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Preface

The development and the application of the lasers have changed over the last almost 60
years, since the first idea of optical maser explored by Gordon Gould in 1956, and have dra‐
matically moved forward all research.

While owning the first lasers was the sole privilege of highly advanced countries in the
world up to the current time, this trend is shifting, and other universities around the globe
are extending the capabilities of their departments and divisions dealing with optics, pho‐
tonics, and lasers and its applications. Initially, the first lasers possessed very low gain in
laser emission, low power in continuous wave (cw) or very long laser pulses. During the last
half century, we have seen how these trends exponentially graduated, followed by rapid
increase in laser power, starting from few milliwatts (1963), watts (1965), kilowatts (the late
1960s), megawatt (1970), gigawatt (pulsed lasers with peak power) (1975), terawatt (the
1980s), and petawatt (first peak power laser) (1996). Exawatt (EW) peak power laser is cur‐
rently under development within the European project called Extreme Light Infrastructure
(ELI) that should be soon ready to deliver extremely high peak EW power laser pulse.

The time duration of laser pulses also evolved from nanosecond (ns) and picosecond (ps)
laser pulses in 1970 up to first femtosecond (fs) pulse from dye laser (1980) and later from
solid-state laser, Ti/sapphire; the femtosecond pulses were obtained in the 1990s. The first
attosecond pulses were reported in 2001 pioneered from high-harmonic generation (HHG)
process.

At present we can speak about two main streams in high-power laser technology. In the first
stream, we can include large-scale laser laboratories whose main task is to possess extra-
high-peak power and/or ultra-short pulse lasers for study of terawatt (TW), petawatt (PW),
and future exawatt (EW) laser interactions, acceleration of particles, or hot dense thermal
plasma for the laser fusion.

Into the second stream, we can include the small-scale laboratories that are using for its re‐
search commercial sources of laser radiation—ns, ps, or fs laser beam.

The main task of this book is to expand the knowledge of the readers in both of these sepa‐
rate streams, which are often perceived as diametrically different and distinct. Why both
streams? The answer is relatively easy; this is due to their common essence—the photons
and light coherency.

This book is divided into six main sections dealing with short and ultrashort laser pulses,
laser-produced soft X-ray sources, large-scale high-power laser systems, free-electron lasers,
fiber-based sources of short optical pulse, and applications of short pulse lasers. In each
chapter readers can find fascinating topics related to the high energy and/or short pulse la‐



ser technique. Naturally it is not possible to include all topics into this book, and neither was
it meant like that. This book should serve as an engaging motivation for the readers to
search for more scientific publications about this fascinating laser era.

It will be exciting to observe what the further development of lasers and its applications will
offer within the next 60 years and how it will influence our everyday life. As the conse‐
quence of the progressive development of these technologies, it initially enabled a day-to-
day usage of the LED diodes for lighting of our homes or LED displays, up to the
applications in nanotechnology for production of electronic chips, in measurement diagnos‐
tics, in medicine, in biomedical technology, in mechatronics, in engineering, in automotive
and aviation industry, as well as for the security and in defense technology.

In conclusion, I would like to thank all of the authors for conscientious preparation and for‐
mulation of individual book chapters that should serve the broad spectrum of readers of
different expertise, layman, undergraduate and postgraduate students, scientists, and engi‐
neers, who may in this book find easily explained fundamentals as well as advanced princi‐
ples of particular subjects related to high energy and short pulse laser phenomenon. Each
chapter has well-compiled references of particular subject, from reviews to more advance
literature, for eager readers who may find more details or further relevant work into each
subtopic.

Finally, I would like to wish all the readers a pleasant experience during the reading of this
exciting research and gaining new knowledge, which hopefully will be used for further ex‐
plorations of this topic, with new ideas, research, and applications for our upcoming genera‐
tion, in peace.

RnDr. Dr. Eng. Richard Viskup, MSc., MPhil., PhD
Johannes Kepler University Linz,

Austria
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Chapter 1

Generation of High-Intensity Laser Pulses and their
Applications

Tae Moon Jeong and Jongmin Lee

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64526

Abstract

The progress in the laser technology makes it possible to produce a laser pulse having
a peak power of over PW. Focusing such high-power laser pulses enables ones to have
unprecedentedly strong laser intensity. The laser intensity over 1019 W/cm2, which is
called the relativistic laser intensity, can accelerate electrons almost to the speed of light.
The acceleration of charged particles using such a high-power laser pulse has been
successfully demonstrated in many experiments. According to the recent calculation
using  the  vector  diffraction  theory,  it  is  possible,  by  employing  a  tight  focusing
geometry, to produce a femtosecond (fs) laser focal spot to have an intensity of over 1024

W/cm2 in the focal plane. Over this laser intensity, protons can be directly accelerated
almost to the speed of light. Such ultrashort and ultrastrong laser intensities will bring
ones many opportunities to experimentally study ultrafast physical phenomena we
have never met before. This chapter describes how to generate a high-power laser pulse.
And, then the focusing characteristics of a femtosecond high-power laser pulse are
discussed in the scalar and the vector diffraction limits. Finally, the applications of
ultrashort high-power laser are briefly introduced.

Keywords: ultrashort laser pulse, high-intensity laser pulse, chirped pulse amplifica‐
tion, charged particle acceleration, tight focusing

1. Generation of ultrashort laser pulses

Femtosecond (fs) high-power laser pulses having a peak power of PW or higher are being
produced for the study of laser-matter interactions in the relativistic intensity regime. An
ultrashort laser pulse is generated in a mode-locked laser oscillator in the front and its energy
is amplified in the following amplifiers. The mode locking is a technique to produce laser

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



pulses having a pulse duration in the ultrashort time scale such as picosecond (ps) or fs [1, 2].
In the technique, a gain or a loss of an oscillator is modulated in an active or a passive manner.
Saturable absorber is a typical optical element modulating a loss in an oscillator. Nonlinear
effect dependent on the laser intensity is used to realize a saturable absorption instantane‐
ously responding to the intensity. Under the saturable absorption, a laser pulse experiences a
lower loss at a higher intensity. As a result, a higher intensity part of a laser pulse grows much
stronger and the temporal duration becomes shorter during the saturable absorption process.

As the pulse duration of a laser pulse decreases, the spectrum of the pulse becomes broader
and the pulse encounters the dispersion effect in the medium. The dispersion effect frequently
tends to broaden the pulse duration. Without any dispersion control device, the resultant pulse
duration is determined by the balance between the pulse shortening due to the saturation
absorption and the pulse broadening due to the dispersion. With a proper dispersion control
device, the dispersion in a laser pulse is compensated and the pulse duration is mostly
determined by the spectral bandwidth of the laser pulse. The minimum pulse duration
obtainable with a spectral bandwidth is known as the transform-limited pulse duration. Up
to date, sub-10 fs laser pulses from an oscillator are generated by compensating for the
dispersion effect with prism pairs [3]. In this section, the basic principle of the mode-locking
technique is explained for generating an ultrashort laser pulse and the formation of an
ultrashort laser pulse is described.

1.1. Short pulse generation by locking phase of longitudinal mode

When a laser oscillator is formed with an optical length of L, the wavelength of standing waves
inside the oscillator is determined by 2L/m (m is a positive integer), and alternatively, the
frequency by νm = m × c/2L (or ωm = m × πc/L). The oscillating frequency in the oscillator is
limited by a gain spectrum and it is called the longitudinal mode of the oscillator. A laser pulse
can be decomposed into the summation of each electric field having different modes, and the
resultant electric field of the pulse can be written as a superposition of oscillating modes:

(1)

In a free running laser, the phase relation among oscillating modes is random and this is the
origin of a short-timescale random intensity fluctuation. The phase relation between modes
can be constant (i.e., νm − νm − 1 = constant) under a specific condition. The situation of having
the constant phase relation between modes is mentioned as “mode-locked.” In this case, the
intensity of the resultant electric field is given by

(2)

High Energy and Short Pulse Lasers4
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As can be seen in Eq. (2), a strong intensity peak can grow in the resonator when oscillating
electric fields are added under the mode-locking condition. This is the basic principle for
generating a mode-locked laser pulse (see Figure 1). As expected in Eq. (2), the pulse duration
of a mode-locked laser pulse is determined by the number of oscillating modes. For example,
a Ti:sapphire laser that typically produces 10-fs laser pulses contains several hundred-
thousand modes in the spectral bandwidth. Up to date, a number of mode-locking techniques
have been introduced to generate ps and fs laser pulses, but the underlying physics is basically
the same and the question is how to realize locking longitudinal modes.

Figure 1. Power at free running and mode-locked operations. When the phase relation is random among longitudinal
modes, the intensity has fluctuation because of the beating among modes (left). On the other hand, a single high peak
laser pulse is formed under the constant phase relation between modes (right).

1.2. How to lock phases of longitudinal modes

In the early history of mode-locking technique, an active loss element operating at an rf-
frequency was installed in an oscillator. The element periodically inducing intensity loss
initiates an intensity modulation at a repetition rate corresponding to the round-trip time. A
periodic loss at a round-trip time forces to form a laser pulse inside the oscillator. This is known
as the active mode-locking technique. Another technique is to introduce a passive-type
intensity modulation to the oscillator. Thus, in the passive mode-locking technique, an optical
element that has an intensity-dependent loss is installed in the oscillator. The intensity peak
in the temporal domain has higher transmittance and energy gain, but a lower intensity part
has lower transmittance and energy gain. The lower intensity part is relatively suppressed by
the intensity-dependent loss when an intensity fluctuation circulates in the oscillator. As the
intensity peak grows, the number of oscillating modes becomes larger and larger in the spectral
domain, and the phase relation between modes is automatically locked to form a laser pulse.

1.2.1. Saturable absorption

Some materials have a property that the absorption of light decreases as increasing the light
intensity. This kind of material is known as the saturable absorber. In the saturable absorber,
the light propagating in the medium transfers its energy to electrons in the ground level and

Generation of High-Intensity Laser Pulses and their Applications
http://dx.doi.org/10.5772/64526
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excites them to higher energy levels. The light intensity decreases as the light propagates in
the medium. The light absorption becomes very weak when the number of electrons in the
ground level becomes sufficiently low, and the rest of light energy almost transmits the
medium. At a time later, the excited electrons spontaneously decay into the ground level and
the number of ground electrons is recovered to be ready to absorb energy from light. This
phenomenon is known as the saturable absorption. The saturable absorber can be divided into
slow and fast saturable absorbers, depending on the recovery time τr. In the slow saturable
absorber, the recovery time is slower than the pulse duration τp and it is assumed to be shorter
than the round-trip time under the mode-locking condition. Most saturable absorbers used as
the form of solid state and semiconductor have the slow recovery property. In a slow saturable
absorber, the intensity-dependent loss is described as follows:

(3)

Here, L0 is the unsaturated loss and Fsat is the saturation fluence. Since τr ≫ τp, the second term
on the right-hand side of Eq. (3), is dominant and the loss exponentially decreases with respect

to the pulse fluence ∫−∞

t
I (t)dt . For the slow absorber, two mode-locking regimes are possible

depending on the soliton effect. Without the soliton effect, a slow saturable absorber absorbs
the leading part of a pulse while the trailing part is less absorbed. The pulse formation is mostly
determined by balancing between the net gain and losses. As a result, a pulse profile becomes
shortened, and the pulse duration obtainable in this case is estimated by [4]

(4)

Here, Δνg is the FWHM gain bandwidth, assuming a Gaussian-shaped gain spectrum, and ΔR
is the modulation depth. As will be discussed later, the laser pulse can be broadened by the
dispersion. Under a proper condition, the shortening and broadening processes can be
balanced. Thus, for a slow saturable absorber with the soliton effect, a short laser pulse is
generated by the self-phase modulation (SPM) in combination with an appropriate amount of
negative dispersion. In this case, the pulse duration can be estimated by [4]

(5)

Here, D is the group delay dispersion (GDD) per cavity round trip, γSPM is the SPM coefficient
(in rad/W) per round trip, and Ep is the pulse energy. Figure 2(a) and (b) shows the pulse
formation with the slow saturable absorber. The laser pulse is formed when the loss decreases
below the gain. The gain can be either unsaturated or saturated during the saturation absorp‐
tion process. Under the unsaturated gain, the laser pulse gains energy quickly in the beginning

High Energy and Short Pulse Lasers6
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of the saturation absorption process. When the gain is saturated during the saturable absorp‐
tion, the decrease in the gain is slightly delayed and thus the net gain exists for the pulse
formation.

Figure 2. Laser pulse formation with saturable absorbers. The gain is not saturated in (a), but the gain is saturated in
(b) during the saturation absorption process. (c) The absorption is quickly recovered in the fast saturable absorber. The
laser pulse is formed when the loss decreases below the gain.

The absorption by the material is assumed to be instantaneously recovered in the fast saturable
absorber (see Figure 2(c)). Thus, a higher intensity in the pulse center experiences a higher
transmittance and a lower intensity in the side is suppressed by the saturable absorption. When
a fast saturable absorber is installed in an oscillator, the intensity of a transmitted laser pulse
increases in a gain medium at a growing rate of

(6)

Here, Isat is the saturation intensity and g0 is the unsaturated small signal gain. Thus, the pulse
profile is controlled by the intensity, and a higher gain at a higher intensity leads to the pulse
shortening. The pulse duration is given by [5]

(7)

with the assumption of a hyperbolic secant pulse profile. Here, Δν is the gain bandwidth, g is
the gain defined by g0/(1 + I/Isat), and L is the saturated loss. In reality, the fast saturable
absorbing material operating in the femtosecond regime does not exist. Instead, there are
materials having a strong nonlinear effect. These materials can possess the property of ultrafast
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loss modulation that is induced by the nonlinear effect. The ultrashort pulse formation by these
materials can be considered as the mode locking by the fast saturable absorber. In this section,
self-phase modulation as a nonlinear effect which induces ultrafast change in reflection or
transmission is discussed.

Figure 3. (a) Self-phase modulation in time induces the time-dependent phase variation. The lower angular frequency
in the rising part and the higher angular frequency in the falling part are induced. (b) Self-phase modulation in space
makes the wavefront quadratically curved.

When a light pulse passes through a medium, it experiences an intensity-dependent change
in refractive index. This phenomenon is known as the Kerr effect. The Kerr effect can induce
an instantaneous loss modulation and make a medium to act as a fast saturable absorber (see
Figure 3). In order to derive how the Kerr effect is related with the instantaneous loss modu‐
lation, let us consider the refractive index depending on the laser intensity which is given by

0 2 .= +n n n I (8)

Here, n0 is the normal refractive index and n2 is the nonlinear refractive index related with the
Kerr effect. After a nonlinear medium, the phase of the laser pulse is modified by

0 2 .= = +nkd n kd n Ikdf (9)
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With a Gaussian pulse profile, I = I0 exp(−2t 2 / τp
2), in time, the second term on the right-hand

side in Eq. (8) induces time-dependent phase variation, and the angular frequency is calculated
as

(10)

Thus, after a nonlinear medium, a laser pulse has lower frequency components in the rising
edge and higher frequency components in the falling edge. When a Gaussian pulse having
these induced frequency components is coherently added to the original one, the constructive
interference occurs at the pulse center, but the destructive interference occurs at the edge. The
constructive and destructive interferences induce an instantaneous reflectance change in time.
This leads to the pulse shortening effect in time. Nonlinear coupled-cavity mode-locking
technique introduced as the additive-pulse mode locking (APM) uses the instantaneous
reflectance change induced by the self-phase modulation [6].

A similar phenomenon happens in the spatial domain as well. With a Gaussian beam profile,
I = I0 exp(−2r 2 / w0

2), in space, the phase at a radial position, r, is given by

(11)

with an approximation of exp(−2r 2 / w0
2)≈ (1−2r 2 / w0

2). The phase variation induced by the
nonlinear effect makes the wavefront quadratically curved in the radial direction. This means
that, after the nonlinear medium with a positive nonlinear refractive index, the phase at a
higher intensity becomes retarded to the phase at a lower intensity. The focal length induced
by the quadratic curvature is calculated as

(12)

This phenomenon is known as the self-focusing. Kerr-lens mode-locking (KLM) technique
employs the self-focusing to induce an instantaneous intensity-dependent transmittance [7].
In the KLM technique, a higher intensity part can be separated by the self-focusing in combi‐
nation with an aperture. A higher intensity part in time and space domain has a higher
transmittance because of the self-focusing. As a result, a higher intensity grows as a laser pulse
circulates in a oscillator. The KLM technique forms an ultrashort pulse using this pulse
shortening process. In the technique, a gain medium in the resonator also acts as a nonlinear
medium that induces the self-focusing.
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1.3. Dispersion

When a laser pulse propagates in a material with a length of d, the phase is given by the
refractive index, n(ω), of the medium as follows:

(13)

The refractive index of a medium is a function of the angular frequency and can be expressed
as the Sellmeier’s formula of wavelength as follows:

(14)

with the help of definition, λ = 2πc/ω. Here, B1, B2, B3, C1, C2, and C3 are known as Sellmeier’s
coefficients for material. Because of the refractive index of material depending on the wave‐
length, the phase of an ultrashort laser pulse after material experiences a distortion known as
the dispersion. The dispersion is responsible for the broadening of a pulse duration and the
distortion of the pulse profile in time. In order to see the effect of dispersion, let us express the
spectral phase depending on the angular frequency as the Taylor expansion,

(15)

Now, we define derivatives as

(16)

Because the material has a refractive index depending on the frequency, Eqs. (15) and (16)
show interesting properties when a laser pulse with a broad spectrum propagates in the
material. The first term, D0 = d ⋅ ω ⋅ n/c, in the phase relation represents a phase propagation
in the material. The second term defined by D1(ω = ω0) = ∂ϕ(ω)/∂ω|ω = ω0 is known as the group
delay (GD) that can be interpreted as d/vg. Here, vg is the group velocity and represents the
pulse propagation in the material. The third term defined by D2(ω = ω0) = ∂2ϕ(ω)/∂ω2|ω = ω0 is
known as the group delay dispersion (GDD) that is responsible for the temporal broadening
of a pulse. The temporal broadening by the group delay dispersion is sometimes known as the
chirping which originally means the frequency change in time.

Two kinds of temporal broadenings are possible depending on the sign of D2. When the sign
of D2 is positive, a long (red-like) wavelength component travels faster than a blue-like one in
the pulse. On the other hand, a short (blue-like) wavelength component travels faster than a
red-like one with a negative sign of D2. A pulse is said to be positively chirped when a red-like
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wavelength component travels faster, or to be negatively chirped when a blue-like wavelength
component travels faster (see Figures 4 and 5).

Figure 4. Refractive index depending on the wavelength induces the group delay dispersion (GDD). In the positive
GDD, the long-wavelength electromagnetic field travels faster than the short-wavelength electromagnetic field in the
medium.

Figure 5. Frequency chirping in the laser pulse. In the upper drawing, a short laser pulse experiences the positive
chirping, thus the long-wavelength (red) component arrives faster than the short-wavelength (blue) component in the
laser pulse. In the lower drawing, a short laser pulse experiences the negative chirping, thus the short-wavelength
(blue) component arrives faster than the long-wavelength (red) component. The pulse duration is broadened by the
positive or negative chirping.

Higher-order derivatives in the Taylor expansion affect the pulse profile in time as higher-
order dispersions. Even-order dispersions are responsible for the symmetric distortion of a
laser pulse in time and odd-order dispersions are responsible for the antisymmetric distortion
in the laser pulse. The dispersion control and compensation are key techniques to have a
transform-limited laser pulse with a given spectrum. Third-order dispersion (TOD) and
fourth-order dispersion (FOD) should be considered to be compensated for the generation of
transform-limited pulse.
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2. Amplification of ultrashort laser pulses

The energy of a mode-locked laser pulse with a pulse duration of 1 ps or below typically ranges
from 10−12 to 10−10 J. The ultrashort laser pulse cannot be directly amplified in amplifiers because
of damage issues in optical elements due to the nonlinear effect and the low-energy extraction
efficiency. These hurdles were detoured by employing the chirped-pulse amplification (CPA)
technique devised by Strickland and Mourou [8]. The key idea of the CPA technique is to
temporarily stretch a laser pulse before amplification, to amplify the energy of the stretched
pulse, and finally, after energy amplification, to compress the pulse duration to the original
level. The CPA technique was well demonstrated in many systems around the world [9], and
now it is used for producing the relativistic laser intensity (>1018 W/cm2).

The control of pulse duration is usually performed by an optical setup which uses the GDD
induced by the grating. The stretched pulse duration ranges from few hundreds of ps to
nanosecond (ns). The stretched pulse is amplified in a series of amplifier chain including
regenerative and/or multipass amplifiers. The output energy can be estimated from the Frantz-
Nodvik equation. In this section, the basic principles for controlling the pulse duration and for
amplifying the energy are explained.

2.1. Stretching of an ultrashort laser pulse before amplification

The control of pulse duration using the dispersion was first proposed by Treacy [10]. In the
proposal, two gratings with a normal separation distance of b are placed in the parallel
geometry to induce a negative GDD. The total amount of GDD can be controlled by the
separation distance. According to the Treacy’s proposal, when a laser pulse passes through an
optical setup shown in Figure 6, the group delay dispersion (GDD) experienced by a laser
pulse is given by

Figure 6. Parallel grating pulse stretching scheme. The parallel grating pulse stretcher introduces a negative GDD to
the laser pulse.

