbelo, F. Barbato, D. Bleiner, He-doped pseudospark as a home-lab XUV
source beyond the beamtime bottleneck, Plasma Sources Sci. Technol. 26 (2017),
035005.
[126] M.A. Klosner, W.T. Silfvast, Xenon capillary discharge extreme-ultraviolet source
emitting over a large angular range, Appl. Opt. 40 (2001) 4849–4851.
[127] J. Valenzuela, E. Wyndham, M. Favre, Time-resolved study of the extremeultraviolet emission and plasma dynamics of a sub-joule, fast capillary discharge,
Phys. Plasmas 22 (2015), 083501.
[128] W. Neff, K. Bergmann, O. Rosier, R. Lebert, L. Juschkin, Pinch plasma radiation
sources for the extreme ultraviolet, Contrib. Plasma Phys. 41 (2001) 589–597.
[129] T. Page, S.A. Wilson, J. Branson, E. Wagenaars, G.J. Tallents, Plasma temperature
measurements using black-body radiation from spectral lines emitted by a
capillary discharge, J. Quant, Spectrosc. Radiat. Transf. 220 (2018) 1–4.
[130] M. Nevrkla, A. Jancarek, F. Nawaz, Discharge driver for 13.4 nm XUV laser,
Digest of Technical Papers, IEEE International Pulsed Power Conference 3, 2013,
pp. 1–4.

19

D. Bleiner

Spectrochimica Acta Part B: Atomic Spectroscopy 181 (2021) 105978

[131] J.J. Rocca, V. Shlyaptsev, F.G. Tomasel, O.D. Cortzar, D. Hartshorn, J.L. Chilla,
Demonstration of a discharge pumped table-top soft-X-ray laser, Phys. Rev. Lett.
73 (1994) 2192–2195.
[132] C.D. Macchietto, B.R. Benware, J.J. Rocca, Generation of millijoule-level soft-Xray laser pulses at a 4-Hz repetition rate in a highly saturated tabletop capillary
discharge amplifier, Opt. Lett. 24 (1999) 1115–1117.
[133] D. Bleiner, M. Trottmann, A. Cabas-Vidani, A. Wichser, Y. Romanyuk, A. Tiwari,
XUV laser mass spectrometry for nano-scale 3d elemental profiling of functional
thin films, Appl. Phys. A Mater. Sci. Process. 126 (2020) 1–10.
[134] R. Mueller, I. Kuznetsov, Y. Arbelo, M. Trottmann, C.S. Menoni, J.J. Rocca, G.
R. Patzke, D. Bleiner, Depth-profiling microanalysis of CoNCN water-oxidation
catalyst using a 46.9 nm plasma laser for nano-ionization mass spectrometry,
Anal. Chem. 90 (2018) 9234–9240.
[135] A.K. Rossall, V. Aslanyan, G.J. Tallents, I. Kuznetsov, J.J. Rocca, C.S. Menoni,
Ablation of submicrometer holes using an extreme-ultraviolet laser, Phys. Rev.
Appl. 3 (2015), 064013.
[136] R. Schoenlein, T. Elsaesser, K. Holldack, Karsten Z. Huang, H. Kapteyn,
M. Murnane, M. Wörner, Recent advances in ultrafast X-ray sources, Philos.
Trans. R. Soc. A 377 (2019), 20180384.
[137] P.B. Corkum, Plasma perspective on strong field multiphoton ionization, Phys.
Rev. Lett. 71 (1993) 1994–1997.
[138] K.L. Ishikawa, High-harmonic generation, in Advances in Solid State Lasers
Development and Applications, IntechOpen (2010) 439–465.
[139] A. Rundquist, C.G. Durfee, Z. Chang, C. Herne, S. Backus, M.M. Murnane, H.
C. Kapteyn, Phase-matched generation of coherent soft X-rays, Science 280
(1998) 1412–1415.
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A. Jancarek, H. Fiedorowicz, Single-shot near edge X-ray fine structure (NEXAFS)
spectroscopy using a laboratory laser-plasma light source, Materials 11 (2018)
1303.
[178] F.-C. Kuehl, M. Müller, M. Schellhorn, K. Mann, S. Wieneke, K. Eusterhues, Nearedge X-ray absorption fine structure spectroscopy at atmospheric pressure with a
table-top laser-induced soft X-ray source, J. Vac. Sci. Technol. A 34 (2016),
041302.
[179] M. Mueller, M. Schellhorn, K. Mann, Laboratory-scale near-edge X-ray absorption
fine structure spectroscopy with a laser-induced plasma source, J. Anal. At.
Spectrom. 34 (2019) 1779–1785.
[180] C. Kleine, M. Ekimova, G. Goldsztejn, S. Raabe, C. Strüber, J. Ludwig,
S. Yarlagadda, S. Eisebitt, M.J.J. Vrakking, T. Elsaesser, E.T.J. Nibbering,
A. Rouzée, Soft X-ray absorption spectroscopy of aqueous solutions using a tabletop femtosecond soft X-ray source, J. Phys. Chem. Lett. 10 (2019) 52–58.
[181] Y. Pertot, C. Schmidt, M. Matthews, A. Chauvet, M. Huppert, V. Svoboda, A. Von
Conta, A. Tehlar, D. Baykusheva, J.P. Wolf, H.J. Wörner, Time-resolved X-ray
absorption spectroscopy with a water window high-harmonic source, Science 355
(2017) 264–267.
[182] B. Mahieu, N. Jourdain, K. Ta Phuoc, F. Dorchies, J.P. Goddet, A. Lifschitz,
P. Renaudin, L. Lecherbourg, Probing warm dense matter using femtosecond Xray absorption spectroscopy with a laser-produced betatron source, Nat.
Commun. 9 (2018) 1–6.
[183] B. Buades, D. Moonshiram, T.P.H. Sidiropoulos, I. León, P. Schmidt, I. Pi, N.
D. Palo, S.L. Cousin, A. Picón, F. Koppens, J. Biegert, Dispersive soft X-ray
absorption fine-structure spectroscopy in graphite with an attosecond pulse,
Optica 5 (2018) 502–506.
[184] K. Zhang, M.-F. Lin, E.S. Ryland, M.A. Verkamp, K. Benke, F.M.F. de Groot, G.
S. Girolami, J. Vura-Weis, Shrinking the synchrotron: Tabletop extreme
ultraviolet absorption of transition-metal complexes, J. Phys. Chem. Lett. 7
(2016) 3383–3387.
[185] J. Baumann, C. Herzog, M. Spanier, D. Grötzsch, L. Lühl, K. Witte, A. Jonas,
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M. Krämer, T. Holz, R. Dietsch, L. Strüder, B. Kanngiesser, I. Mantouvalou,
Laboratory setup for scanning-free grazing emission X-ray fluorescence, Anal.
Chem. 89 (2017) 1965–1971.
[186] D. Popmintchev, B.R. Galloway, M.-C. Chen, F. Dollar, C.A. Mancuso, A. Hankla,
L. Miaja-Avila, G. O’Neil, J.M. Shaw, G. Fan, S. Ališauskas, G. Andriukaitis,
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