High Energy and Short Pulse Lasers12



2. Amplification of ultrashort laser pulses

The energy of a mode-locked laser pulse with a pulse duration of 1 ps or below typically ranges
from 10−12 to 10−10 J. The ultrashort laser pulse cannot be directly amplified in amplifiers because
of damage issues in optical elements due to the nonlinear effect and the low-energy extraction
efficiency. These hurdles were detoured by employing the chirped-pulse amplification (CPA)
technique devised by Strickland and Mourou [8]. The key idea of the CPA technique is to
temporarily stretch a laser pulse before amplification, to amplify the energy of the stretched
pulse, and finally, after energy amplification, to compress the pulse duration to the original
level. The CPA technique was well demonstrated in many systems around the world [9], and
now it is used for producing the relativistic laser intensity (>1018 W/cm2).

The control of pulse duration is usually performed by an optical setup which uses the GDD
induced by the grating. The stretched pulse duration ranges from few hundreds of ps to
nanosecond (ns). The stretched pulse is amplified in a series of amplifier chain including
regenerative and/or multipass amplifiers. The output energy can be estimated from the Frantz-
Nodvik equation. In this section, the basic principles for controlling the pulse duration and for
amplifying the energy are explained.

2.1. Stretching of an ultrashort laser pulse before amplification

The control of pulse duration using the dispersion was first proposed by Treacy [10]. In the
proposal, two gratings with a normal separation distance of b are placed in the parallel
geometry to induce a negative GDD. The total amount of GDD can be controlled by the
separation distance. According to the Treacy’s proposal, when a laser pulse passes through an
optical setup shown in Figure 6, the group delay dispersion (GDD) experienced by a laser
pulse is given by

Figure 6. Parallel grating pulse stretching scheme. The parallel grating pulse stretcher introduces a negative GDD to
the laser pulse.

High Energy and Short Pulse Lasers12

(17)

Here, d is the groove spacing of grating and θ ' is the diffraction angle. The first-order diffraction
is only considered in this case. The diffraction angle is calculated by the grating equation as
follows:

(18)

As shown in Eq. (17), the parallel grating geometry always introduces the negative GDD, and
thus the blue-like wavelength component travels faster than the red-like one. The positive
GDD can be either introduced by installing a telescope in the parallel grating geometry, which
was proposed by Martinez [11]. A telescope is an optical device that induces an angular
dispersion. The GDD induced by an angular dispersion is given by

(19)

with an approximation of cos α ≫ sin α. In the equation, α is the deviation angle at the reference
wavelength and Lp is the propagation distance after the surface of an angularly dispersive
element. When a laser pulse propagates an optical setup shown in Figure 7, the angular
dispersion is magnified by a factor of M, which is the magnification of a telescope. Then, the
GDD induced by the angular dispersion after the propagation of z ' is

Figure 7. GDD control by the grating pair with a telescope inside. The grating pair with the telescope can induce the
positive and negative GDD depending on the total length between gratings. The negative GDD is obtained by L/
2 < (f + f '). The positive GDD is obtained by L/2 < (f + f ').

(20)
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As shown in Figure 7, the propagation distance z ' is given by L − 2(f + f ') and the magnification
by f/f '. The positive GDD can be obtained when L − 2(f + f ') < 0 or L/2 < (f + f '). This condition
can be met by moving a second grating before the focal point F '. In general, the first lens can

be placed at a position of z + f. Then, an additional GDD, d 2ϕ
dω 2 |

ω0 = −
ω0

c ( dθ '
dω |ω0)2z, by an angular

dispersion after the propagation of z should be added to Eq. (20) to obtain

(21)

In many cases, a reflecting mirror can be put after the first lens to reduce the cost and space.
The positive GDD induced by two grating geometry having a telescope can be compensated
for with the parallel grating pair. This is important because the pulse duration stretched by
the positive or negative GDD can be recompressed by the negative or positive GDD. This is
the principle for stretching and compressing an utrashort laser pulse in the CPA technique. In
a common CPA technique, a pulse stretcher introduces a positive GDD to the laser pulse and
a pulse compressor introduces a negative GDD. The reason for this is that the material
dispersion used in amplifier systems also produces a positive GDD. If a laser pulse has negative
GDD by a stretcher, the pulse duration of a pulse is shortened as the pulse propagates in a
medium having a positive GDD. This might induce damage on optical elements that the pulse
propagates. The other combination that uses a pulse stretcher introducing negative GDD and
a pulse compressor introducing positive GDD is also possible. This combination is known as
the down-chirped pulse amplification (DCPA) technique and also demonstrated with a grating
stretcher and bulk material compressor. Although the DCPA technique works for the energy
amplification of an ultrashort laser pulse, the pulse duration of the pulse is somewhat
broadened because higher-order dispersions, such as TOD and FOD, induced by media in the
laser system remain uncompensated. As mentioned earlier, third-order dispersion (TOD), and
fourth-order dispersion (FOD) should be corrected or optimized to obtain a nearly transform-
limited pulse duration through the pulse compressor.

The misalignment in the parallelism of a grating induces an additional angular dispersion in
the spatial domain. This is known as the spatial chirping. The spatial chirping can easily be
examined by monitoring the intensity distribution of a focal spot. If there is the spatial chirping
in the laser beam profile, a focal spot is elongated along the chirping direction. Sometimes, the
elongation by the spatial chirping is confused with astigmatism in the beam. However, the
spatial chirping can be discriminated by the through-the-focus image because the elongation
by the spatial chirping is not rotated by 90 degrees while the elongation by astigmatism can
be rotated.

2.2. Rate equation

When a laser pulse passes through an amplification medium, the pulse obtains energy gain
from the medium. The energy gain comes from a stored energy in the medium which is
provided by an external power source. Absorption by the transition between electronic energy
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levels is used to store an external energy. Electrons at a lower energy level are excited to a
higher energy level through the pumping process. When an electromagnetic wave (photon)
with a specific wavelength defined by the atomic energy transition is radiated to an excited
atom, the atom emits the same electromagnetic wave (photon) as the incoming one. This means
that an incoming electromagnetic wave is amplified in intensity. This dynamics can be
described by the rate equation. In order to describe the situation mathematically, let us consider
a four-energy-level system shown in Figure 8.

Figure 8. Diagram for energy levels, level transition rate, and the number of electrons at the energy level. In the four-
level system, the storage of external energy is accomplished by the absorption due to the electronic transition from
level 0 to level 3, and the lasing or energy gain is obtained by the electronic transition from level 2 to level 1.

In a four-level system shown in Figure 8, electrons at the lowest energy level 0 are excited to
level 3 by the pumping process. The changing rate for the excited electron population increases
by the electron population at level 0 and the pumping rate Wp. In a short time, electrons at level
3 lose their energy and decay into level 2 with a transition probability W32. Electrons at level 3
also decay into level 1 and 0 with probabilities W31 and W30. The changing rate for electron
population at level 2 increases with the number of electrons at level 3 and the transition
probability W32, and it decreases with the number of electrons at level 2 and transition
probabilities W21 and W20 to level 1 and level 0, respectively. The main lasing action or energy
gain happens with the transition from level 2 to level 1. Under this circumstance, the rate
equations for electrons at each level can be expressed as

(22-1)

(22-2)
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(22-3)

(22-4)

Although rate equations for level 1 and level 0 are not explained here, those can be easily
derived from Figure 8. In the four-level system, it is assumed that electron populations at levels
1 and 3 are very small because of the rapid transition to other levels, i.e., n2, n0 ≫ n3, n1. The
total number, n, of electrons is determined by the sum of electron numbers at levels 0 and 2,
i.e., n = n2 + n0. In the steady-state condition, the change of electron populations at levels 3 and

2 are very small as well; so, we assume 
d n3

dt =
d n2

dt ≈0. From Eqs. (22-1) and (22-2), we obtain

(23)

At level 2, the approximation of W21 ≫ W20 is valid because the lasing action or gain is
dominant. And, electron transition from level 3 to level 2 is most dominant to the other
transition and thus W32 ≫ W31, W30. Under these conditions, Eq. (23) reduces to

(24)

According to Eq. (24), a laser pulse can have energy gain when n2 > n0. The population inversion
happens when the difference, Δn = n2 − n0, in electron numbers at levels 2 and 0 is positive.
Under the heavily pumping condition, most electrons exist in level 2, and the number of
electrons (n2) at level 2 approximately equals n0. The population inversion is given by

(25)

By using the relation of W21/Wp = I(z)/Isat, Eq. (25) becomes Δn ≈ n/(1 + I/Isat). When a low-intensity
laser pulse propagates in the gain medium, the intensity growing rate is linear with the product
of propagation distance and population inversion as shown below:

(26)

Here, σ21 is the emission cross section. By inserting the relation of Δn ≈ n/(1 + I/Isat) into Eq. (26),
the growing rate for the intensity becomes
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(27)

In Eq. (27), the gain g(z) is defined by g0/(1 + I(z)/Isat) and g0 is defined by σ21n. When the intensity
of a laser pulse is small enough, the intensity exponentially grows with I0 exp(∫g(z)dz). The
gain, exp(∫g(z)dz), at a small input intensity is known as the small signal gain. As the intensity
becomes stronger, the growing rate for the intensity starts to be lowered and the intensity
linearly grows with gL in the saturation regime, where L is the medium length.

2.3. Energy amplification

The small signal gain describes how much intensity or energy can be achieved with a given
small input intensity. The small intensity means an intensity level that does not affect the
population inversion. In this subsection, we will describe the energy amplification in an
amplifier system. A single-pass energy gain can be measured by putting a detector before and
after the amplification medium during the energy measurement experiment. The small signal
and single-pass gain, G0, at the first pass is given by exp(∫g(z)dz) or simply by

(28)

Here, g0 is the measured gain coefficient and L is the medium length. Using the Frantz-Nodvik
equation [12], the output energy of a laser pulse at the ith round trip in the amplifier can be
expressed by
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Here, F means the fluence of a laser pulse defined by ∫−∞

∞
I (z, t)dt  and the subscripts (i and i − 1)

mean the ith and (i − 1)th round trips. Fsat is the saturation fluence. In a multipass amplifier
system, an amplified laser pulse is reinjected into the amplifier medium. Thus, the gain
decreases as the input intensity increases. The reduced gain at the ith round trip can be
calculated from the gain and the fluence at the (i − 1)th round trip as follows:
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Figure 9 shows the amplified output energy as a function of the round trip in a multipass
amplifier. In the calculation, the Ti:sapphire crystal is assumed as an amplifier medium. The
saturation fluence of the Ti:sapphire crystal is 1.2 J/cm2 and the small signal gain of 3.5 is
assumed. The energy exponentially increases in the first few round trips, but the energy
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linearly increases as the energy becomes comparable to the saturation energy of the amplifier
medium. Finally, the output energy is saturated at a certain energy level which is close to the
saturation fluence.

Figure 9. Fluence of the laser pulse with respect to the number of round trip. The input fluence was 1 mJ and the small
signal gain was assumed to be 3.5.

Figure 10. Diagram explaining the gain narrowing effect. The origin of the gain narrowing effect is an un-equal gain at
a different wavelengths. The wavelength component at a higher gain grows faster than that at a lower gain. The gain
narrowing effect broadens the pulse duration of the compressed pulse.

A series of amplifier system including a regenerative amplifier and multiple-stage amplifiers
are used for energy amplification. The final output energy ranges from a couple of J to ~100 J,
depending on the peak power level. The pulse energy should be amplified by a factor of
~1012 while keeping the pulse characteristics the same. This is not easy because of the gain
narrowing effect induced by the different gains at different wavelengths. The gain narrowing
phenomenon happens because a wavelength component located at a higher gain becomes
stronger than a wavelength component at a lower gain as shown in Figure 10. The gain
narrowing broadens the pulse duration of a compressed pulse. Several techniques, such as
input intensity modulation, wavelength mismatch between the input and gain spectrum, gain
saturation, and so on, have been developed to minimize the gain narrowing effect.
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Figure 9. Fluence of the laser pulse with respect to the number of round trip. The input fluence was 1 mJ and the small
signal gain was assumed to be 3.5.

Figure 10. Diagram explaining the gain narrowing effect. The origin of the gain narrowing effect is an un-equal gain at
a different wavelengths. The wavelength component at a higher gain grows faster than that at a lower gain. The gain
narrowing effect broadens the pulse duration of the compressed pulse.

A series of amplifier system including a regenerative amplifier and multiple-stage amplifiers
are used for energy amplification. The final output energy ranges from a couple of J to ~100 J,
depending on the peak power level. The pulse energy should be amplified by a factor of
~1012 while keeping the pulse characteristics the same. This is not easy because of the gain
narrowing effect induced by the different gains at different wavelengths. The gain narrowing
phenomenon happens because a wavelength component located at a higher gain becomes
stronger than a wavelength component at a lower gain as shown in Figure 10. The gain
narrowing broadens the pulse duration of a compressed pulse. Several techniques, such as
input intensity modulation, wavelength mismatch between the input and gain spectrum, gain
saturation, and so on, have been developed to minimize the gain narrowing effect.
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The amplified spontaneous emission (ASE) occurred in a large size gain crystal reduces an
overall gain and deteriorates the spatial profile of a laser pulse as shown in Figure 11. A
spontaneous emission traveling in the transverse direction of the gain medium has energy gain
before the laser pulse arrives. When the gain and the size of gain medium are small, the ASE
is negligible during the amplification process. However, as the size of gain medium is large
enough with a considerable gain, the ASE becomes significant. In order to reduce the ASE, the
gain medium is enclosed by the light-absorption cooling liquid having a refractive index
similar to the gain medium. With the cooling liquid, the spontaneous emission transmits the
boundary between the gain medium and cooling liquid, and scattered in the mount. Thus, the
ASE reflected from the boundary can be suppressed. Sometimes, the spontaneous emission
has enough energy gain even in a single transverse pass. In this case, a delayed pumping
scheme can be useful to reduce the ASE.

Figure 11. Laser beam profile with and without the amplified spontaneous emission (ASE). The ASE reduces energy
gain and deteriorates beam profile.

Since the demonstration of laser in 1960, the laser technology has continuously advanced to
build petawatt (PW) laser systems. In 1999, the first CPA PW laser has been demonstrated
using a Ti:sapphire/Nd:glass hybrid system [13]. Almost a decade later, 30 fs 1 PW laser
operating at 0.1 Hz repetition rate was developed [14] and more recently an amplifier for 5 PW
laser system has been successfully demonstrated [15]. Now, fs and 10 PW laser systems are
under construction through the European Extreme Light Infrastructure (ELI) program.

3. Focusing ultrashort laser pulses

An amplified and compressed laser pulse is focused on solid or gas target for laser-matter
interaction studies. Concave mirrors are generally used and the intensity reaches at a relativ‐
istic level, >1018 W/cm2. The size of a focal spot is proportional to the focal length of a mirror
and a shorter focal length is preferable to reach a higher intensity. Thus, one particular research
interest is to tightly focus a laser pulse to reach an unprecedented intensity level. The paraxial
approximation, which is commonly used in calculating focal spots under high f-number
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conditions, becomes invalid under tight focusing (low f-number) conditions. Intensities of a
focal spot that have other polarization components different from an incident polarization are
assumed to be negligible in the paraxial approximation. However, under tight focusing
conditions, intensities at different polarizations increase and modify the overall intensity
distribution of a focused laser pulse.

The intensity distributions of all polarization components of a focal spot formed under a tight
focusing condition can be calculated by vector diffraction integrals developed by Stratton and
Chu [16]. Recently, the intensity distributions of a focused fs high-power laser pulse under a
tight focusing condition were intensively examined [17]. In this section, the intensity distri‐
butions of a tightly focused laser spot are described. The accurate assessment of the peak power
and information on the intensity distribution are beneficial in simulating and predicting the
motion of charged particles under a super-strong laser pulse that is provided by a tight
focusing scheme.

3.1. Modeling of focusing scheme with low f-number parabolic mirror

The parabolic mirror is used as a focusing mirror because of its quadratic surface profile. A
linearly polarized (x-polarized) laser pulse having an electric field distribution, Einc(θS, ϕS), is
incident on a parabolic mirror along the negative z-direction (Figure 12). By using Sttraton and
Chu’s vector diffraction integrals, the electric fields at all polarization components can be
expressed as follows:

(31-1)

(31-2)

(31-3)

and

(31-4)
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Here, f is the focal length of a mirror. xP, yP, and zP represent positions at vicinities of the focal
point. θS is the polar angle measured from the positive z-axis and ϕS is the rotational angle
measured from the positive x-axis. The minimum angle, θmin, determines the f-number of the
mirror. The distance between the source (s) and observation (p) points is expressed as 2f/(1 −
cos θS) for the intensity of a laser spot and as 2f/(1 − cos θS) − ρP{cos θS cos θP + sin θS sin θP

cos(ϕS − ϕP)} for the phase of the spot.

Figure 12. On-axis focusing scheme for an aberrated laser beam with a low f-number parabolic mirror.

The wavefront aberration of a laser pulse is one of the factors that determines the intensity
distribution of a focal spot. The wavefront aberration is the phase delay function across the
laser beam and included in the incident electromagnetic field of a laser pulse as follows:

(32)

Here, θn can be interpreted as a normalized radius defined by (π − θS)/(π − θmin). The wavefront
aberration is expressed by the Zernike polynomials as Winc(θ, ϕ)=∑u,v cu

vZu
v(θn, ϕS ). In this

case, cu
v means the Zernike coefficient, and Zu

v(θn, ϕS ) is the Zernike polynomial for the uth
radial and the vth azimuthal orders, respectively. The entire phase function on the mirror
surface is modified as k(zP cos θS + xP sin θS cos ϕS + yP sin θS sin ϕS) + kWinc(θn, ϕS). For a high
f-number case, θS and θn are almost the same, and the wavefront, WS(θn, ϕS), on the mirror
surface is almost equivalent to Winc(θS, ϕS). However, as the f-number of a parabolic mirror
decreases, the wavefront on the mirror surface becomes different from the wavefront of an
incident wave. In this case, the normalized radius, θn, on the mirror surface is modified and
given by
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(33)

The change in wavefront aberration due to the polarization rotation after reflection from a
mirror surface should be considered for the effect of polarization. Thus, after reflection from
a parabolic mirror, the normal vector to the wavefront surface is expressed by 2n̂(S

→
⋅ n̂)−S

→
 as

shown below:

(34)

Expressions for normal vectors on a parabolic mirror surface which are given by

(35)

are used in the calculation of Eq. (34). Finally, the wavefront component that propagates to the
ρ-direction contributes to the formation of an intensity distribution near the focal plane and is
given by

(36)

with ρ̂ = x̂ sinθS cosϕS − ŷ sinθS sinϕS − ẑ cosθS . But, as expected in Eq. (36), the contribution by
the {⋅} term is not significant when sin2θS cos 2ϕS << cos2θS.

3.2. Coherent superposition of monochromatic fields for femtosecond focal spot

A femtosecond laser pulse typically has a broad spectrum of several tens of nm, thus the effect
of broad spectrum of a femtosecond laser pulse on the focal spot should be considered in order
to accurately describe the focal spot of a femtosecond laser pulse. The spatial and temporal
profiles of a femtosecond focal spot can be calculated by the superposition of monochromatic
electric fields near the focal point. The resultant electric fields for a femtosecond focal spot are
expressed with spectral amplitude and phase as below (see Figure 13):

(37)

Here, Rλ defined by Iλ / Iλ,max and αλ are the relative amplitude and the spectral phase at a
given wavelength, respectively. The subscripts (x, y, z) represent the polarization directions
and Ex,y,z(λn : xP, yP, zP) induces the monochromatic electric field. Contrary to the monochromatic
case, a different field oscillation period at a different wavelength induces a phase mismatch
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among waves at different wavelengths and reduces the intensity quickly as the observation
position moves away from the origin of the focal plane. The intensity distribution along the
propagation direction can be interpreted as the temporal profile of a femtosecond focal spot.
Thus, the resultant electric fields, Ex,y,z(xP, yP, zP), provide the spatial and temporal (spatiotem‐
poral) intensity distributions of a laser focal spot. The resultant electric fields are numerically
calculated. In the calculation, the spectrum is sliced into n components. The monochromatic
electric field distributions at all polarization components are obtained from Eqs. (31-1)–(31-4).
The relative amplitude ratio and the spectral phase are obtained by the measurement of a laser
pulse. After calculating the resultant electric fields, the final intensity distributions at all
polarization components become

(38)

This approach provides information on intensity distribution at all polarization components
both in temporal and spatial domains and it is also valid under high f-number focusing
conditions as well. The sum of all polarization components given by Ix(x, y, z) + Iy(x, y, z) + Iz(x,
y, z) is the intensity distribution measured by an image-sensing device.

Figure 13. Spectrum and spectral phase for calculating the femtosecond focal spot.

Figure 14. Three-dimensional intensity distribution of the continuous wave and spatially uniform laser beam under
loose focusing condition. The x-polarized beam is assumed and the laser beam propagates along the −z direction. Un‐
der the far-field approximation, the x-polarization component is only considered to calculate the intensity distribution.
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3.3. Intensity distribution in the focal plane and its vicinity

Under the loose focusing condition (f/# >> 1), the intensity distribution having the same
polarization as an incoming laser pulse is only considered, and other polarization components
(Iy(x, y, z) and Iz(x, y, z)) are ignored. In this case, the far-field approximation is applied and the
Fourier transform of an incoming electric field, which is derived from the scalar diffraction
integral, is widely used to obtain the intensity distribution of a focal spot. Figure 14 shows the
typical intensity distributions in the x-y plane and the x-z plane.

Figure 15. The change in intensity distributions as the f-number decreases. The intensity distributions for a continuous
wave and uniform laser beam are calculated in the focal plane. (a) The ideal uniform laser beam profile without wave‐
front aberration is assumed as an input. (b) The uniform beam profile with wavefront aberration is assumed as an in‐
put.
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Intensities having other polarizations different from an incoming laser pulse increase under
the tight focusing condition. Typical aspects under tight focusing conditions are the increase
in the intensity of a longitudinal polarization component and the elongation of a focal spot
along the polarization direction. Figure 15(a) shows the change in the intensity distribution
when the f-number of a parabolic mirror decreases from 5 to 0.25. The peak intensity of a
longitudinal component, Iz, increases up to 41% of that of Ix under f/0.25 condition. But,
compared to the x-polarization component, the peak intensity of the y-polarized component,
Iy, is still negligible. Because of the increase of intensity in the longitudinal component and the
deformation of x-polarized intensity, the resultant intensity is elongated in the polarization
direction as shown in Figure 15(a).

Figure 15(b) shows the change of a focal spot for an aberrated laser pulse as the f-number
decreases. A small amount of wavefront aberration (c2

−2 = 0.07 μm, c3
−3 = 0.05 μm, c3

−1 = 0.04 μm,

and c3
1 = 0.02 μm) was introduced to the laser pulse to investigate the effect of wavefront

aberration on the focal spot. The figure shows how the focal spot of an aberrated laser pulse
is influenced by the focusing condition. Under a high f-number condition (f/5), the focal spot
of an aberrated laser pulse is determined by the spatial characteristics of the laser pulse, such
as wavefront aberration and spatial profile. The shape of the focal spot was almost same as
that obtained with the Fourier transform method because the focusing condition and the
amount of wavefront aberration did not violate the far-field and thin-lens approximations.
Instead, under lower f-number conditions, focal spots are also influenced by the vectorial
properties, resulting in the elongation along the polarization direction. With a given amount
of wavefront aberration, the peak intensity of a longitudinal component, Iz, increases up to
40% of that of Ix under f/0.25 condition. Further calculation with a higher amount of wavefront
aberration (c2

2 = c2
−2 = c3

−1 = 0.15 μm) shows that intensity distribution under f/0.5 focusing
condition was still different from the intensity distribution obtained with the Fourier transform
method.

Figure 16 shows spatiotemporal intensity distributions of femtosecond focal spots for an
aberrated laser pulse under two different focusing conditions (f/3 and f/0.5). The Zernike
coefficient that are used again include c2

−2 = 0.07 μm, c3
−3 = 0.05 μm, c3

−1 = 0.04 μm, and c3
1 = 0.02

μm. In the figure, the intensity distributions in the x-y plane provide information on spatial
profiles of a femtosecond focal spot, and the intensity distributions in the x-z plane provide
information on temporal profiles. By assuming a 12 fs, 10 PW, uniformly circular, and
aberrated laser pulse as an input, peak intensities for x-polarized component increases up to
~8.8 × 1022 W/cm2 for f/3 and ~ 2.5 × 1024 W/cm2 for f/0.5, respectively. Under same conditions,
peak intensities for longitudinal component rapidly increase to ~3.1 × 1020 W/cm2 and ~2.4 ×
1023 W/cm2. These intensities along the z-direction should be taken into account to better
describe the motion of charged particles under an extremely strong EM field that is formed by
tightly focusing a femtosecond high-power laser pulse.
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Figure 16. The spatiotemporal intensity distributions of a focal spot with (a) an f/3 parabolic mirror and (b) an f/0.5
parabolic mirror. The peak intensities of Ix reach ~8.8 × 1022 W/cm2 and ~2.5 × 1024 W/cm2 for f/3 and f/0.5 focusing con‐
ditions, respectively. The transverse intensity distribution is expressed in the x-y plane and the longitudinal intensity
distribution is expressed in the x-z plane.

4. Interaction of an intense laser pulse with plasma

Under a strong electromagnetic field, the motion of an electron is governed by the Lorentz
force as follows:

(39)

Here, m0 is the electron rest mass, c is the speed of light, and γ is the Lorentz factor. When the
electromagnetic field is not strong enough, the v

→

c × B
→

 term on the right-hand side is much less
than the first term on the right-hand side and negligible. In this case, the Lorentz force is
reduced to d (mv→ ) / dt = − eE

→
. By assuming the sine wave for the electric field and replacing the

time derivative by − iω, then the speed of an electron is
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(40)

The maximum speed of an electron is given by vmax = eE0/mω. By comparing the maximum
speed of an electron and the speed of light, we define β = v/c. In the nonrelativisitic approach,
we can consider β = 1 as a reference. Then, the intensity required for an electron to have the
speed of light c is given by

(41)

The intensity for the speed of light is ~ 2.14 × 1018 W/cm2 for the 0.8 μm wavelength. In the
nonrelativistic approach, the intensity of 1018 W/cm2 is roughly estimated for electrons to have
a quiver motion in which the speed is close to the speed of light. The intensity of 1018 W/cm2

is known as the relativistic intensity for the electromagnetic field.

As shown in the previous section, the relativistic intensity is easily obtained by focusing a
femtosecond high-power laser pulse. The femtosecond focal spot has a finite extent in the
temporal and spatial domains. Let us expand the electric field of a high-power laser pulse in
the Taylor series at a position of x0, then we obtain

(42)

By inserting the first term on the right-hand side in Eq. (42) into the first term in Eq. (39) and
solving the equation, the velocity and the position of electron are given by

(43)

In order to see the effect of the intensity (or field) gradient of a focused intensity, let us put the
expression of x in Eq. (43) into Eq. (42) and consider the Lorentz force again. Then, we obtain

(44)

By taking the cycle average of the force, Eq. (44) becomes

(45)
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Eq. (45) means that an electron can be pushed by the intensity or the field gradient. The force
due to the intensity gradient is known as the ponderomotive force.

When a high-power laser pulse is focused in a gas target, the target immediately turns into the
plasma medium. Electrons in the plasma medium feel the ponderomotive force by the laser
pulse in temporal and spatial domains, and those are pushed by a focused laser field and
separated from the background ions. The separation of electrons from background ions
induces a strong electric field by the space charge effect. The periodic motion of oscillation for
electrons occurs around heavy ions as the laser pulse propagates. The resultant pattern of
alternating positive and negative charges is known as the plasma wave or laser wake. The laser
wake field supports a very strong longitudinal electric field of 1 GeV/cm. Some of returning
electrons can be captured into the laser wake and accelerated by the laser wake field up to GeV
level. This is a short description of the laser wake field acceleration [18] (Figure 17(a)). Recent
experiments using the laser wake field acceleration showed the quasimonoenergetic multi-
GeV electron beams by focusing petawatt laser pulses [19–21]. The acceleration of electrons to
10 GeV or even 100 GeV level is now being pursued for the development of a compact electron
accelerator.

Protons are also accelerated by a high-power laser pulse. In this case, a high-power laser pulse
is focused onto a solid target. When a high-power laser pulse is focused on a thin metal target,
the target immediately turns into plasma, and electrons in the plasma are accelerated toward
the laser beam propagation direction by the ponderomotive force. Then there exists an electric
field between accelerated electrons and background ions. The electric field can be used to
accelerate protons existing in the metal as impurities [22, 23] (Figure 17(b)). At a lower laser
intensity, the energy distribution for electrons is broad and the resultant proton energy
distribution is also broad. As the laser intensity increases, proton energy distribution can be
reduced by a narrow electron energy distribution by the radiation pressure. This is an indirect
proton acceleration using electron acceleration. Protons can be directly accelerated to the light
speed by an electromagnetic field as shown in Eq. (45). However, because of the proton mass,
reaching to the speed of light by directly accelerating proton with an electromagnetic field
requires a higher laser intensity up to ~1024 W/cm2, which is sometimes called the ultrarela‐
tivistic laser intensity. One of the ways for efficiently reaching at the ultrarelativistic laser
intensity is to employ a tight focusing scheme. Based on the recent progress in the high-power
laser, the demonstration of ultrarelativistic laser intensity will be possible soon.

Energetic charged particles driven by high-power laser pulses are directly used for medical
applications including radiation therapy and imaging. For example, energetic proton beams
having an energy range of 100–200 MeV can be used for the radiation tumor therapy [24]. When
proton beams is irradiated to tumors in human body, protons dramatically lose their energy
and produce x-rays in the tumor. The produced x-ray destroys DNA chains in a tumor cell and
eventually kills the tumor cell. Electron beams with an energy range of 6–20 MeV can also be
used for treating cancers locating at skin and lip, chest-wall and neck, respiratory and
digestive-track lesions, or lymph nodes [25]. Research on stable and reliable production of
energetic particles is of great interest for developing a compact particle accelerator for medical
applications.
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Figure 17. (a) Electron acceleration though the laser wake field. The laser pulse is focused onto the gas target. The elec‐
trons are captured in the plasma cavity and accelerated by the cavity. (b). Proton acceleration. The accelerated elec‐
trons by the laser pulse pull proton on the metal surface.

High-brightness and high-energy photons (x-ray and γ-ray) can be produced through the
laser-plasma accelerator as well. By comparing to the large-scale facilities, such as synchrotron
and XFEL, the laser-plasma accelerator produces high-energy photon providing an attosecond
temporal resolution and subatomic spatial resolution in a small size and reasonable cost. High-
energy photon can be used for research pertaining to ultrafast electron dynamics in atoms,
molecules, plasmas, and solids. In the laser-plasma accelerator, many processes producing
energetic photon sources, such as high harmonic generation [26], undulator radiation [27],
betatron radiation [28], and Compton scattering [29], were proposed and some of them have
been experimentally demonstrated. So far, basic applications for high-intensity laser pulses
were described. Other interesting research topics related to fundamental physical processes
are well described elsewhere [30].

5. Conclusion

The high-power laser facility is being developed for performing research on the laser-matter
interaction in the relativistic and ultrarelativistic intensity regimes. The high-power laser pulse
immediately ionizes solid and gas targets and makes the target medium plasma. The intensity
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can make use of the laser pulse as a small-scale and versatile particle accelerator. This is a
primary purpose for developing high-intensity laser facilities. The interaction between an
intense laser pulse and energetic charged particles produces high-energy photon as well. Many
interesting schemes, such as undulator radiation, betatron radiation, and inverse Compton
scattering, have been studied for producing high-energy photons. The high-energy photons
can be used in many disciplines including industrial application, medical imaging, nuclear
engineering, national security, and so on. As the intensity obtainable with the high-power laser
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Abstract

A diode-pumped, ultrafast Yb:KYW laser system utilizing chirped-pulse amplifica‐
tion (CPA) in a dual-slab regenerative amplifier (RA) with spectral shaping of seeding
pulse from a master oscillator (MO) has been developed. A train of compressed pulses
with pulse length of 181 fs, repetition rate up to 500 kHz, and average power exceed‐
ing 15 W after compression and pulse picker was achieved.

Keywords: lasers, diode-pumped, laser amplifiers, solid-state lasers, ytterbium lasers,
ultrafast lasers, mode-locked lasers, ultrafast lasers

1. Introduction

Energetic (dozens of μJ) optical pulses with femtosecond (fs) pulse lengths and hence ultra‐
high focused intensities in the range of 1012–1016 Wcm−2 are capable of ablating a wide range of
materials  including  metals,  semiconductors,  ceramics,  polymers,  biological  tissue,  and
dielectrics [1–3]. Femtosecond laser ablation has been demonstrated to be a powerful tool for
various technologies [2]. Due to rapid energy delivery, the laser-plasma interaction is avoided
and heat-affected zones in the irradiated targets are strongly localized with minimal residual
damage.  This  allows  generation  of  well-defined  microstructures  with  high  quality  and
reproducibility [1–3].

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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Femtosecond laser sources based on Yb-doped laser materials became promising tool for
various technological and industrial applications including femtosecond lasers. Among Yb-
media ytterbium tungstates (Yb:KYW/Yb:KGW), crystals Yb:KY(WO4)2 (Yb:KYW) or
Yb:KGd(WO4)2 (Yb:KGW) exhibits an attractive set of parameters that makes it as one of the
best choices for high-power fs lasers operating around 1 μm [4]. Bandwidth of Yb:KGW/
Yb:KYW is sufficient for amplification of sub-200 fs pulses, but typical pulse length on the
output of Yb:KYW amplifier system is limited on the level 300–400 fs [5, 6] primarily due to
gain narrowing [7, 8]. A promising method to reduce the effect of gain narrowing and to
increase the effective gain bandwidth is to combine laser media with separated gain maxima
and to overlap broadband gain. Using Yb:KYW crystals with different orientation of crystal‐
lographic axes, e.g. Ng- and Np-cut orientation, this approach has been realized in [9]. Another
way for increasing gain bandwidth is using special spectral filters introducing controlled losses
at maximum gain spectrum [7].

In this review chapter we present combination of those approaches to a double-slab regener‐
ative amplifier (RA). Each slab is pumped separately, which enables additional possibility to
control gain. Furthermore as a seed source, we used high-power master oscillator (MO) based
on Np-cut Yb:KYW crystal with output pulse length ~100 fs and central wavelength agreed
well with spectral gain profile of regenerative amplifier. A highly efficient stretcher and
compressor based on single transmitted diffraction grating are used for stretching and
recompressing initial pulses after master oscillator.

2. Design of high-average power Yb:KGW laser system

The laser was realized as a chirped-pulse amplification (CPA) system [10]. The system shown
in Figure 1 consists of a femtosecond master oscillator (MO) based on Yb:KGW crystal, a

Figure 1. Schematic layout of the femtosecond laser system [15]. FM is a high reflective flat mirror; CM1 is a curved
mirror with ROC = 400 mm; CM2 is a curved mirror with ROC = 600 mm; DM is a flat dichroic mirror; FL is a focusing
lens; CL is a collimating lens; C1 and C2 are Yb:KYW crystals; TFP is a thin film polarizer; λ/4 is a quarter wave plate;
λ/2 is a half wave plate.
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common module of stretcher and compressor based on single diffraction grating, a spectral
shaper based on Lyot filter, and a dual-slab regenerative amplifier (RA) with combined gain
spectra. The system also includes two Faraday isolators: one for isolation of MO against leaking
amplified pulses and the other for extraction of laser pulses from the system after RA. To
increase the contrast ratio of output pulses according to pre-pulses and post-pulses, we used
a pulse picker based on a second Pockels cell and a few thin film polarizers (TFP) with high
quality.

2.1. Mode-locked Yb:KYW oscillator

A schematic design of the Yb:KYW oscillator is shown in Figure 2. As a gain material, we used
a 3×3×3 mm at 5% Yb3+-doped KGW crystal with antireflection-coated ends both for the pump
radiation and for the lasing radiation. The crystal was used in an Ng-cut (Np-cut) geometry,
such that the laser polarization was aligned along the Np axis (Nm axis), respectively. The pump
beam from the 100 μm core diameter fiber output was collimated by an achromatic doublet
(CL) with focal length F = 60 mm. Then the beam was focused into the laser crystal (LC) by
another achromatic doublet (FL) with focal length F = 60 mm through special dichroic coated
mirror (DM1) with transmittance of 95%. By using three chirped mirrors with group-velocity
dispersion −1350 fs2 per single pass, the dispersion in the laser cavity was compensated. The
details of the optical layout of the laser are described in Ref. [11]. The concave mirror in the
second arm of the cavity was replaced by dichroic coated mirror (DM2) with radius of
curvature R = 100 mm and a dumper (d) is mounted additionally. Therefore, the pump beam
can transmit through the dichroic mirror DM2 and laser operation can be more stabilized
without heating optical mounts of mirror M3.

Figure 2. Schematic diagram of the Yb:KYW laser pumped by laser diode (LD) [25]. λ/2 – half wave plate; CL – colli‐
mating lens; FL – focusing lens; LC – Yb:KYW laser crystal; DM1, DM2 – spherical dichroic mirror; M1–M6 – cavity
mirrors; OC – output coupler; SAM – semiconductor saturable-absorber mirror; d – dumper for blocking and cooling.

As is well known, the transverse size of the pump zone should match with the size of the cavity
mode to achieve maximum output power. Figure 3(a) shows the schematic drawing to assist
in understanding the mode matching between the cavity mode and pump. The pump beam is
focused onto the laser crystal as shown in Figure 3(a) with black lines and the cavity mode is
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depicted as pink color. The position of laser crystal can be defined by the displacement x from
the center of the caustic of the beam in the cavity. When the crystal is located in the caustic
center of the cavity mode (x = 0 mm), the pump size is larger than the size of cavity mode.
Optimal matching of cavity mode and pumped zone in the active media is important for an
efficient laser operation. But it is not easy to match the pump size to cavity mode by changing
the specification of pump module, because the conventional optics such as fiber and lens are
limited in core size and focal length. Instead, mode matching can be easily achieved by
displacing the crystal longitudinally along the optical axis. The comparison of the beam profile
of pump and cavity mode for both cases of displacement x = 0 mm and 3.5 mm clearly shows
this phenomenon as shown in Figure 3(c) and (d). The pump profile was obtained by using
ZEMAX optical system design software. The cavity mode is assumed to have Gaussian profile
and the relevant factors are obtained from LASCAD simulation [12].

Figure 3. (a) Schematic diagram for the definition of displacement x from the center of the caustic of the beam in the
cavity and for the understanding of mode matching. (b) CW output power versus position of laser crystal in the cavity
for Ng-cut crystal with OC = 4% of experiment (red) and simulation (black). Comparison of beam profile between
pump and cavity mode is shown in the condition of (c) x = 0 mm and (d) x = 3.5 mm [26].

To optimize the position of the crystal, we calculated the CW output power of the resonator
as a function of the displacement x as depicted in Figure 3(b) with black dots and line by using
the LASCAD software. In LASCAD simulation we approximate the top-hat pump spot in focal
plane of FL as super-Gaussian distribution in xy plane with diameter 100 μm (1/e2 level).
Calculated cavity mode diameter between two curved mirrors DM1 and DM2 significantly
changes from diameter 36 μm in a waist to 1.5 mm on the mirror. Figure 3(b) shows that the
optimal position of the crystal is ~3.5 mm apart from the center of the beam caustic. In order
to check the mode matching simulation, we performed the experiment with Ng-cut crystal
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oscillator, which was developed previously and in a same condition with simulation [11]. As
shown in Figure 3(b) with red dots and line, the CW output power is highly dependent on the
position of laser crystal and the experimental result coincides well with simulation result. As
a note, multimode operation occurred in experiment when the size of the pump beam is larger
than TEM00 cavity mode and it causes higher CW output power in the displacement region
below 3.5 mm.

Not only the position of crystal in the cavity but also the amplification axis of crystal affects
the laser operation greatly, because the absorption and emission cross sections of the crystal
are quite different according to the orientation of the crystal. In previous work [11], we chose
a lasing with E//Np for antireflection-coated slab crystal because of its broader emission
spectrum [6]. We obtained the generator’s average power exceeding 1 W at the central
wavelength of 1043 nm with a pulse about 90 fs wide. But, according to the literature [13], laser
can operate in the shorter wavelength range than 1043 nm by using the different amplification
axis of the crystal such as E//Nm. For providing effective amplification as a seeding source of
CPA femtosecond laser system, the oscillator with shorter wavelength such as 1030 nm is more
suitable than the one with 1043 nm [14, 15].

Before going into experiments, we compare the CW output power of the oscillator between
Np- and Nm-polarization with respect to the transmission of output coupler with LASCAD
simulation. The corresponding output powers for Np- and Nm-polarization crystals are shown
in Figure 4(a) as black and red dots and lines, respectively. From the simulated results, we can
conclude that Nm-polarized crystal with 6% output coupler can be used as a candidate for the
purpose of seeding source, since only the center wavelength would change with similar output
power when we replace the crystal from Np-polarization (Ng-cut) to Nm-polarization (Np-cut).
And the transmission of 6% of output coupler is chosen due to the output power saturation
near 6%.

Figure 4. (a) CW output power versus transmission of output coupler for both the Np- and Nm-polarized crystal. (b)
CW output power versus incident pump power for Np- (OC = 4%) and Nm-polarized crystal (OC = 6%) [26].

Figure 4(b) shows the simulated results according to the replacement from Np-polarized
crystal with 4% output coupler to Nm-polarized crystal with 6% output coupler, in point of the
dependence of the average output power on the incident pump power. The slope efficiency
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with respect to the incident radiation power is 41% and 35% for each condition. From the
simulation results, it is expected to get high output power and high slope efficiency with more
suitable center wavelength in the new oscillator.

Based on the simulation results, we conducted the experiment for femtosecond laser based on
Nm-polarization Yb:KYW with 6% output mirror and compared the result with the previously
reported oscillator based on Np-polarization Yb:KYW with 4% output mirror in Ref. [11]. An
experimental setup of the laser is presented in Figure 2 as mentioned above. An 8 W high-
brightness InGaAs semiconductor injection laser module coupled into optical fiber with a
105 μm core diameter (0.11 NA) and 10 cm length was employed for optical pumping. By using
the thermoelectric element (a Peltier cell), the temperature of the laser diode was adjusted for
displacing its wavelength to the absorption maximum in the laser crystal. The crystal had a
slab design to facilitate efficient heat removal and placed on the optimized position, 3.5 mm
apart from the center of the caustic of the beam in the cavity in the longitudinal direction, for
size matching of the pump beam and the cavity modes as mentioned. All the laser elements
were placed in a compact one-body housing case with 424×214×84-mm size for stable laser
operation.

Figure 5. Experimentally observed CW output power versus incident pump power for (a) Np-polarization (OC = 4%)
and (b) Nm-polarization (OC = 6%). Gray lines indicate the calculated values from the LASCAD simulation for compar‐
ing with the experimental data [26].

The performance of the laser in the CW regime is shown in Figure 5 for two cases of (a) the
Np-polarization crystal with 4% output coupler and (b) the Nm-polarization crystal with 6%
output coupler. The high slope efficiency of 54% with respect to the incident pump power was
achieved with Nm-polarization and the maximum output power exceeded 1.5 W at incident
pump power of 6 W. For comparison, simulated CW output powers using LASCAD are also
shown in Figure 5 as grey lines. Computational simulations coincide well with experimental
results in general, especially on high incident pump power. The discrepancy in CW output
power between experiment and simulation for the low incident pump power can be explained
by the characteristics of laser diodes [16]. The center wavelength of diode lasers typically
depends on the injection current, operating temperature, and composition. In our case, the
operating temperature of the laser diode was adjusted to 36.5°C in high injection current,
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corresponding to around 5 W incident pump power in Figure 5(a) and (b), for the maximum
absorption in the laser crystal. As the injected electric current of laser diode decreases, the
pump light shifts toward shorter wavelengths, which results in the decreasing of pump
absorption efficiency and low output power of oscillator.

We shall note that for quasi three-level laser media it is difficult to estimate the absorbed pump
power experimentally because of the effect of absorption saturation appearing in such media.
Therefore we considered the power of launching pump radiation for an estimation of laser
efficiency instead of the absorbed power.

Figure 6. (a) Optical spectra and (b) autocorrelation traces of the 96 fs pulses with center wavelength 1043 nm for Np-
polarization (blue lines) and the 111 fs pulses with center wavelength 1035 nm for Nm-polarization (red lines). (c) Typi‐
cal spatial pattern of the beam and the corresponding intensity profiles. (d) Measured average output power and its
temporal stability [26].

The passively mode-locked regime was realized by replacing a cavity mirror M6 to semicon‐
ductor saturable-absorber mirror (SAM) at one end of the resonator in the focal region of a
concave mirror (M5) with a radius of curvature R = 300 mm. In Figure 6(a) and (b), the
measured emission spectra and autocorrelation traces with the fit assuming a sech2-pulse
shape are shown for the Np- and Nm-polarization as blue and red line, respectively. For Np-
polarization (Ng-cut), 96 fs pulses were generated with the emission spectra centered at
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1043 nm. Using Nm-polarization (Np-cut) crystal, the center wavelength could be changed to
1035 nm with only somewhat longer pulse durations of 111 fs. The time-bandwidth-product
of 0.308 is almost close to the Fourier-transform-limited pulse with an intensity profile
described by the sech2 function, and it indicates that dispersion is well compensated and there
is no frequency modulation.

Typical spatial pattern of the beam at a distance of 1 m from the output coupler for the new
oscillator based on Nm-polarization (Np-cut) crystal is shown in Figure 5(c) with the vertical
and horizontal intensity profiles. The cross section is nearly Gaussian with horizontal width
1.02 mm and vertical width 0.92 mm. The M2 values of the beam are 1.10 in the horizontal plane
and 1.07 in the vertical plane, which are fairly close to M2 = 1 for an ideal Gaussian beam.

The thermal lens in the laser crystal did not affect the quality of output beam due to weakness
of thermo-optical effects. Our calculations with LASCAD show that the focal lengths of thermal
lens are 1273 and 1063 mm for horizontal and vertical directions, respectively, that are much
larger than the focal length of focusing mirrors.

Figure 5(d) shows the average output power and its stability of the Nm-polarization oscillator
after it was warmed up. We have achieved a maximum average power of 1.27 W at a pulse
repetition rate of 87.8 MHz, and it gives a single femtosecond pulse energy greater than 14 nJ.
The stability of the output power is to be 0.14% by using the definition such as twice the
standard deviation of the measured output power divided by the mean output power.

As a summary, a comparison between the laser performances of the Np- and Nm-polarization
(Ng- and Np-cut) Yb:KYW materials is given in Table 1. Both the relative beam angular stability
and relative beam positional stability were measured by using the factors related with angular
movement and beam positional movement in accordance with ISO 11670 [17]. The achieved
parameters show that the new oscillator with Nm-polarization (Np-cut) crystal is more stable
and powerful with well-defined center wavelength as a seeding source.

λcenter

(nm) 
Δλ
(nm)

Poutput

(W)
τp

(fs)
M2  Power stability

(%)
Positional stability
(%)

Angular stability
(%)

E//Np,
OC = 4%

1043 12.5 0.64 96 1.10 (x)
1.25 (y)

0.30 0.5 (x)
3.2 (y)

0.3 (x)
1.9 (y)

E//Nm,
OC = 6%

1035 9.0 1.27 111 1.10 (x)
1.07 (y)

0.14 0.1 (x)
0.15 (y)

0.2 (x)
0.3 (y)

Table 1. Comparison between Np- and Nm-polarization Yb:KYW mode-locked oscillators with 4% and 6% output
coupler, respectively.

2.2. Stretcher-compressor

Optical pulse stretcher and compressor are a key subsystem in CPA laser systems [10]. In those
systems, the stretcher is used to lengthen optical pulses before the amplification, and the
compressor is used to restore original short pulses. In this way, the peak power inside the
amplifier cavity can be kept low enough to avoid any damage to the optical element and to
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suppress nonlinear distortions on the pulse temporal shape and beam spatial profile due to
the self-focusing effect.

Design of stretcher and compressor module in a commercial laser system must provide
maximum stretched pulse duration and good output spatial and temporal beam quality in
minimum module size. To improve total efficiency and make design of stretcher and com‐
pressor more compact, we used in our stretcher-compressor module common transmission
diffraction grating and folding mirrors (Figure 7).

Figure 7. Optical scheme of the stretcher-compressor module based on the transmission diffraction grating (G), spheri‐
cal lens (SL), right-angle prisms (Pr), and folding mirrors (FM).

In the stretcher and compressor, the beam enters and passes through transmission grating four
times. In the stretcher, the beam after first and third passes through diffraction grating is
focused and collimated by the spherical lens (SL). To change chirped-pulse duration, we used
diffraction grating with two groove densities: N = 1700 mm−1 and N = 1500 mm−1 and two
different spherical lenses with focal length F = 100 mm and F = 200 mm with NA = 0.25 and
NA = 0.12, respectively. Using this stretcher-compressor module, we can supply chirped-pulse
duration from 50 ps to 300 ps. The compressed pulse duration varies from 230 to 270 fs
depending on the optical elements used. Increasing the chirped-pulse duration up to 300 ps
using optical elements, the same aperture results in decreasing of spectral pass bandwidth of
stretcher up to Δλ = 14 nm. Spectral clipping introduced by the aperture of optical elements
in stretcher affects a recompression pulse duration and its time-bandwidth product.

Increasing the optics aperture is connected with the proportional increase of linear distances
in stretcher (spherical aberration introduced by the spherical lens increase with increasing the
NA number). Using the diffraction grating with higher groove density to provide more
compact design is limited by increasing third-order dispersion.
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To check stretcher-compressor module, we used our master oscillator as seed source. We
measured initial pulse length and compressed pulse length after the beam passed through the
stretcher and compressor. We also measured quality of a beam and total efficiency of the
stretcher and compressor. The stretcher-compressor based on 1500 mm−1 grating operating
with 50 ps chirped-pulse duration provides better degree of recompression and more short
output pulse. It is connected with aberration avoiding due to smaller NA number. The
measurements made by CCD camera shows that spatial quality of beam did not change after
it passed through stretcher and compressor.

Amplification with different pulse durations shows limitation of maximum output pulse
energy by Raman scattering excitation and was measured 150 μJ for chirped-pulse duration
50 ps, 300 μJ for 130 ps, and we expected more than 0.5 mJ for 300 ps. Further increase of the
pulse energy needs a longer chirped-pulse duration and an increase of the stretcher-compres‐
sor module size.

Figure 8. Second harmonic generator output power versus time using thermo stabilized compressor module (a) and
nonstabilized one (b).

One of the most important parameters of stretcher-compressor is a temporal stability of
compressed pulse duration. Because there is no 100% diffraction grating efficiency, approxi‐
mately 30% of amplified power is dissipated inside stretcher-compressor module and causes
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misalignment of compressor due to thermo expansion of mechanical parts. The requirement
for thermomechanical stability of stretcher-compressor elements increases with a decrease in
compressed pulse duration. The thermal stabilization of the stretcher-compressor module can
significantly improve temporal stability of the compressed pulse. Most dramatically, the effect
of temporal detuning of compressor can by observed by the subsequent second harmonic
generation. Figure 8 shows temporal dependence of second harmonic power with water
thermo stabilized stretcher-compressor module (a) and without stabilization (b).

In case of no thermo stabilized stretcher-compressor module, fundamental pulse duration
increases up to two times with the gradual heating of the module resulting in significant drop
of the second harmonic generation efficiency. Thermal stabilization by water cooling the
module improves fundamental pulse duration stability and as a result stability of the second
harmonic output power.

2.3. Spectral shaping

It is well known that regenerative amplification with high gain leads to the spectral narrowing
of amplified pulses [7, 8]. To broaden spectrum in the regenerative amplifier, we tried both
extra-cavity and intra-cavity spectral shaping based on the polarization-interference filter
(Lyot filter). This technique is well known but it has been used generally for Ti:sapphire lasers
[7]. The spectral shaper consists of a birefringent quartz plate placed between two polarizers.
To realize optimal spectral shaping, a transmission minimum of the birefringent filter should
coincide with maximum gain spectrum and their widths should be close. To fulfill these
conditions, a quartz plate with thickness of 8 mm was cut along the optical axis and mounted
to the rotation stage to rotate it in two planes for adjusting modulation depth and position of
transmission minimum.

2.4. Double-slab laser and amplifier

The maximum average power of solid-state lasers is limited either by the thermal destruction
of the active medium or by thermo-optical aberrations [16]. Therefore, one of a few methods
of increasing this power in the case of bulk laser media is to increase the active medium length
or to use several active elements in the cavity. To increase the average laser power and
simultaneously to retain the high spatial quality of the output beam, we used a scheme with
two active elements (see also [9, 14, 15]). The optical scheme of a laser amplifier with two active
elements made of Yb:KGW crystals with different orientations of optical axes is shown in
Figure 1. The use of Np- and Ng-cut crystals, which have different spectral-luminescent
characteristics at a corresponding orientation of the polarization vector of generated or
amplified beams, makes it possible to widen the gain band and thus generate or amplify more
broadband chirped or femtosecond pulses [10]. The crystals were 5 mm long and contained
3% of ytterbium ions, which ensured a good (above 70%) absorption of the pump radiation
[18]. Similar to the case of the master oscillator, the pump beam and cavity mode sizes were
matched by a longitudinal shift of the active elements. To eliminate possible modulation of the
spectrum, the faces of the active elements were antireflection coated and inclined at an angle
of ~30’. As pump sources, we used two fiber-coupled laser diode arrays with a maximal output
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power of 70 W each. The depolarization of the pump radiation was minimized using a short
(30 cm) optical fiber 200 μm in diameter with the numerical aperture NA = 0.22. The pump
beams from the fiber output were collimated and focused through dichroic mirrors into the
active crystal to a spot with a diameter of about 320 μm, which is close to the diameter of the
TEM00 cavity mode. This mode was calculated by the well-known ABCD matrix method taking
into account the astigmatic thermal lenses induced in the active elements by the pump
radiation. Using the LASCAD software, the focal length of these lenses was calculated to be
480–550 mm for the Np-cut crystal at an incident power of 30 W. These values are in adequate
agreement with the literature data [19, 20] and are confirmed by our measurements [18].

We used this laser as a standalone oscillator and as a regenerative amplifier. As an output
mirror in this oscillator, we used a thin-film polarizer in combination with a quarter-wave
plate, which was rotated to obtain the maximum output power at a given pump power. For
electro-optic Q-switching, we used a Pockels cell based on a β-BaB2O4 (BBO) crystal and
controlled by a special driver. The pulse repetition rate was smoothly changeable from single
pulses to 1000 kHz.

The output laser power in the CW regime in the cases of using single active element and two
elements simultaneously is shown in Figure 9 versus the pump power incident on the crystals.
The maximum output power was 12.5 and 9 W at a slope efficiency of 47% and 37% for Ng-
and Np-cut single crystals, respectively. Note that the output powers for the crystal in which
the polarization vector of the laser beam is parallel to the Np axis (E||Np) are higher than
for the crystal with E||Nm despite a smaller stimulated emission cross section [9]. This
behavior of power can be explained, in our opinion, by different spectral losses in the cavities
with crystals emitting at different wavelengths. The maximum output power in the case of
two crystals in the cavity was 18.5 W at a pump power of 72 W, which yields the total and
slope efficiencies of 25% and 35%, respectively. The laser radiation spectrum was centered at
a wavelength of 1035 nm, and its width did not exceed 1 nm.

Figure 9. CW output power of laser as a function of incident pump power on crystals in CW mode operation for each
single- and dual-slab configuration [15].
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Note that the output laser power was maximized in measurements for each pump power by
optimal adjustment of the quarter-wave plate. As can be easily shown, this measurement
method leads to an underestimation of the slope efficiency. It is this fact that can explain the
considerable difference in the slope efficiencies of single- and two-crystal lasers at close total
efficiencies (27–30% and 25%, respectively).

The maximum output power obtained in the case of Q-switching reached 16 W at a pulse
repetition rate of 100 kHz and 14 W at a repetition rate of 500 kHz (Q-switching time 800 ns).
This decrease in the average power with respect to the CW regime can be explained by
additional losses introduced by the electro-optic Q-switch. As the Q-switching time decreased
to 400 ns, the output power decreased by three times, which obviously occurred because this
time was too short for oscillation development. The output pulse duration, determined mainly
by a rather long length of the cavity, was 20 ns. The width of the spectrum was 16 nm, which
points to a pronouncedly multimode regime. The spectrum had two peaks, at wavelengths of
1035 and 1043 nm, which correspond to the spectral maxima of the gain coefficient for the two
used crystals.

We optimized our laser by better alignment of the beam size of pump and laser modes in laser
crystals at high pumping levels [21, 22]. This was achieved by moving the mirror CM1 along
the optical axis. To suppress thermal losses, the thickness of the laser crystal was also reduced
from 2 to 1.2 mm. The optimization results are shown in Figure 10. After optimization of the
laser, output power increased by 32% from 18.5 to 24.5 W at incident pump power of 110 W.

Figure 10. Output power of Q-switched laser versus incident pump power at repetition rate of 200 kHz for different
dual-crystal configurations.

Output beam profiles measured using a CCD camera at distance of 1 m from output of
compressor was symmetric with beam diameter of 4 mm at e−2 intensity level and nearly
Gaussian. Increasing of the output power above 15 W resulted in gradual distortion of beam
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profile and transformation of beam cross section into the slightly elliptical one as shown in
Figure 5(b). However the beam quality parameter M2 was measured to be below 1.5 even at
the laser output power of 22 W as shown in Figure 11.

Figure 11. Near-field images and beam qualities M2 of the laser output for different dual-crystal configurations.

3. Performance of the Yb:KGW femtosecond laser system

When the regenerative amplifier was seeded by stretched pulses, we investigated the output
power, spectrum, and pulse shape after compression under different conditions. Our meas‐
urements showed that the output power after regenerative amplifier increased up to a value
of 21 W when the time gate was increased up to 400 ns and the number of round trips was 24.
And then the output power saturated at same value as the time gate increased up to 29 round-
trips. It means that the gain is balanced by losses. Figure 12 shows that the output power is
practically linearly dependent on the incident pump power. It means the absence of such
parasitic effects restricted gain as amplified spontaneous emission (ASE) and parasitic
oscillations. We measured the output power with spectral shaping in addition. There was a
power reduction of about 5% when the spectral shaping using a Lyot filter is applied outside
the cavity. The compressor and the picker are making a loss, which reduces output power by
25% (15 W).
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oscillations. We measured the output power with spectral shaping in addition. There was a
power reduction of about 5% when the spectral shaping using a Lyot filter is applied outside
the cavity. The compressor and the picker are making a loss, which reduces output power by
25% (15 W).
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Figure 12. Average output power after RA as a function of incident pump power.

The laser system can operate in the repetition rate range of 50–500 kHz. In this range, the output
power is almost not dependent on repetition rate. The single pulse energy was measured to
be 300 and 30 μJ at repetition rates of 50 and 500 kHz, correspondently, that is important for
microprocessing applications. Maximum pulse energy at 50 kHz was limited by Raman
scattering excitation in Yb:KYW crystal that was observed in the experiment [23, 24]. Pulse
shape at this repetition rate is distorted phase-modulation of the pulse at the Kerr nonlinearity
[24].

Figure 13. (a, b) Spectra and (c, d) intensity autocorrelation traces (black-experimental data, red-fitting) of output puls‐
es at incident pump power of 67 W and repetition rate of 200 kHz without spectral shaping (a, c) and with spectral
shaping (b, d). Insets show the output beam profile (b) and autocorrelation trace in the range of 5 ps (d) [15].
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The shape of the output spectrum for equal pump power in both arms of pumping is shown
in Figure 13(a). The gain narrowing effect is noticeably well—FWHM spectral width is ~1.5
times narrower compared with the spectrum of master oscillator pulses. Compression
provides 265 fs output pulses under this condition as shown in Figure 13(c).

This gain narrowing effect can be suppressed, for example, by making the pump power of
Yb:KYW crystals not to be equal [9]. We changed the pump power launched on the Np-cut and
Ng-cut crystals to the ratio of 3:2 [15]. The experimental measurements showed that the spectral
width became broader and its shape was modified considerably. In this case, the spectral width
was measured to be 11 nm and the pulse length was measured to be 210 fs for assuming
sech2 profile. This method has a drawback that the restriction of pumping power on one crystal
results in the restriction of total output power in expense of pulse width. For example the
output power dropped 37% in our experimental conditions.

Another way to suppress the spectrum narrowing is to use preliminary spectrum shaping [11]
as it was discussed earlier. The example of output spectrum for extra-cavity spectrum shaping
by filter Lyot is shown in Figure 13(b). The optical spectrum showed a characteristic “bell”
shape with a spectral FWHM bandwidth of 11 nm. Such a bandwidth provides smooth output
pulse with width of intensity autocorrelation trace 305 fs that gives the pulse length of τFWHM

= 182 fs for sech2 pulse profile as shown in Figure 13(d). This pulse length is close to the pulse
length of 160 fs defined by aberrations in the stretcher-compressor module. To measure the
ultrashort pulse width, we used a PulseCheck autocorrelator (APE GmbH). The inset of
Figure 13(d) shows that there is no noticeable peak beyond the range of 1.5 ps.

Inserting a spectrum shaper inside the cavity of regenerative amplifier, we obtained approx‐
imately the same spectral width but less output power of about 20%. It is connected with
accumulated effect of intra-cavity losses by Lyot filter inside the cavity. Thus combination of
Lyot filter outside the cavity as a spectral shaper and identical pump power for two slabs in
the dual-slab regenerative amplifier provides optimal condition of output power and pulse
length.

Beam quality M2 of output beam was below 1.2 at output power <12 W that allows the beam
focusing to small spot size of 5–10 μm. High average output power, with more than tens of
μJ, and beam quality are important for industrial microprocessing applications.

4. Microhole drilling for processing drawing dies using ultrafast Yb:KGW
laser

Laser micromachining techniques are currently used due to the broad applications across the
manufacturing sectors. Among the major applications, laser microhole drilling and cutting
have much attention. For microhole drilling, the conventional fabrication method, lithography,
which requires advanced facilities and numerous multiple steps, is limited in material type
and geometry. Currently used drilling and cutting with nanosecond (ns) or longer pulsed laser
are always accompanied with contamination to the surrounding material, melt zone, and
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recast layer. Although the geometrical precision could be improved by using ns laser techni‐
ques, the quality and precision achievable are still limited due to the subsequently uncontrolled
deposition of the melt. Due to the high energy input and thermally induced stress, drilling and
cutting using picosecond pulsed laser still have disadvantages, e.g. cracks and heat-affected
zone in the surrounding area. Not only the accuracy but also the reliability of the process is
affected. For ultrafast lasers, energy deposition occurs on a timescale that is short compared
to atomic relaxation processes. Ultrafast lasers suppress thermal diffusion and thus reduce
heat-affected zone.

When processing transparent materials with ultrafast laser, the high intensity of focal volume
induces multiphoton or tunnel ionization, and then subsequent electron heating or avalanche
ionization, which gives rise to the efficient absorption of light. This phenomenon is observed
by the nonlinear nature of the ultrafast laser interaction with the transparent materials. This
generates the unique capability of transparent material processing using ultrafast laser.

Figure 14. Scanning electron microscope (SEM) views of the structure on bearing land in drawing dies (a) using femto‐
second (fs) laser and (b) using nanosecond (ns) laser.

Its promising application is drawing dies-hole drilling. Wire drawing is a deformation and
metalworking process used to reduce the cross-section of a wire by pulling the wire through
a drawing die. For drawing very fine wire, a single crystal diamond die is used. The drawing
die consists of three zones: cone-shape entrance, bearing land, and back relief. The die bearing
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determines the size of the wire. As demand for microwire increases across the manufacturing
sectors, large scale machines are currently used to produce wire of microlevel, but it is not
economical in an industry. Micromachining with ultrafast laser, which made the hole size
small, has been reported. Smooth surfaces, also, are generally preferred for precision machin‐
ing. Figure 14 shows the SEM view of the bearing surface of drilled hole in dies. The compar‐
ison with fs and ns laser drilling results shows the advantage of fs laser drilling. Figure 14(a)
shows a ripple for which spacing is generally <200 nm. The orientations of the ripple structures
are parallel to each other. Similar ripple structure has been observed in various materials for
fs laser drilling. Uneven and rough structures are shown in Figure 14(b). It is clear that the
material removal during the dies-hole drilling is accomplished by the formation of melt.
Compared with two methods, micromachining with ultrafast laser creates much cleaner and
smoother hole.

Ultrafast laser micromachining is an emerging technology for high-precision and cold-ablation
material processing. For its advantages and potential uses, suitable ultrafast laser and laser
operating parameters such as wavelength, repetition rate, average power, pulse duration, spot
size, beam quality, and sample moving speed must be selected to achieve desired high-quality
micromachining. In the near future, ultrafast laser micromachining will be used in various
sectors including sub-micron material processing, surface structuring, photonics devices,
biomedical devices, microfluidics, displays, and solar applications.

5. Conclusion

In conclusion, a room-temperature, diode-pumped, dual-crystal Yb:KGW laser operating as a
Q-switched oscillator or regenerative amplifier has been developed where the gain bandwidth
was extended by using Ng-cut + Np-cut or Ng-cut + Ng-cut configuration. It was shown that
fine-tuning the mode sizes in the crystals in the resonator with high pump power is important
to obtain the maximal output power since thermal effects change the operation point in the
stability zone and mode matching conditions. It was demonstrated simply by shifting the
position of the end mirror along optical axis in the resonator. Optimization of the laser
resonator increased the output power from 18 to 24 W in case of Q-switched oscillator and
from 17 to 21 W in case of regenerative amplifier. Such optimization of laser resonator improves
not only output power but also stability of laser operation, especially for Ng-cut + Ng-cut crystal
configuration, that is manifest in reduction of output power fluctuations.

The use of this regenerative amplifier enabled to create compact, high average power, high
brightness, diode-pumped femtosecond Yb:KGW laser system. This laser, which utilized a
CPA MOPA laser scheme, consisted of master oscillator, regenerative amplifier, and stretcher-
compressor module. It was capable of delivering 15 W of average output power with a pulse
duration down to 182 fs high in a nearly diffraction limited output beam (M2~1.2) at pulse
repetition rates of 50–500 kHz.

This level of output power and quality of a laser beam are practically the same as the output
power of Yb:KGW/Yb:KYW thin-disk lasers with medium level of output power [6, 9].
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However laser heads based on volume laser media are considerably easier and cheaper
compared with those based on thin-disk configuration. Subsequent development of multi‐
crystal laser approach will be able to increase output power on the level of high-power thin-
disk lasers.

The achieved level of radiation parameters allows to successfully use this femtosecond laser
for ultrafast micromachining in various applications including sub-micron material process‐
ing, surface structuring, creating photonics devices, biomedical devices, microfluidics,
displays, and solar applications.
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Abstract

In this chapter, the principle, design, and characteristics of high-efficiency, short-pulse-
pumped, few-cycle optical parametric chirped-pulse amplification (OPCPA) systems
are reviewed. To this end, the feasibility of two techniques to increase the conversion
efficiency of few-cycle OPCPA systems is demonstrated and discussed. The techni‐
ques result in 2.5 mJ, 7.5 W pulses and correspond to a pump-to-signal conversion
efficiency of  30%.  The broadband amplified spectrum supports  5.7  fs.  Finally,  the
feasibility of extending the amplified spectrum to a near-single-cycle regime by using
the combination of different crystals and phase matching is shown.

Keywords: optical parametric chirped-pulse amplification, Yb:YAG thin-disk laser,
attosecond pulse, femtosecond laser

1. Introduction

The  new  generation  of  femtosecond  technology  based  on  short-pulse-pumped  optical
parametric chirped-pulse amplification (OPCPA) [1] holds promise for scaling the peak power
and average power of few-cycle pulses simultaneously. This progress would benefit a number
of fields, notably attosecond science [2, 3] by allowing to scale attosecond pulse generation at
higher photon energy and higher flux.

In OPCPA, the amplified bandwidth is not limited by the energy level structure of a laser
medium or gain narrowing [4], as is the case in laser amplifiers [5]. Therefore, OPCPA appears
to be the method of choice for the production of ultrashort pulses (down to the few-cycle
regime) at high peak and average power. Employing short pulses (several-ps to sub-ps) to

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



pump an OPCPA allows higher peak intensity in the nonlinear medium as the damage
threshold intensity of materials scales with the inverse square root of the pulse duration [6].
The high pump intensity makes it possible to achieve the required gain in a shorter crystal,
which leads to greater amplification bandwidth.

Further advantage with a short crystal is that the effect of transverse walk-off is reduced, the
temporal contrast can be enhanced, and stretchers and compressors can be simpler. However,
the crystal length does not decrease as rapidly as the pulse duration, so the temporal walk-off
relative to the pulse duration increases for short pulses. A simple analytical analysis shows
that the optimum pump-pulse duration to achieve a high conversion efficiency and a broad‐
band gain is around 1 ps [7].

Nevertheless, all these advantages of short-pulse-pumped OPCPA remain useless without an
efficient, reliable, and powerful pump source. Such pump lasers are required to deliver high-
energy near-1-ps pulses with near-diffraction-limited beam quality at repetition rates in the
kHz to MHz range.

Heretofore, due to the lack of suitable pump lasers, the few-cycle OPCPA delivered either
high-energy pulses at a low repetition rate [8, 9] or low-energy pulses at a high repetition rate
[10]. Nowadays, Yb-doped lasers in the thin-disk, fiber or slab geometries [1, 11–15] are capable
of delivering high-energy, high average power pulses with ps-pulse duration. Among these
laser technologies, the recent advances in Yb:YAG thin-disk lasers have started to fulfill the
criteria for suitable pump sources for OPCPA systems and hold promise to change the current
state of the art of OPCPA systems to few-cycle pulses with higher energy and average power
[1, 16].

This chapter is devoted to the recent progress in Yb:YAG-pumped, few-cycle OPCPA systems.
In Section 1, a brief overview on the fundamentals of OPCPA is presented. In Sections 2 and
3, novel techniques for increasing the conversion efficiency are discussed. In Section 4, a
technique for extension of the amplification bandwidth is discussed.

In a medium with second-order nonlinearity, a high-energy photon (called pump) can decay
to two newly generated photons with lower frequencies (called seed and idler). In the presence
of initial seed photons, the decay of pump photons is stimulated and consequently more
photons at the seed frequency are generated. The seed photons after amplification are named
signal and the process is called optical parametric amplification (OPA). The frequency of the
generated signal and idler photons is defined by the conservation of energy. However, the
amplification bandwidth can be increased by fulfilling conservation of momentum between
pump, signal, and idler pulses, which can be tuned by the type, thickness, and temperature of
the nonlinear medium and also the geometry of the three interacting beams.

To obtain a strong pump-to-signal and idler energy conversion, the spatial and temporal
overlap between seed and pump pulses in the nonlinear medium should be maximized. The
optimum temporal overlap between the pump and seed pulses can be ensured by temporal
stretching of the seed pulses to the temporal window of pump pulses. This technique is the
combination of chirped-pulse amplification (CPA) [17] and OPA, hence called optical para‐
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In addition to the above-mentioned parameters, the conversion efficiency in OPA or OPCPA
systems also depends on the thickness of the nonlinear medium, peak intensity of the pump
pulses, and the initial seed energy. Conversion efficiency scales up by increasing the thickness
of the nonlinear medium as long as the phase-matching condition (conservation of momen‐
tum) between the three interacting beams is satisfied. At higher pump peak intensity to
induced nonlinear polarization in the nonlinear medium is stronger and therefore larger
amplification is achieved. Moreover, by increasing the seed-to-pump energy ratio, the
conversion efficiency at lower amplification gain can be achieved.

The optimization of the pump-to-signal conversion efficiency of multicycle OPCPA systems
has been the subject of several studies [18–22]. In the next two sections, the feasibility and
realizability of two techniques to increase the conversion efficiency of few-cycle OPCPA
systems are discussed.

2. Recycling the pump energy

In optical parametric amplification, the behavior of the gain over the length of the nonlinear
medium can be divided into three main regions (Figure 1(a)). In the beginning, the energy of
the amplified signal has an exponential growth due to the generation of the idler field that
enhances the amplification process (region A). In region B, the gain drops gradually as the
pump energy is reduced, and the growth of the signal power becomes approximately linear.
When the pump beam has been locally depleted at some point in time and space, back
conversion sets in and further reduces the gain. In region C, back conversion dominates, and
the signal power drops. In the case of pulses with Gaussian spatiotemporal profile, the
depletion mainly occurs at the center of the pulse, where the intensity is highest. Therefore,
the back conversion already starts before the complete depletion of the pump. Because back
conversion depends on both signal and idler beams, it can be reduced by removing the idler
between the stages of a multistage OPCPA.

To explore this option, three different designs (as shown in Figure 1(b)) are simulated and
compared using the SISYFOS code [23]. In all designs, the amplification takes place in a type-
I BBO crystal, where the angle between the Optical axis and the signal is 22°, and the noncol‐
linear angle between the pump and the signal in the tangential phase-matching geometry is
2.7°. The pump have a Gaussian beam and pulse shape, and the seed have the Gaussian beam
shape and a super-Gaussian spectrum of order 4, ranging from 600 to 1100 nm and linearly
chirped to 1.1 ps pulse duration. Higher-order nonlinear effects and parasitic processes were
not taken into account.

Figure 1(c) compares the three simulated OPCPA systems. The first configuration (Design 1
in Figure 1(b)) consists of a single OPCPA stage using a 2 mm thick BBO crystal, with 7 mJ of
pump energy at a peak intensity of 80 GW/cm2, which results in a conversion efficiency of 14%.

The second design (Design 2 in Figure 1(b)) has two stages, and the idler beam is removed
between the two stages. This reduces back conversion in the second stage and allows operation
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in a regime with stronger pump depletion. Temporal and spatial overlap of the beams could
be readjusted between the stages, and a further advantage with the two-stage design is that
the phase-matching of the crystals can be tuned slightly differently to optimize the total
bandwidth. The crystal lengths for the two stages are 1.2 and 0.7 mm, respectively. The second
stage is pumped by the residual pump energy from the first stage resulting in a conversion
efficiency of 34%.

Figure 1. (a) Qualitative behavior of OPCPA amplified energy over the length of the nonlinear medium. (b) Three
OPCPA designs are discussed in the main text. Design 1 consists of one OPCPA stage. Designs 2 and 3 consist of two
OPCPA stages, where the residual pump energy after the first OPCPA stage is reused in the second stage. In Design 3,
the pump after the first amplification stage is resized to increase the pump peak intensity. (c) Calculated amplified sig‐
nal energy over the crystal length for the three different designs.

The third configuration (Design 3 in Figure 1(b)) is a two-stage OPCPA system similar to the
second design except that the pump-beam size between the two stages is reduced to compen‐
sate the reduction in the pump intensity after the first stage of amplification and therefore the
efficiency in the third design reaches 39%.

All three designs are capable of supporting the ultrabroad amplification bandwidth necessary
for a few-cycle pulse durations. The detailed parameters of the simulations are shown in
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Table 1. In what follows, the experimental realization of the third design is demonstrated and
discussed. The third design is chosen as it supports the highest conversion efficiency in the
above-mentioned study.

Design 1 Design 2 Design 3

1st stage 1st 
stage 

2nd
stage

1st 
stage 

2nd
stage

 L (mm) 2 1.2  0.7 1.2  0.7

  E amp (mJ) 1 1.8  2.4 1.8  2.7

 ϕ p (mm) 2.5 2.5  – 2.5  2

  ϕ s (mm) 2.5 2.5  – 2.5  Damp
*

 Efficiency (%) 14 26  14 26  21

 Overall efficiency (%) 14 34 39

 Damp
* : the diameter of the amplified beam.

Table 1. Parameters used in simulations: Lc, crystal thickness; Es amp, amplified signal energy; ϕp, pump-beam diameter
at full width at half maximum; ϕs, seed beam diameter at FWHM.

2.1. System description

2.1.1. Front end

The experimental OPCPA setup (as shown in Figure 2) consists of a Ti:Sa-based oscillator and
amplifier followed by a broadband nonlinear seed generation scheme, a pump laser, a
temporal jitter compensation system, three OPCPA stages, and a chirped-mirror compressor
[24]. The Yb:YAG regenerative amplifier [25], optically synchronized with the OPCPA seed
[26], delivers 16 mJ, 1.6 ps pulses at full width at half maximum (FWHM) at 3 kHz repetition
rate and its frequency doubled output is used for pumping the OPCPA. However, due to the
long optical beam-path difference between seed and pump pulses, timing fluctuations occur
due to air turbulence, mechanical vibrations of optical components, temperature drifts, and
the finite stability of the front end, which need to be compensated by an active stabilization
system. The timing jitter in our system is reduced to a level of 24 fs (root mean square) by using
an active stabilization system based on spectrally resolved cross-correlation between the
stretched seed and the pump pulse [27].

The broadband OPCPA seed was generated by using a small portion of the output of the Ti:Sa
multipass amplifier (Femtolasers GmbH), providing a spectral bandwidth of 60 nm (FWHM)
centered at 790 nm. These pulses, containing 30 μJ of energy, focused on a 15 cm long hollow
core fiber (HCF) with an inner diameter of 120 μm filled with 4.5 bar of krypton. The pressure
of krypton in the HCF and the group delay dispersion (GDD) of the input pulse were optimized
to obtain the maximum spectral broadening, covering a spectral range from 500 to 1050 nm.
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With this combination of parameters, an overall throughput of 10 μJ pulse energy in a near-
diffraction-limited output beam containing the broad spectrum was achieved (Figure 3(a)).

Figure 2. Block diagram of the OPCPA system. The OPCPA broadband seed pulses are generated from a Ti:Sa regener‐
ative amplifier. The output of a Yb:YAG thin-disk amplifier, after frequency doubling, is used to pump the three OPC‐
PA stages. Finally, a chirped-mirror compressor is used for pulse compression of the broadband amplified pulses.

In order to measure the amount of introduced material dispersion, which needs to be com‐
pensated after the final OPCPA stage, the broadband seed was sent through the entire beam
path without any pump. Pulse dispersion was caused over merely 5.5 mm beam path in BBO,
4 mm path length in SF57 glass, and over 10 m propagation in air. The stretched seed pulses
were characterized by a multishot, second harmonic generation (SHG)-XFROG device
incorporating a 20 μm thick BBO crystal cut at 29° as the nonlinear medium, while a fraction
of the multipass amplifier’s output provided the reference beam. From these measurements,
a second-order spectral phase of 1433 fs2 evaluated at 850 nm was retrieved. This is in excellent
agreement with the GDD introduced by the above components, evaluated as 1403 fs2. The pulse
duration of the seed pulses assuming a Gaussian fit for the retrieved time structure is 1.1 ps
(FWHM), which ensures a sufficiently good temporal matching between the seed and pump
pulses in the OPA stages.

For frequency doubling of the pump laser, a BBO crystal was used. Its high nonlinearity
allowed the use of a relatively short crystal keeping the accumulated B-integral in the system
negligible. Using a BBO crystal of 1.5 mm length, a conversion efficiency as high as 70% with
a good beam quality was obtained. The high SHG efficiency confirms the excellent beam
quality and clean output pulses of the regenerative amplifier. However, in order to definitely
avoid problems related to the B-integral in the OPCPA stages, a 1 mm BBO crystal for the SHG
was chosen, which resulted in a conversion efficiency of 57%.

2.1.2. OPCPA stages and pulse compression

The OPCPA setup consists of three stages. We added an OPCPA-based preamplifier stage in
the experiment in order to boost the seed energy before the two power amplifier stages. This
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stage is necessary to drive the following stages into saturation [7]. Therefore, 1 mJ of the
frequency doubled output of the thin-disk amplifier was used to pump a 1.5 mm BBO crystal,
and an amplified energy of 120 μJ and a 350 nm broad spectrum were achieved in the first
stage (Figure 3(a)). Here, the OPCPA crystal length was chosen to minimize the superfluor‐
escence at the third stage [28].

The following two stages were designed for reaching the highest possible pump-to-signal
conversion efficiency by controlling the idler energy and recycling the pump energy. Up to
7.3 mJ of the pump energy with the peak intensity of 80 GW/cm2 at 515 nm was used for the
second OPCPA stage that employed a 2 mm thick BBO crystal. In this stage, an amplified pulse
energy of 1.77 mJ was obtained. The thickness of the crystal at this stage is adjusted to stop
amplification slightly below the saturation while preserving a good residual pump-beam
quality.

Subsequently, the size of the remaining pump beam was reduced to increase the peak intensity
to 80 GW/cm2 in the third amplification stage. Here, by employing a 2 mm thick BBO crystal,
the amplified energy reached 2.5 mJ. In the last two OPCPA stages, an optical-to-optical

Figure 3. (a) The seed spectrum and the amplified spectra of three OPCPA stages, normalized to the output energy of
each stage. (b) and (c) Conversion efficiencies after the second and third stages, respectively. The conversion efficiency
is defined as the net increase in signal energy divided by the input pump energy of stage two. (d) The detailed parame‐
ters of each OPCPA stage. The total efficiency after each stage is defined as the net increase in signal energy after the
stage divided by the total pump energy of the OPCPA chain. Inset: amplified beam profile after the third stage [7].
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conversion efficiency of >32% was achieved (Figure 3(b) and (c)), which to the best of our
knowledge is the highest reported conversion efficiency for few-cycle OPCPA systems [9, 10,
29, 30]. No measurable superfluorescence background was observed when blocking the signal
beam in front of the first stage.

The simulated boost efficiency in our design study is in good agreement with the experimental
results. Quantitative comparison shows, however, that higher conversion efficiencies were
yielded for a shorter crystal in the simulation than in the experiment. We relate the deviation
from the theoretical prediction to a slight ellipticity in our pump beam, caused by the com‐
pressor of the Yb:YAG amplifier, which limited the effective interaction area between pump
and signal beams.

Figure 4. (a) Retrieved temporal intensity of the compressed pulses after 12 reflections in a double-angle chirped-mir‐
ror compressor measured by SH-FROG. The pulse is compressed to 9.5 fs and holds Fourier transform limit of 5.7 fs.
(c) The calculated GD of retrieved spectral phase for the pumped (blue curve) and unpumped (green curve) OPCPA
chains.

The 350 nm broad amplified signal measured with the Si-based spectrometer supports a
transform-limited pulse duration of 5.7 fs. Preliminary compression, by using 12 reflections
on double-angle chirped mirrors with −30 fs2 GDD per reflection, resulted in a pulse duration
of 9.5 fs (FWHM). The compressor had a total throughput of 80%. The retrieved temporal
intensity profile and retrieved residual group delay (GD) of the pulses are shown in Fig‐
ure 4(a) and (b). Our analytical study shows that the pulse can be compressed to 7 fs by adding
the GD of a 0.5 mm thick fused silica to the measured GD of the pulse. However, to investigate
the origin of the fine oscillation in the retrieved GD, a frequency resolved optical gating (FROG)
measurement of the whole OPCPA chain was performed, but this time without any pumping.
The comparison between two cases in Figure 4(b) shows that oscillations were enhanced by
amplification but did not originate from the OPCPA phase [31]. The peak of the GD is at 760 nm,
which coincides with the wavelength of Ti:Sa amplifier’s pulses and the peak in the spectral
intensity of the seed pulses after the HCF. Therefore, it can be concluded that the measured
residual higher-order chirp is due to the self-phase modulation in the HCF, OPCPA phase,
and the residual oscillations in group delay dispersion of the double-angle chirped-mirror
compressor [32, 33]. The higher-order dispersion and the satellite pulses can be compensated
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by using specially designed chirped mirrors for this system along with the implementation of
spectral smoothing techniques, such as cross-polarized wave generation [34] after the HCF.

The demonstrated highly efficient compact OPCPA system delivers broadband pulses with
2.5 mJ energy supporting a two-cycle pulse at a repetition rate of 3 kHz. Our simple OPCPA
design shows that, by extraction of the idler energy and optimization of the pump peak
intensity, a higher conversion efficiency can be achieved. The output of the system ensures to
be compressible to its two-cycle transform limit by using specially designed chirped mirrors.
The system also has the capability to operate with a stabilized carrier envelope phase (CEP)
by stabilizing the Ti:Sa oscillator. These features make the reported OPCPA system a suitable
driver for high harmonic generation (HHG) [35].

In the next section, an alternative method to achieve high conversion efficiency as well as
uniform amplified spectrum is discussed.

3. Controlling the deposition of pump energy

In this section, the realizability of a second novel technique that allows the simultaneous
increase in the spectral bandwidth and optical conversion efficiency of OPCPA systems is
discussed. This approach is based on a patent application by Deng and Krausz [36].

In the conventional OPCPA systems, similar to the one described in Section 2, the seed-pulse
duration is designed to be a fraction of pump-pulse duration in order to maximize the energy
conversion. Here as the seeds are strongly chirped, the temporal intensity profile of the pump
pulses has to be nearly constant to ensure uniform amplification for the entire seed spectrum.
Therefore, for pump pulses with Gaussian temporal profile, the seed pulses have to be
considerably shorter than the pump pulses. Consequently, the pump energy is not consumed
efficiently and the relative seed-to-pump pulse duration ratio will be a compromise between
the amplification bandwidth and the conversion efficiency.

These deficiencies can be overcome if OPCPA seed pulses are linearly stretched to several times
longer than the pump pulses. Subsequently, different fraction of seed pulses can be temporally
overlapped with pump pulses and are amplified in different OPCPA stages.

This technique enables the controlled deposition of pump energy in the subsequent temporal/
spectral locations along the chirped seed pulse [36]. Furthermore, by controlling the amplifi‐
cation gain in each stage, the spatiotemporal profile of the pump pulses can be shaped into a
flat-top pulse. By tuning the phase-matching angle of the crystal to the central wavelength of
the seed pulse, the ultimate amplified spectrum can be shaped and a broader amplified
bandwidth is gained. In addition, by reusing the pump energy after each amplification stage,
the total conversion efficiency is increased.

3.1. Theoretical analysis

Figure 5 shows simulation results for three different OPCPA designs. The simulation’s input
parameters are similar to the ones presented in Section 2.
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In the first design, the residual pump energy after the first amplification stage is used to pump
the second stage and ultimately the residual pump energy after the second stage is used to
pump the third stage.

Due to the Gaussian shape of the pump in time and space, the energy extraction takes place
primarily in the middle of the pump. Therefore, the wings are mostly left unaffected with a
signature of energy back conversion at the center, due to the fact that this part of the pump
possesses the highest peak intensity. In this design, the OPCPA pump-to-signal conversion
efficiency is increased to 43% compared to the OPCPA system demonstrated in Section 2
(Figure 5(b) and (c)).

Figure 5. (a) Three designs are discussed in the main text. Design 1 consists of three OPCPA stages, where the residual
pump energy after each amplification stage is reused in a subsequent OPCPA stage. Design 2 consists of two OPCPA
stages. Here, the seed pulses are temporally stretched to twice the pump-pulse duration, and the residual pump ener‐
gy after the first OPCPA stage is reused in the second stage. In Design 3, the seed pulses are temporally stretched to
triple of the pump-pulse duration, and the residual of the pump energy is reused after each amplification stage. (b)
Calculated amplified signal energy over the crystal length and their corresponding spectra (c) for the three different
designs [7].

In the second design, the seed pulses are stretched temporally to twice the pump-pulse
duration. The blue part of the seed spectrum is amplified in the first OPCPA stage by adjusting
the temporal overlap between pump and seed pulses. Subsequently, the pump pulses after the
first stage are reused to amplify the red part of the spectrum at the second stage. In this design,
the pump-to-signal conversion efficiency reaches 45% indicating the good pump-energy
extraction while the beam quality of the amplified signal is maintained (Figure 5(b) and (c)).

The 45% conversion efficiency achievable from the second design is not drastically different
from the 38.6% efficiency achievable from the case where the seed and pump pulses have the

High Energy and Short Pulse Lasers64



In the first design, the residual pump energy after the first amplification stage is used to pump
the second stage and ultimately the residual pump energy after the second stage is used to
pump the third stage.

Due to the Gaussian shape of the pump in time and space, the energy extraction takes place
primarily in the middle of the pump. Therefore, the wings are mostly left unaffected with a
signature of energy back conversion at the center, due to the fact that this part of the pump
possesses the highest peak intensity. In this design, the OPCPA pump-to-signal conversion
efficiency is increased to 43% compared to the OPCPA system demonstrated in Section 2
(Figure 5(b) and (c)).

Figure 5. (a) Three designs are discussed in the main text. Design 1 consists of three OPCPA stages, where the residual
pump energy after each amplification stage is reused in a subsequent OPCPA stage. Design 2 consists of two OPCPA
stages. Here, the seed pulses are temporally stretched to twice the pump-pulse duration, and the residual pump ener‐
gy after the first OPCPA stage is reused in the second stage. In Design 3, the seed pulses are temporally stretched to
triple of the pump-pulse duration, and the residual of the pump energy is reused after each amplification stage. (b)
Calculated amplified signal energy over the crystal length and their corresponding spectra (c) for the three different
designs [7].

In the second design, the seed pulses are stretched temporally to twice the pump-pulse
duration. The blue part of the seed spectrum is amplified in the first OPCPA stage by adjusting
the temporal overlap between pump and seed pulses. Subsequently, the pump pulses after the
first stage are reused to amplify the red part of the spectrum at the second stage. In this design,
the pump-to-signal conversion efficiency reaches 45% indicating the good pump-energy
extraction while the beam quality of the amplified signal is maintained (Figure 5(b) and (c)).

The 45% conversion efficiency achievable from the second design is not drastically different
from the 38.6% efficiency achievable from the case where the seed and pump pulses have the

High Energy and Short Pulse Lasers64

same pulse duration (as discussed in Section 2) as the pump pulses after the first amplification
stage in both cases maintain a good spatiotemporal profile.

The gain and the shape of the amplified spectrum can be further optimized by adjusting the
phase-matching angles of the crystal in each stage to tune the amplification for the selected
part of the spectrum, which is not investigated in this study.

In the third design, the seed pulses are stretched three times the pump pulses and amplified
in three subsequent OPCPA stages, while the residual pump energy of the preceding stage is
used to pump the subsequent stage. The bluest frequencies of the seed spectrum are amplified
in the first stage, while the reddest frequency components are amplified in the third OPCPA
stage. The pump-to-signal conversion efficiency in this design reaches 57%, which is a
noticeably higher value compared to the other designs (Figure 5(b) and (c)). The spectral
narrowing for Designs 2 and 3 is caused by a suboptimal stretching factor of the input signal
and phase-matching angle of the crystal. The optimizations of these parameters are cumber‐
some in simulation but straightforward in an experimental setup.

3.2. Experimental setup

The seed pulses of the OPCPA system described in Section 2 are stretched after the first
amplification stage by using an 8 mm thick SF57 plate at Brewster’s angle. The blue frequencies
of the seed spectrum were amplified to 4 W by adjusting the temporal delay between the seed
and pump pulses and adjusting the phase-matching angles of the BBO crystal (blue curve in
Figure 6(a)). In the next OPCPA stage, the amplification is moved to the second half of the seed
spectrum gaining 6 W of the total amplification (Figure 6(a), pink curve).

Figure 6. (a) The experimental demonstration of Design 2. The seed pulses are heavily stretched by using an 8 mm
thick SF57 plate. The higher frequencies in the spectrum are amplified first (blue curve). The residual of the pump en‐
ergy is used to amplify the lower frequency components of the spectrum (pink curve). (b) The gray curve shows the
amplified spectrum in the similar OPCPA system without any spectral stacking (gray curve) compared to the ampli‐
fied spectrum shown in (a) (blue curve). (c) Further stretching of the seed pulses by using a 12 mm thick SF57 plate
results in appearing of a hole in the amplified spectrum (purple curve) [7].

The same setup, after removing the bulk stretcher, resulted in 6.2 W of amplification after the
third stage. As shown in Figure 6(b), the amplified spectrum of the stacked OPCPA is more
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uniform due to the even amplification gain. The red wing of the spectrum carries more energy
in the stacked OPCPA compared to the amplified spectrum achieved from the system
discussed in Section 2. Moreover, the spectral spike at 780 nm is heavily suppressed. Fig‐
ure 6(c) shows amplified spectrum for a similar system but with a larger stretching factor.
Here, after stretching the seed pulses using a 12 mm thick SF57 plate, 5 W of the average power
was obtained. It can be seen that the amplified spectrum contains a hole, leaving the 8 mm
thick SF57 plate, the optimum thickness for temporal stretching of the seed pulses.

Temporal stretching of the signal pulses to twice the pump-pulse duration, demonstrated in
this section experimentally, did not show further increase in the OPCPA conversion efficiency
compared to the scheme realized in Section 2. This similarity in the conversion efficiency is
due to the fact that the spatiotemporal quality of the residual pump pulses after one amplifi‐
cation stage is preserved for both cases.

However, it is shown analytically that the further temporal stretching of seed pulses results in
the increase in the conversion efficiency, as the spatiotemporal quality of the remaining pump
pulses after two amplification stages is preserved just for the case of heavily chirped input
seed.

4. Gain bandwidth engineering

The bandwidth of the amplified spectra, as discussed in the previous sections, can be extended
further by using different crystals or a crystal with different phase-matching angles. The
combination of BBO and LiB3O5 (LBO) crystals can be used to extend the amplified spectrum
to longer frequencies, as the BBO crystal does not support amplification for spectral compo‐
nents above 1.1 μm. The amplified spectrum in both crystals supports near-single-cycle pulses,
which is not unobtainable with solely either of them.

To this end, the broadened seed spectrum generated in the HCF subsequently focused on a
4 mm Y3Al5O12 (YAG) crystal to extend the spectrum to 1400 nm and is amplified in an OPCPA
chain similar to the system described in Section 2. Combinations of LBO and BBO crystals at
different OPCPA stages are used to increase the amplification bandwidth. The first OPCPA
stage was optimized to amplify a broad spectral range from 750 to 1400 nm up to 50 μJ energy
in a 2 mm LBO crystal. In the second stage, a 2 mm BBO crystal was employed. The amplified
spectrum measured in this stage, using an Si-based spectrometer, spans from 670 to 1100 nm
and contained 1.1 mJ energy. Finally at the third stage, 1.8 mJ energy was obtained in a 3 mm
LBO crystal.

The amplified spectra at each OPCPA stage, normalized to their energy, are shown in
Figure 7. The amplified spectrum obtained after the third stage supports 4.3 fs transform-
limited pulses (FWHM). The preliminary pulse compression was performed by using a set of
chirped-mirror compressor designed for spectral wavelength of 700–1300 nm. Figure 7(b)
shows the pulse compression to 9 fs measured with an SH-FROG containing a 10 μm BBO
crystal. The retrieved spectrum from the FROG measurement is in a good agreement with a

High Energy and Short Pulse Lasers66



uniform due to the even amplification gain. The red wing of the spectrum carries more energy
in the stacked OPCPA compared to the amplified spectrum achieved from the system
discussed in Section 2. Moreover, the spectral spike at 780 nm is heavily suppressed. Fig‐
ure 6(c) shows amplified spectrum for a similar system but with a larger stretching factor.
Here, after stretching the seed pulses using a 12 mm thick SF57 plate, 5 W of the average power
was obtained. It can be seen that the amplified spectrum contains a hole, leaving the 8 mm
thick SF57 plate, the optimum thickness for temporal stretching of the seed pulses.

Temporal stretching of the signal pulses to twice the pump-pulse duration, demonstrated in
this section experimentally, did not show further increase in the OPCPA conversion efficiency
compared to the scheme realized in Section 2. This similarity in the conversion efficiency is
due to the fact that the spatiotemporal quality of the residual pump pulses after one amplifi‐
cation stage is preserved for both cases.

However, it is shown analytically that the further temporal stretching of seed pulses results in
the increase in the conversion efficiency, as the spatiotemporal quality of the remaining pump
pulses after two amplification stages is preserved just for the case of heavily chirped input
seed.

4. Gain bandwidth engineering

The bandwidth of the amplified spectra, as discussed in the previous sections, can be extended
further by using different crystals or a crystal with different phase-matching angles. The
combination of BBO and LiB3O5 (LBO) crystals can be used to extend the amplified spectrum
to longer frequencies, as the BBO crystal does not support amplification for spectral compo‐
nents above 1.1 μm. The amplified spectrum in both crystals supports near-single-cycle pulses,
which is not unobtainable with solely either of them.

To this end, the broadened seed spectrum generated in the HCF subsequently focused on a
4 mm Y3Al5O12 (YAG) crystal to extend the spectrum to 1400 nm and is amplified in an OPCPA
chain similar to the system described in Section 2. Combinations of LBO and BBO crystals at
different OPCPA stages are used to increase the amplification bandwidth. The first OPCPA
stage was optimized to amplify a broad spectral range from 750 to 1400 nm up to 50 μJ energy
in a 2 mm LBO crystal. In the second stage, a 2 mm BBO crystal was employed. The amplified
spectrum measured in this stage, using an Si-based spectrometer, spans from 670 to 1100 nm
and contained 1.1 mJ energy. Finally at the third stage, 1.8 mJ energy was obtained in a 3 mm
LBO crystal.

The amplified spectra at each OPCPA stage, normalized to their energy, are shown in
Figure 7. The amplified spectrum obtained after the third stage supports 4.3 fs transform-
limited pulses (FWHM). The preliminary pulse compression was performed by using a set of
chirped-mirror compressor designed for spectral wavelength of 700–1300 nm. Figure 7(b)
shows the pulse compression to 9 fs measured with an SH-FROG containing a 10 μm BBO
crystal. The retrieved spectrum from the FROG measurement is in a good agreement with a

High Energy and Short Pulse Lasers66

spectrum measured after the third OPCPA stage. Pulse compression to its Fourier transform
limit would require a specially designed chirped-mirror compressor for compensating the
higher-order chirp.

The conversion efficiency of the system can be optimized further by using a longer crystal in
the last OPCPA stage without relinquishing the amplified spectral bandwidth.

As shown in this section, the utilization of different well-selected nonlinear crystals extends
the OPCPA gain bandwidth substantially. The realized three-stage OPCPA system, using one
BBO and two LBO crystals, delivers 1.8 mJ pulses with a Fourier transform limit of 4.5 fs. The
system supports shorter pulse duration than an all-LBO three-stage OPCPA system with 5.3 fs
(FWHM) pulses. The reported extension of the amplified spectral bandwidth is crucial for
experiments that rely on high-energy, single-cycle pulses.

Figure 7. (a) Amplified spectra in a three-stage OPCPA system. A 2 mm LBO crystal is used to amplify the spectral
components from 750 to 1400 nm in the first OPCPA stage. In the second stage, the spectral components from 680 to
1100 nm were amplified in a 2 mm BBO crystal and finally in the last stage a 3 mm LBO crystal is used to boost the
amplification to 1.8 mJ. (b) Measured and retrieved SH-FROG traces (top) and the retrieved spectrum and temporal
profile of the pulses (bottom) of the OPCPA system [7].

5. Summary

In this chapter, three few-cycle OPCPA systems operating at the near-infrared spectral range
and pumped by the second harmonic generation of a Yb:YAG thin-disk amplifier were
reviewed. The feasibility of increasing the conversion efficiency of the system by reusing the
pump energy after each amplification stage, in the subsequent OPCPA stages, was demon‐
strated. It was shown that by controlled deposition of pump energy in different parts of the
seed spectrum, high conversion efficiency along with a smooth amplified spectrum can be
achieved. Furthermore, the feasibility of TW-level monocycle OPCPA systems was studied by
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using different crystals in different amplification stages. In addition to the presented systems,
different harmonics of the Yb:YAG amplifier can be used to pump few-cycle pulses in visible
or mid-infrared spectral range [16].

6. Outlook

The capabilities of the current high harmonic generation sources, based on CPA Ti:Sa tech‐
nology, are limited to energies around a few hundred eV and to pulse durations of several tens
of attoseconds. This limitation originates from a deficiency of the current laser technology that
can either provide pulses with ultrahigh (petawatt) peak powers at relatively low repetition
rates or moderate peak power (gigawatt) pulses at kHz repetition rates. Scaling attosecond
pulses to high repetition rates and photon energies as high as several keV demands few-cycle
laser systems with high peak and average power, which is beyond the performance of the
current laser technology.

Figure 8. Attosecond X-ray diffraction: as a coherently induced charge oscillation takes place in an atom or molecule,
an incident X-ray pulse takes a diffraction snapshot of the electron distribution at the time of interaction; changing the
time delay between the source of the excitation and the attosecond pulse allows for the temporal evolution of the
charge density to be directly measured in time and space. The figure represents the simulated dynamic of hydrogen
atoms when they are exposed to 100-as, X-ray pulses and are excited into the 1S-2P coherent superposition state. As
shown, the electron dynamic can be reconstructed by means of attosecond X-ray diffraction spectroscopy [3].
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OPCPAs are scalable in terms of peak and average power and directly benefit from the
availability of turn-key, industrial-grade ps-pump lasers. For more than two decades, power‐
ful, cost-effective ps pump sources have been unavailable. Nowadays, diode-pumped
ytterbium-doped lasers in the thin-disk geometry are able to deliver 1 ps scale pulses at
kilowatt-scale average power, in combination with terawatt-scale peak powers. By merging
these two existing technologies, and comprising OPCPAs driven by ytterbium-based pump
lasers, the new generation of femtosecond technology will combine terawatt-scale peak powers
with kilowatt-scale average powers in ultrashort optical pulse generation opening new path
in the generation of isolated attosecond pulses with higher flux and photon energies.

The increased photon flux will greatly expand the applicability of attosecond spectroscopy to
scrutinizing phenomena where current-generation sources delivered signal near or below the
noise level, whereas shorter wavelengths provide direct access to electronic motions on
increasingly shorter length scales from nanostructures toward atomic dimensions.

The availability of attosecond X-ray pulses could lead to resolve the spatiotemporal motion of
electrons in their ultimate resolution, picometer-attosecond resolution, via attosecond X-ray
diffraction spectroscopy (Figure 8).
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Abstract

The brilliance of a laser-produced soft X-ray source is enhanced for gaseous target
concepts. In contrast to solid or liquid target materials, these sources are clean and
versatile but provide a comparably low conversion efficiency of laser energy into EUV
and soft X-ray radiation. The basic idea is to induce supersonic effects in the gas jet,
leading to a local increase of the particle density, and thus, to a larger number of possible
emitters. Typically, the target gas is expanded into a vacuum environment and the
density rapidly drops in all directions. In the present approach, a low pressure helium
atmosphere is used to generate shock waves in the supersonic nozzle flow. Passing
through these structures, the target gas is recompressed, and the particle density is
raised. By focusing the laser beam into such regions, a higher number of gas atoms can
be ionized resulting in a brighter and smaller plasma.

Keywords: soft X-ray, laser-produced plasma, supersonic jet, barrel shock

1. Introduction

Photons of the soft X-ray spectral region (≈ 0.1–10 nm) have very small absorption lengths in
all kinds of material due to the strong interaction with matter [1]. This fact together with the
short  wavelength qualifies  this  radiation as  a  tool  for  structuring and the analysis  with
nanometer  resolution.  An  important  application  is  the  next-generation  lithography  that
further reduces the achievable feature size in computer chip production [2, 3]. Surface analysis
becomes extremely precise by means of reflectometry and scatterometry [4–6] and also the
binding state of molecules can be studied by spectral investigations [7–9]. Microscopy with
radiation at wavelengths in the water window (λ = 2.3–4.4 nm) allows highly resolved direct

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



imaging of samples in aqueous environments [10–12]. Mostly, these applications are realiz‐
ed at large-scale facilities, such as synchrotron sources or free-electron lasers. However, the
demand for beam time is always too large to be satisfied by these institutions, and thus, people
endeavor to transfer experiments to their laboratories. This constitutes the need of compact
beam sources as can be realized by the principle of laser-produced plasmas (LPP) that is the
subject of this chapter.

In order to classify and compare the radiation of different soft X-ray beam sources, the
brilliance Br is a commonly used quantity that is the number of photons within a narrow
spectral range Δλ/λ emitted into a solid angle Ω from an area A within the time scale τ
(typically the wavelength range Δλ is defined to be 0.1% of the central wavelength λ) [1]:
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The value of Br is given in the unit 1/(s·mm2·mrad2 · 0.1%BW) with 0.1%BW indicating the
bandwidth of 0.1%. A distinction is made between the peak brilliance, where τ denotes the
pulse duration, and the average brilliance, where τ is the inverse of the repetition rate.

In comparison to synchrotrons and free-electron lasers, the brilliance of laser-produced plasma
sources is several orders of magnitude lower. However, there are strategies to increase their
brilliance which involve, e.g., higher power densities of the generating laser pulse. On the other
hand, the density of the target material has a strong impact on the achievable number of soft
X-ray photons too, whereas basically the source brilliance scales with the density. Thus, the
brightest plasmas can be achieved with solids. Respective target materials are deposited on
rotating cylinders [13] or quickly moving tapes [14], which provide repetition rates of up to 1
kHz. Prominent elements are gold or tin for the production of radiation at a wavelength of
13.5 nm, which is applied in EUV lithography [15]. Furthermore, there are sources employing
cold gases in a solid phase, such as an argon filament that emits soft X-rays in the wavelength
range 2–5 nm [16]. Achievable plasma sizes with solid targets are comparably small and on
the order of several tens of μm (full-widths at half-maximum, FWHM).

A plasma of similar brilliance and extent is obtained with liquid targets, e.g., xenon [17],
methanol [18], or tin [15]. A fluid jet [19] provides high target densities but might lead to size
and brightness fluctuations. Going one step further to individual microscopic droplets [20],
the advantage is the mass limitation such that the entire target material is converted into a
highly ionized plasma state, supporting source stability. However, the drawback of solid and
liquid target concepts is the inevitable production of fast particles and ions with kinetic
energies of up to several hundred keV [21], which severely damage optics in the beam path.
There are mitigation strategies to slow down the debris material such as repeller fields [22] or
localized gas jet shields [23], but still the collector optics has a limited lifetime [2]. Contrarily,
gaseous targets are almost free from debris [24]. Short gas pulses with durations of μs to ms
are expanded from a pressure of several 10 bar into vacuum by a piezomechanical or electro‐
magnetic nozzle, resulting in a supersonic jet. Different target gases feature individual spectra
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of the resulting radiation, ranging from emitters with characteristic spectral lines (low atomic
number, e.g., nitrogen) to broadband emitters (high atomic number, e.g., xenon) [25]. However,
here, the conversion efficiency from laser energy into soft X-ray energy is comparably low due
to the low density of the target material. Furthermore, achievable plasma sizes of several 100
μm are large. For metrology or scientific applications, though, these sources are very attractive
due to their high cleanliness and versatility [8, 26].

In this study, a brilliance enhancement of laser-produced plasmas is demonstrated for gaseous
jet targets, making use of supersonic effects. First, the theoretical background is provided to
describe the physical properties of laser-produced plasmas as well as the gas dynamics of the
related jet target. Experimental techniques are introduced that are employed to characterize
the plasma and the gas jet. The effect of supersonic shocks within the target gas is investigated
in both ways, theoretically and experimentally, revealing a significant brilliance enhancement
for plasmas generated in respective shock regions. This chapter is based on a previous
publication by Mey et al. [25] and has been revised and extended partly.

2. Physical properties of a plasma

Initially, the laser beam that irradiates the target material creates ions by multiphoton absorp‐
tion, tunneling, or field ionization [27]. The resulting free electrons are accelerated by the strong
electric field leading to inverse bremsstrahlung and avalanche ionization. A hot dense plasma
state is generated. In competition to the heating processes, deionization takes place in terms
of diffusion and recombination [27]. Depending on the electron temperature, a continuum of
electromagnetic radiation is produced due to bremsstrahlung and recombination of free
electrons with ions. Additionally, bound–bound transitions within the ions contribute narrow
lines to the emission spectrum. A corresponding scheme is depicted in Figure 1.

Figure 1. Scheme of the emission spectrum of a hot dense plasma.
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The thermodynamics within a hot dense plasma can be approximated by the idealized state
of a thermal plasma that is characterized by a single electron temperature T and a correspond‐
ing Maxwell velocity distribution. Within that simplification, the plasma may be treated as a
blackbody that emits radiation with a continuous spectrum. The assumption that photons are
emitted carrying discrete quanta of energy, with energy proportional to frequency, leads to
the spectral energy density [1]
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here, given in units of the brilliance with Planck’s constant ℏ and the photon frequency ω.
Typical electron temperatures for gas targets irradiated by nanosecond laser pulses are 20–200
eV [28, 29]. The corresponding spectral maxima of the Planck distribution are found at the
photon wavelengths 2.2–22.0 nm with peak brilliances of 3.6 × 1015 to 3.6 × 1018 1/(s mm2

mrad2). In fact, a laser-produced plasma is far away from thermodynamic equilibrium and a
thermal plasma rather is an upper limit for the spectral power density. However, mostly a two-
temperature model is already sufficient to adequately describe the continuum radiation by a
hot dense plasma, which is then called near-thermal plasma [1]. In addition to the thermal
electrons, a suprathermal component is introduced which is raised by nonlinear interactions
such as resonant absorption. When these electrons undergo bremsstrahlung or recombination,
they give rise to a high photon energy tail in the emission spectrum as indicated in Figure 1.
Line radiation is emitted when electrons change their energy state within an ion from an outer
to an inner electron shell. The resulting photon energy corresponds to the transition energy of
the electron as described by Moseley’s law, which is an extension of the Rydberg formula [30]
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with the Rydberg constant R∞, the nuclear mass mnuc, and the atomic number Zat. The constant
Ssh describes the shielding due to electrons between the core and the considered electron.
Furthermore, n1 and n2 are the principal quantum numbers of the initial and final states of the
electron. In plasmas of species with low atomic numbers like nitrogen (Zat = 7), comparatively
few free electrons are produced and the emitted radiation is dominated by single spectral lines.
In contrast, elements with high atomic numbers such as xenon (Zat = 54) yield much more free
electrons, resulting in a spectrum of numerous closely packed lines and a significant thermal
contribution.

Another important plasma parameter is the electron plasma frequency [1]
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at which the free electrons tend to oscillate (where e is the electron charge, ne is the electron
density, me is the electron mass, and 0 is the vacuum permittivity). As a consequence, an
incident electromagnetic wave can propagate in the plasma only if its frequency ω is greater
than ωp and it is totally reflected if ω = ωp. This yields a critical electron density [1]
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which is nc = 1 × 1023 cm−3 for a common Nd:YAG laser beam with a wavelength of 1064 nm.
Thus, when the plasma reaches the critical electron density, it cannot further be heated to pose
a limit especially on solid and liquid target concepts. In order to mitigate that limitation, a less
intense prepulse can be used to heat the target material and decrease its density precedent to
the main pulse [31].

3. Gas dynamics of jet targets

Supersonic gas jets employed as targets inherently exhibit strong density gradients. Here, the
basics of supersonic nozzle flows and related shock phenomena are described theoretically,
mainly based on [32, 33]. As a result, density estimations of the target gas are provided
corresponding to the experimental situation at a laser plasma source.

Figure 2. Sketch of a de Laval nozzle. A denotes the local cross-sectional area with the minimum value A* at its throat
position.

Let us first consider the example of a compressible fluid that expands through a convergent-
divergent nozzle, a so-called de Laval nozzle as shown schematically in Figure 2. In gas
dynamics, the basic equations to describe that problem are the conservation laws of mass and
energy, formulated for compressible and isentropic flows. It can be shown that these relations
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lead to the well-known area relation between the local cross-sectional area A, the throat area
A*, and the local Mach number M [33]
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Here, κ = cp/cv is the ratio of specific heats (cp at constant pressure and cv at constant volume)
and the Mach number M is defined as the ratio between the local flow velocity and the local
speed of sound. In the present example of a convergent-divergent nozzle, a gas is accelerated
in the convergent part according to the continuity equation. If the critical Mach number M* =
1 is reached at the throat, this results in supersonic velocities M > 1 in the divergent part, and
the thermal energy of the gas is efficiently converted into directed kinetic energy. Concurrently,
the gas density decreases according to the relation [32]
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Figure 3. State functions of a flow in a de Laval nozzle: density ρ in terms of its stagnation value ρ0, Mach number M
and the local cross-sectional area A reaching A* at its throat position. A diatomic gas with κ = 7/5 is assumed.

The shape of the cross-sectional area A/A* of a typical de Laval nozzle is shown in Figure 3
together with the resulting distribution of density ρ/ρ0 (ρ0 stagnation density) and Mach
number M under the assumption of a diatomic gas with κ = 7/5. Utilizing a supersonic gas jet
as a target for laser-produced plasmas requires large particle densities for high conversions
efficiencies of laser energy into soft X-ray energy. Thus, a compromise needs to be found
between a directed, but rarefied flow at high Mach numbers and divergent but denser flow at
low Mach numbers. This can be achieved by adapting the nozzle geometry [34].
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Within this work, shock waves, as they can be observed in supersonic flows, are employed to
further optimize the particle density in a jet target. Within very short distances on the order of
the mean-free path of the molecules, this phenomenon leads to an increase in density, pressure,
and temperature while the Mach number decreases. Based on the conservation laws of mass,
momentum, and energy, it is possible to derive equations that relate the initial values of those
properties with the conditions right behind a shock wave. Here, it is sufficient to consider the
change of the initial density ρ and the Mach number M in the case of a normal shock relative
to the flow direction. After passing through the shock structure, these properties are denoted
as ρ̂ and M̂ , as indicated in Figure 4. The corresponding shock relations read [32]

(8)

(9)

Figure 4. Normal shock structure in a supersonic flow. Gas passing through the shock experiences a decrease from the
 
initial Mach number M to M̂  and an increase in density from ρ to ρ̂.

Basically, high Mach numbers lead to a strong compression of the fluid when passing through
a shock. However, relation (8) defines an upper limit for the density ratio that can be achieved
in connection with a shock wave. This limit is approached if M → ∞, and for diatomic gases it

is  ρ̂ρ →6 (κ =7 / 5). At the same time, the Mach number behind the shock decreases to
M̂ →1 / 7. Shock waves appear, e.g., when obstacles perturb a supersonic flow or vice versa, or
when objects travel with Mach numbers M > 1 through a gas at rest. In the case of a supersonic
jet that expands from a stagnation pressure p0 into an atmosphere with a sufficiently large
background pressure pb, shock waves can also be observed. At a certain distance to the nozzle
exit, the collision between the jet particles and the surrounding gas particles leads to a shock
structure, which is called barrel shock (see Figure 5). With respect to that situation, Muntz et
al. introduced the rarefaction parameter [35]
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where d* is the throat diameter of the nozzle and T0 denotes the stagnation temperature. This
parameter describes the interaction between jet and background particles, i.e., how strong the
expansion flow is influenced by the surrounding gas. Muntz et al. propose a differentiation of
the occurring flow into three regimes [35]:

• Scattering regime ζ ≤ ζs

Molecules of the background gas interact with the freely expanding jet by
diffusion only, no distinct shock waves evolve.

• Transition regime ζs < ζ < ζc

Thick lateral shock waves develop and confine an undisturbed core of the jet
that is surrounded by a mixing zone of jet and background particles.

• Continuum regime ζc ≤ ζ

The fully evolved barrel shock structure is present, as shown in Figure 5. The
inner barrel shock waves and the Mach disk spatially delimit the influence of
the background gas.

Figure 5. Typical structure of a barrel shock as apparent at supersonic jets in the presence of a background gas. Here, a
fluid is expanded from a high pressure p0 through the conically diverging nozzle into an ambient atmosphere of rela‐
tively low pressure pb. The depicted shock system represents the continuum regime. Adapted from [36].

In the continuum regime, the extent of the shock structure scales with the nozzle pressure ratio
p0/pb. In particular, within the range 15 < p0/pb < 17,000, the distance lM = rM − r* between the
nozzle throat and the Mach disk is given by [37]
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where de is the exit diameter of the orifice. It should be noted that this relation has been derived
for nozzles with a constant diameter, i.e., for a nondivergent geometry.

In the following, estimations are made for a gas jet with barrel shock structures as it is under
experimental investigation in this work too. Nitrogen expands from a pressure of p0 = 11 bar
into a helium atmosphere with a pressure of pb = 170 mbar through a conically diverging nozzle
(thickness ln = 1 mm, throat diameter d* =300  μm, and exit diameter de =500μm). At rest, both
gases are at room temperature T0 = 293 K. In a simplification, a source flow is assumed
corresponding to the dotted cone in Figure 5 with its apex in a distance of r* = 1.5 mm to the
nozzle’s throat. According to Eq. (11), the Mach disk appears 2.7 mm behind the nozzle throat,
i.e., rM = 2.7 mm. The dimensionless area of the assumed source flow is expressed in terms of
the distance r to the virtual source as A/A* = (r/r*)2. Solving Eqs. (6) and (7) results in the state
functions ρ/ρ0 and M along the symmetry axis of the nozzle from throat position to the Mach
disk, i.e., in the range 1.5 mm < r < 4.2 mm. The conditions directly behind the Mach disk are
determined by the shock relations (8) and (9). For r > 4.2 mm, the flow is assumed to be
incompressible (ρ = const.) since the Mach number has decreased sufficiently below M = 1.
Thus, subsequent behavior of M is approximated by the continuity equation
M (r)=M̂ ⋅ (r / rM )2.

Figure 6. State functions along the symmetry axis of a barrel shock: density ρ in terms of its stagnation value ρ0, and
Mach number M. The solid blue line for A/A* represents the cross-sectional area of the orifice, whereas the dashed blue
line indicates the subsequent conical source flow.

The corresponding state functions ρ(r)/ρ0 and M(r) are depicted in Figure 6 with respect to the
distance r to the virtual source. Usually, the nozzle is operated with a background pressure on
the order of pb ≤ 10−4 mbar and the plasma is generated in a distance of 500 μm to the nozzle
exit. The conditions at the usual plasma position, before and behind the Mach disk, are given
in the diagram. It is revealed that due to the shock a two times higher density is achieved in a
larger distance to the nozzle as compared to the typical plasma position. In practice, the density
increase is even higher since plasma production takes place a few 100 μm besides the symmetry
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axis of the nozzle. Here, without ambient gas the jet is even more rarefied and with ambient
gas the shock structure is present.

4. The laser-produced soft X-ray source

The setup of a standard soft X-ray source based on gas targets is used [8]. It basically consists
of a piezoelectrically operated Proch–Trickl gas valve [38] mounted on a vacuum chamber,
and a driving Nd:YAG laser that emits radiation at the fundamental wavelength of 1064 nm
with a pulse energy of 800 mJ and a pulse duration of 6 ns (InnoLas SpitLight 600), see
Figure 7. The intensity profile of the unfocused laser beam, measured by a CCD camera
(Lumenera Lu160M), reveals a beam diameter of 5.9 mm (determined through 1/e2 decay),
corresponding to a mean power density of 4.9 × 108 W/cm2. Plasma production takes place as
soon as a critical power density of ≈ 1012 W/cm2 is reached in the focused beam at a sufficiently
large particle density [39]. This initiates the first ionization of the target gas followed by
avalanche ionization, creating large numbers of free electrons.

Figure 7. Pinhole camera images of the plasma at a stagnation pressure of p0 = 11 bar for various background pressures
pb as given below the individual figure. The average of 30 single shots is shown.

The target gas is expanded through a divergent nozzle of conical shape. Over a length of ln =
1 mm, its diameter increases from the throat diameter d* = 0.3 mm to the exit diameter de = 0.5
mm. The nozzle is opened for a period of 1 ms, generating an underexpanded supersonic jet
that expands from stagnation pressure p0 = 11 bar into vacuum, i.e., the background pressure
pb is as low as 10−4 mbar. The laser is focused into the gas as soon as the jet flow is steady. The
position where the plasma is produced is located in a distance of 500 μm, i.e., one diameter de

behind the nozzle exit (see the typical plasma position indicated in Figure 8). Although the
density is highest at the nozzle exit, the plasma should not be generated closer to the nozzle
because of growing degradation effects. By employing different target species, various spectra
can be obtained in the EUV and soft X-ray range. Noble gases with high atomic numbers such
as xenon, argon, or krypton are broadband emitters, while oxygen or nitrogen each produces
several narrow lines. The corresponding spectra can be found in Figure 9, produced by a
system comparable to that described above and captured with a soft X-ray spectrometer, which
is described in detail in [8]. Here, nitrogen is used in combination with a titanium filter,
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resulting in a monochromatic emittance at λ = 2.88 nm in the water window, corresponding
to the transition 1s2 − 1S2p of the valence electron of the N5+ ion [40].

Figure 8. Photograph of experimental setup for plasma generation. The laser beam is focused by a lens into the vac‐
uum chamber and generates the plasma right below the gas nozzle, which appears here in bluish color in the center of
the chamber.

Figure 9. Principle of plasma generation employing jet targets: typically the plasma is generated close to the nozzle
under vacuum conditions. Applying a background pressure pb induces the barrel shock structure, which enhances
plasma generation due to a local density increase.

In the approach pursued in this work, the background pressure pb is increased to several tens
of mbar in order to generate a barrel shock in the supersonic jet. For this purpose, helium is
utilized as a background gas due to its high transmissivity of photons generated by the plasma.
In addition, the optical path length of the resulting soft X-rays through helium is minimized
by differential pumping. Another advantage of using helium as a surrounding gas is its large
first ionization energy (24.6 eV) compared to that of nitrogen (14.5 eV) [41]. Thus, the critical
power density to drive ionization by the incident laser beam is higher for helium, which
ensures that only the target species nitrogen is ionized. Right behind the shock system
generated in the jet, the particle density increases. In this manner, regions involving high
densities of the target gas are obtained at comparably large distances from the nozzle. Thus,
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the plasma can be generated further away from the nozzle exit, and degradation effects are
minimized.

5. Gas jet and soft X-ray diagnostics

In order to characterize the supersonic gas jet and the evolving shock structure, two different
methods are employed: the Schlieren technique for highly resolved qualitative imaging of
density gradients and wavefront measurements with a Hartmann–Shack sensor in order to
quantify the density distribution, but at a lower resolution. Both methods are described in
detail in Sections 5.1 and 5.2.

The plasma is imaged by a pinhole camera and the number of the resulting soft X-ray photons
is determined with a calibrated photodiode. A description of these tools follows in Section 5.3.

Figure 10. Characteristic emission spectra of various target gases, captured with a soft X-ray spectrometer.

5.1. Schlieren imaging

Schlieren imaging is a common technique in fluid dynamics that enables the qualitative
measurement of density gradients [42]. The experimental setup is schematically shown in
Figure 10. A pinhole with a diameter of 100 μm is illuminated by white light, and a focusing
lens collimates the resulting beam, which then travels in the z-direction through the gas
distribution of the jet target. The xy-plane at z = 0 is imaged by a 4f setup to a CCD camera
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(Lumenera Lu160M) and captured with an exposure time of 50 μs. The camera is synchronized
with the gas jet at a repetition rate of 10 Hz. Here, imaging lenses with focal lengths of f1 = 160
mm and f2 = 300 mm are used. A knife edge is moved close to the focal spot in between the two
lenses, eliminating half of the spatial frequencies in the Fourier plane. The orientation of the
blade determines which component of the density gradient will become visible. For example,
as depicted in Figure 10, a knife edge aligned with the x-axis generates contrast proportional
to the gradient of the refractive index ∂n/∂y corresponding to the density gradient ∂ρ/∂y. Note,
however, that in the Schlieren images shown below, the knife edge is aligned with the y-axis,
so that density gradients within the jet are visualized in radial direction, thus emphasizing the
barrel shock.

5.2. Wavefront monitoring

A Hartmann-Shack wavefront sensor [43, 44] is used to obtain quantitative information on the
density distribution in the supersonic gas jet [34]. The experimental setup is mostly the same
as that depicted in Figure 10 for Schlieren imaging. However, the knife edge is removed and
the CCD camera is replaced by the wavefront sensor. An initially plane wavefront of a test
beam that travels through the target gas is deformed due to the spatial variation of the
refractive index n(x, y, z). The sensor splits the test beam into many subbeams by an array of
microlenses, each producing a spot on a CCD camera (Lumenera Lu160M). The position of the
spots contains the information of the local wavefront gradient. Thus, the deformation of the
wavefront can be recovered. The spatial resolution Δx of a measured wavefront is equal to the
pitch of the microlens array of 150 μm divided by the magnification factor f2/f1 = 1.88 of the 4f
setup, yielding Δx = 80 μm.

Figure 11. Experimental setup for Schlieren and wavefront measurements. The dotted lines represent the path of unre‐
fracted light. The dashed line indicates a light ray that is refracted by varying distribution of gas density below the
nozzle, thus hitting the knife edge and darkening the image. In order to monitor wavefront deformations, the CCD
camera is replaced by a Hartmann–Shack sensor and the knife edge is removed.
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The particle density distribution N(x, y) in the nozzle plane z = 0 is recovered from a measured
shape w(x, y) of a deformed wavefront as follows. The test beam integrates n(x, y, z) over the
propagation direction z of the light beam, resulting in a difference w(x, y) in the optical path,
as illustrated in Figure 11. Now, it is assumed that in a plane corresponding to a constant y =
y0, n(x, y0, z) is approximated by a rotationally symmetric Gaussian shape with a maximum
value n0(y0) = n(0, y0, 0). Then, the deformation of the wavefront reads
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Figure 12. Wavefront deformation induced by the gas jet. The distribution of the optical density n(x, y, z) increases the
optical path length, resulting in the indicated wavefront deformation.

The standard deviation σ(y) of n(x, y, z) is determined from the shape of the measured
deformation of the wavefront w(x, y) by a Gaussian fit. The distribution of the refractive index
in the plane z = 0 containing the jet axis is recovered by
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Conversion of the refractive index n(x, y, 0) into a particle density N is done by using the
Lorentz-Lorenz formula [45]
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where α, the polarizability of the considered gas particles, is derived using the values n =
1.0002974 and N = 2.69 × 1019 cm−3 for nitrogen under normal conditions [41] (at a temperature
of 273.15 K and a pressure of 1013.25 mbar). In these calculations, the surrounding helium
atmosphere is neglected because of its low refractive index that amounts to only a few percent
as compared to that of the nitrogen jet.

5.3. Plasma characterization

Qualitatively, the plasma is characterized by a pinhole camera system as sketched in Fig‐
ure 12. It consists of a phosphor-coated CCD camera (Lumenera Lu160M with three layers of
phosphor P43 with a grain size of ≈ 1 μm) in combination with a titanium-filtered pinhole (100
μm diameter, Ti-layer 200 nm thick). This way, the intensity distribution of radiation at the
wavelength λ = 2.88 nm is captured. Here, the luminescent area A is approximated by an
ellipsoidal shape with the semiaxes a and b. Then, A = π a b, where a and b are defined as the
full-widths at half-maximum of the intensity in the x- and y-directions. The uniformity of the

plasma is characterized by its eccentricity ε = a 2 −b 2 / a. Examples of the intensity images are
shown in Figure 17 in combination with the corresponding Schlieren images of the gas jet for
the case of both, gas issuing into vacuum and gas issuing into a background gas and thus
forming a barrel shock.

Quantitatively, the peak brilliance Br of the plasma is derived by

phN
Br

At
=

W
(14)

with the pulse duration τ, the solid angle Ω, and the source area A. The number of photons
Nph with a wavelength of λ = 2.88 nm is determined by a calibrated XUV photodiode (Inter‐
national Radiation Detectors, AXUV100), which is equipped with a titanium filter (thickness
200 nm, applied to a nickel mesh with a transmissivity of 0.89). As shown in Figure 13, only
these photons reach the detector that propagate within a cone confined by a circular aperture
with diameter da in a distance la to the plasma. Thus, the solid angle is defined by the corre‐
sponding opening angle ωa = 2 tan da/(2la) of the cone [46]

2 24 sin sin .
4

awpW = (15)
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Figure 13. Principle of plasma characterization by pinhole camera.

In good approximation, the lifetime of the plasma is assumed to be τ = 6 ns, which equals the
duration of the exciting laser pulse. Finally, the luminescent area A is determined with a
pinhole camera as described above.

6. Experimental results

First, the gas jet and the effect of a background pressure on the resulting flow structure are
investigated using the techniques described in the previous section. The derived results are
compared to theoretical relations discussed in Section 3. Subsequently, the effect of the barrel
shock on the plasma generation is explored and the brilliance improvement of the soft X-ray
source is quantified.

6.1. Characterization of the target gas jet

Depending on the stagnation and background pressure, the gas jet may form various shapes,
which are discussed in the following. In previous studies of laser-produced soft X-ray sources,
the nozzle was operated in the range p0 = 11–17 bar at a background pressure of pb = 10−4 mbar,
i.e., practically without any background gas. In this case, the emerging flow is in the scattering
regime and does not show any discontinuities. Independently of p0, the density distribution
has a maximum value at the nozzle exit and rapidly falls off in all directions. The corresponding
Schlieren images are taken with the knife edge aligned with the y-axis and can be found in
Figure 14 for the pressure range p0 = 11–17 bar.
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Figure 14. Principle of plasma characterization by diode measurement.

With rising background pressure, particle collisions increasingly affect the gas jet and retard
its free expansion. At a certain distance from the nozzle, this results in a shock that is directly
connected to a local decrease of the Mach number M. At the same time, the local particle density
increases. This becomes evident in regions of the Schlieren images that show strong changes
in intensity, implying high-density gradients. As can be seen, e.g., in Figure 14(b), the shape
of the resulting shock structure resembles a barrel, why it is referred to as a barrel shock. In
the downstream direction, the barrel shock is terminated by the Mach disk, which is indicated
in the Schlieren image by an arrow. In the present Schlieren pictures, the Mach disk is
reproduced only weakly because the knife edge was aligned perpendicular to the disk and
only density gradients parallel to the disk were detected.

Increasing pb, as from Figure 14(b)–(c), results in a confinement of the gas flow toward the
nozzle axis—the lateral shocks approach each other and the Mach disk moves upstream. In
contrast to this, increasing p0 has the opposite effect, i.e., the radius of the barrel shock and the
width σ of the density distribution increase and the Mach disk moves downstream, see
Figure 14(b)–(d). These two opposite effects allow generation of the same shock structure at
different combinations of the pressures, provided that the ratio p0/pb stays constant.

From the Schlieren images as shown in Figure 14, the distance lM between the Mach disk and
the nozzle throat is derived for pressure ratios in the range 18 ≤ p0/pb ≤ 340. In Figure 15, the
resulting data set is compared to the empirical relation (11)
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which has been derived by Ashkenas and Sherman [37] for a nondivergent nozzle. Apparently,
the experimental results deviate from the depicted curve, especially for large pressure ratios.
Most likely, this can be attributed to a different nozzle geometry as in the present situation.
Here, a divergent orifice initially guides the supersonic expansion of the gas before it expands
freely into the helium atmosphere. For that case, a relation of the form
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reveals good agreement with the measured shock distances as it is evident in Figure 15. By a
least-squares fit routine, the exponent is derived to a = 0.4034.

Figure 15. Schlieren images indicating the supersonic flow structure of an N2 jet as a function of stagnation and back‐
ground pressure (flow direction: top → bottom). (a) Scattering regime, no internal structures evolve; (b) continuum re‐
gime with barrel shock structure, the Mach disk is indicated by the arrow; (b) → (c) shock structure contracts for
increasing background pressure; (b) → (d) shock structure inflates for increasing stagnation pressure.

In Figure 16, wavefront and Schlieren measurements are compared with each other for a
stagnation pressure of p0 = 11 bar and a background pressure of pb = 170 mbar. The results of
both techniques are well consistent. The particle density N(x, y) shows the mean gas distribu‐
tion inside the jet. In the downstream direction, along the nozzle axis, N first decreases to Nmin

= 4.0 × 1018 cm−3 and then increases again up to a maximum value of Nmax = 9.8 × 1018 cm−3.
Subsequently, the wave-like behavior of the particle density is repeated at lower density
values. The observed maxima coincide approximately with the positions where the lateral
shocks interfere, forming a Mach disk.
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Figure 16. Distance between Mach disk and nozzle exit for various pressure ratios. The points are derived from the
Schlieren images, the violet curve represents the empirical relation (11) from Ashkenas and Sherman [37] and the blue
curve represents the modified relation given in Eq. (17) with a = 0.4034.

Employing the relations of gas dynamics introduced in Section 3, a rough theoretical estimate
of the particle density ahead and behind the Mach disk is now compared to the results obtained
with the wavefront sensor. Corresponding to the experimental situation, the density distribu‐
tion along the symmetry axis of the gas jet is shown in terms of its stagnation value ρ0 as shown
in Figure 6. There, a normal shock induces a density increase from ρmin = 0.039 ρ0 to ρmax = 0.170
ρ0 in a distance of lM = 2.7 mm to the nozzle throat. For the current pressure ratio of p0/pb = 64.7,
this coincides with the position of the Mach disk.

In order to derive absolute density values, the stagnation density ρ0 of the nitrogen jet is
required. Following the ideal gas law, p0 = ρ0 Rsp T0 results in ρ0 = 12.65 kg/m3 with the specific
gas constant for nitrogen Rsp,N2

=296.8 J/(kg⋅K) [41], the temperature T0 = 293 K, and pressure
p0 = 11 bar inside the vessel. Finally, particle densities ahead and behind the Mach disk are
evaluated with the molecular mass of nitrogen mN 2

=4.653×10−26 kg [41]. A comparison between
the theoretical estimation and the measured values is given in Table 1.

Theoretical estimate Measurement

Nmin (1018 cm-3) 10.6 4.0

Nmax (1018 cm-3) 46.1 9.8

Table 1. Particle density ahead (Nmin) and after (Nmax) the barrel shock, given on the symmetry axis of the jet.
Comparison between theoretical estimate and measurement.

The estimated values are of the same order of magnitude but larger than the experimental
results. This discrepancy can be attributed to the spatial resolution of the wavefront sensor
that is not able to resolve the high density value right behind a shock. Furthermore, the estimate
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provides an upper limit of the particle density since in a simplification a conical source flow
has been assumed. In fact, the stream lines of the flow are bended in lateral direction, stronger
than the cone geometry presumes. Consequently, this results in a higher rarefaction of the gas
and the typical bulbous barrel shock. This explains why values of the estimated particle
densities, both of the maximum and the minimum, are higher than the corresponding
measured values.

6.2. Characterization of the plasma enhancement

The effect of an increase in target gas density on the plasma generation is illustrated in Figure 17
for a stagnation pressure of p0 = 11 bar. Taking advantage of the barrel shock, obviously the
brightness of the plasma is raised, whereas its size has decreased in the direction of the incident
laser beam. Due to the increased target density, there are more emitters of soft X-ray radiation
in the same volume. Besides, the absorption of laser energy is raised. Thus, the power density
of the beam decreases more rapidly below its critical value and no further atoms are ionized.
This confines the size of the plasma in the beam direction and explains its smaller size. Another
mechanism causing the reduced size might be plasma defocusing [47]. Due to an increased
plasma density, a stronger defocusing effect can be expected, limiting the ionization region.
During the experiments, it turned out that generation of a plasma right below the Mach disk,
where the density is expected to be at a maximum, is not the optimal position. It was found
that even brighter and smaller plasmas occur when the laser is focused onto the edge of the
jet at a location slightly above the Mach disk and after the barrel shock (see Figure 17). This
behavior may be caused by reabsorption of soft X-rays by the surrounding nitrogen particles.

Figure 17. (a) Combination of quantitative wavefront and qualitative Schlieren image of the N2 jet expanding from p0 =
11 bar into an He atmosphere with pb = 170 mbar. (b) Density distribution N(x, y) of the N2 jet in the plane z = 0, which
results from the wavefront as described in Section 5.2.

The barrel shock is enclosed by a thin supersonic compressed layer, which becomes thicker at
the Mach disk [36], leading to increased reabsorption. In order to study the brilliance im‐
provement depending on the location of plasma generation with respect to shock structures
in the jet, the latter were varied by changing the background pressure at a constant stagnation
pressure (p0 = 11 bar). By lowering pb, the radius of the barrel shock is increased; conversely,
with increasing pb, the radius of the barrel shock decreases. Thus, with the location of the focus
of the laser beam fixed, its relative location with respect to high-density regions behind the
shock is changed. In Figure 18, intensity distributions of the plasma are shown for various
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Figure 17. (a) Combination of quantitative wavefront and qualitative Schlieren image of the N2 jet expanding from p0 =
11 bar into an He atmosphere with pb = 170 mbar. (b) Density distribution N(x, y) of the N2 jet in the plane z = 0, which
results from the wavefront as described in Section 5.2.

The barrel shock is enclosed by a thin supersonic compressed layer, which becomes thicker at
the Mach disk [36], leading to increased reabsorption. In order to study the brilliance im‐
provement depending on the location of plasma generation with respect to shock structures
in the jet, the latter were varied by changing the background pressure at a constant stagnation
pressure (p0 = 11 bar). By lowering pb, the radius of the barrel shock is increased; conversely,
with increasing pb, the radius of the barrel shock decreases. Thus, with the location of the focus
of the laser beam fixed, its relative location with respect to high-density regions behind the
shock is changed. In Figure 18, intensity distributions of the plasma are shown for various
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background pressures pb. In this case, the location of plasma generation is kept constant. An
optimum value is found at pb = 170 (see also Figure 17).

Figure 18. Pinhole camera images of the plasma superimposed on the Schlieren images of gas jet at p0 = 11 bar. Left:
under vacuum conditions pb = 10−4 mbar. Right: with ambient He atmosphere at pb = 170 mbar. Both plasma images are
an average of 30 single shots.

Unexpectedly, increasing both p0 and pb while preserving the pressure ratio p0/pb, does not lead
to a considerable further increase in the brilliance of the source. Approaching high-pressure
values (p0 = 17 bar), quite the reverse happens: the plasma appears even darker. It can be
assumed that, in fact, more soft X-ray photons are generated since the target density is
increased. However, the density of the background gas is increased as well, which leads to
higher reabsorption of the generated photons. The latter effect seems to dominate the former.
It is expected that further efforts in differential pumping can shorten the path length of the soft
X-rays through the outer helium gas so that the brilliance of the source can further be increased.

Now, parameters characterizing the plasma in the optimal case are compared with those of a
plasma produced near the nozzle exit with a jet in the scattering regime. In both cases, the same
stagnation pressure of p0 = 11 bar is considered. Regarding the shape of the resulting plasma,
which is represented by its luminescent area, it can be seen that the radiating area is reduced
by a factor of 0.71 to A = 0.063 mm2, and its eccentricity decreases slightly from ε = 0.91 to ε =
0.80 when a barrel shock is present. This results in a better brilliance and improves the
coherence properties due to a smaller source size and a more uniform shape. The number of
photons emitted per pulse and solid angle from the nitrogen plasma at a wavelength of λ =
2.88 nm is raised by a factor of 7.1 to a value of 1.2 × 1013 sr−1. Based on these values, the peak
brilliance can be computed. One finds an improvement by a factor of 10 to a value of Br = 3.15
× 1016 photons/(mm2 mrad2 s). This clearly demonstrates the advantage of utilizing the density
increase across a barrel shock system. An overview of the characteristic parameters of the
plasma is given in Table 2.
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Without barrel shock With barrel shock Factor

Radiating area (mm2) 0.088 0.063 0.71

Eccentricity [1] 0.91 0.80 0.88

Photons/(solid angle · pulse) (sr−1) 1.66 × 1012 1.18 × 1013 7.10

Peak brilliance (mm−2 mrad−2 s−1) 3.15 × 1015 3.15 × 1016 10.0

Table 2. Comparison of plasma emission characteristics at λ = 2.88 nm obtained with a nitrogen jet issuing into
vacuum (no barrel shock) and into a background gas (with barrel shock).

7. Conclusion

Laser-produced plasmas based on gas targets serve as versatile and nearly debris-free soft
X-ray sources at a table-top size. In this chapter, a method has been shown by which the bril‐
liance of gas targets can be improved. To this end, a background pressure is applied to the
gas jet that leads to a strong recompression of the target particles. For the example of an un‐
derexpanded supersonic nitrogen jet, the resulting barrel shock has been qualitatively vi‐
sualized by the Schlieren photography. The corresponding density distribution was
obtained by a quantitative Hartmann-Shack measurement. Measured values of the shock lo‐
cation and particle densities are of the same order of magnitude as those of a first estimate
that was partly based on correlations. The size of the resulting plasma is reduced by a factor
of 0.71 and its shape becomes more uniform, thus improving the coherence properties of the
source. At the same time, the number of photons per solid angle at λ = 2.88 nm is raised by a
factor of 7.1. In this manner, the brilliance of the source is increased by a factor of 10.0 to Br =
3.15 × 1016 photons/(mm2 mrad2 s). Even greater increases may be obtained by using hydro‐
gen as the background gas since H2 shows a 13 times lower absorption of the generated X-
rays compared to He [48]. However, for safety reasons H2 has not been employed here. A
further increase in the plasma’s brilliance is to be expected with increasing the stagnation
and background pressure. An essential condition for achieving this is an improvement in
the differential pumping system in order to lower the reabsorption of the soft X-rays by the
background gas.
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Abstract

Various types of compact short-wavelength sources are emerging in the region from
EUV to hard X-ray and further to gamma ray. These high-energy photons are usually
accessible in a large-scale facility such as SR or FEL, and the compactness of these new
technologies provides new possibilities for broader applications in dedicated laborato‐
ries or factories. Laser-produced plasma is used for soft X-ray laser and high average
power EUV sources for lithography. Laser Compton short-wavelength sources are now
entering  into  practical  applications  in  medical  imaging.  The  performance  of  these
sources critically depends on the laser driver performance. This chapter describes the
recent progress of high-brightness,  short-pulse solid-state laser technology in close
relation to these new compact short-wavelength sources. Pulsed picosecond thin disc
laser progress is reviewed with kW average power specifications. Cryogenic laser is
reported for the advantage of higher beam quality in large-pulse energy operation.

Keywords: thin disc laser, cryogenic laser, plasma EUV source, laser Compton X-ray
source

1. Introduction

A rapid progress is recently observed in the field of compact extreme-ultraviolet (EUV) and
X-ray sources with high brightness and small footprint enough to be installed in laborato‐
ries in educational and research institutions, manufacturing facilities, hospitals, and other
suitable sites [1]. This may advance scientific and technical disciplines in practical applica‐
tions by complementing large-scale synchrotron radiation and free-electron laser sources.
Applications span a wide range from biomedical, semiconductor, fundamental and applied

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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research,  environmental  engineering  to  industrial  nondestructive  testing.  Component
technology progress is one of the key factors in these advancements of the compact EUV
through hard-X-ray sources. These key elements are instrumentation, optics, detectors, data
management and processing, and one of the most significant factors is the progress of high
average power, short-pulse solid-state lasers.

Semiconductor industry has been struggling in the past two decades to establish a technolog‐
ical system of extreme-ultraviolet lithography as the ultimate scheme, and the establishment
of reliable, high average power (>100 W) 13.5 nm source has been always the most critical
challenge. The basic architecture is now realized as the LPP (laser-produced plasma) EUV
source, in which the conditioning of the mist target from a liquid tin droplet is essential for
higher conversion efficiency and perfect recovery of the injected tin atoms [2]. The mist
formation is performed by a diverging shock wave inside the microdroplet, which is driven
by an impulse generated by an irradiation of picosecond solid-state laser pulse of mJ level
pulse energy. The system repetition rate is typically 100 kHz, and the laser average power is
more than 100W. The size of the droplet is 10 μm in diameter, and the required laser beam
quality and stability must meet the requirements.

Lasing was reported in the EUV spectrum region by efficient excitation of dense plasma
columns at 100 Hz repetition rate using a tailored pump pulse profile of a 1 J picosecond
cryogenic Yb:YAG laser [3]. The average power of the 1 J picosecond laser is 100 W. The
tabletop soft-X-ray laser average power is 0.1 mW at λ = 13.9 nm and 20 μW at λ = 11.9 nm
from transitions of Ni-like Ag and Ni-like Sn, respectively. Lasing on several other transitions
with wavelengths between 10.9 and 14.7 nm was also reported. The efficient X-ray laser
operation was realized by an optimized pump pulse design as a nanosecond prepulse followed
by two picosecond pulses to create higher density plasma of Ni-like ions of higher temperature
for higher gain in longer time and in larger space. The high average power of these compact
soft X-ray lasers promises to enable various applications requiring high photon flux with
coherence.

Laser Compton X-ray source has been established as a compact, high-brightness short-
wavelength source. The basic principle is similar to an undulator emission, and a high-intensity
laser field is used as the modulating electromagnetic field. The laser Compton X-ray source is
demonstrated as a compact short-wavelength imaging approach combined with the phase
contrast method of biosamples. Single-shot imaging is critical for many practical applications,
and the required specification depends on the usable laser pulse with some threshold param‐
eters because all other component technologies are well matured. The optimization of the laser
Compton hard X-ray source by single-shot base is already studied in detail [4, 5]. Experimental
results well agreed with theoretical predictions. Highest peak brightness is obtained in the
configuration of counterpropagating laser pulse and electron beam bunch, in the minimum
focusing area before nonlinear threshold [6, 7]. A single-shot phase contrast bioimaging was
demonstrated in the hard X-ray region [8]. The employed laser was a picosecond CO2 laser of
3 J pulse energy [9], but the laser system was not an easy and compact one for further broad
applications in various laboratories and hospitals. The Extreme Light Infrastructure–Nuclear
Physics (ELI–NP) facility will have a brilliant γ-beam of 104 photons/s/eV, ≤0.5% bandwidth,
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Compton hard X-ray source by single-shot base is already studied in detail [4, 5]. Experimental
results well agreed with theoretical predictions. Highest peak brightness is obtained in the
configuration of counterpropagating laser pulse and electron beam bunch, in the minimum
focusing area before nonlinear threshold [6, 7]. A single-shot phase contrast bioimaging was
demonstrated in the hard X-ray region [8]. The employed laser was a picosecond CO2 laser of
3 J pulse energy [9], but the laser system was not an easy and compact one for further broad
applications in various laboratories and hospitals. The Extreme Light Infrastructure–Nuclear
Physics (ELI–NP) facility will have a brilliant γ-beam of 104 photons/s/eV, ≤0.5% bandwidth,
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with Eγ < 19.5 MeV, which is obtained by the laser Compton method from an intense electron
beam (Ee > 700 MeV) produced by a warm linac [10]. The main purpose is to provide an
opportunity for the production of radioisotopes for medical research. The repetition rate is 100
Hz with a 1 J, picosecond Yb:YAG laser. A standard laser Compton X ray source is under
construction as the STAR project at the University of Calabria (Italy) to generate monochro‐
matic tunable, ps-long, polarized X-ray beams, ranging from 20 to 140 keV. The X-rays will be
devoted to experiments of material science, cultural heritage, advanced radiological imaging
with microtomography capabilities [11]. An S-band RF gun produces electron bunches at 100
Hz, boosted up to 60 MeV by a 3 m long S-band cavity. It is critical to use a high-brightness
linac of low emittance and high pointing stability to focus higher charge bunch to a smaller
spot size down to 10 μm. The allowed spatial stability is a few μm. The research and devel‐
opment of the X-ray generation laser is the key technology for higher and stable X-ray
generation. The Yb:YAG laser is ideal for a compact, high pulse energy picosecond pulse and
should be synchronized to the RF system in less than picosecond time jitter.

Compact short-wavelength sources are emerging due to the progress of extreme ultraviolet
lithography (EUVL) in semiconductor industry. The EUVL has been intensively developed in
the field of various component technologies, for example, Mo/Si high reflectivity mirror at 13.5
nm wavelength, new types of resist of higher sensitivity at this wavelength, and plasma-based
100 W class stable EUV sources. Further increase of average power is expected for large-scale
manufacturing to kW level and shorter wavelength to 6.7 nm where a higher reflectivity mirror
seems available. The necessity to evaluate an alternative approach is recently proposed based
on high repetition rate free electron laser (FEL), to avoid a risk of the source power limit by
the plasma-based technology. The possibility is indicated to realize a high repetition rate
(superconducting) FEL to generate a multiple kW 13.5 nm light. It is important to note that the
present FEL pulses are characterized typically as 0.1 mJ pulse energy, 100 fs pulse duration,
and 1 mm beam diameter, and generated in the SASE mode. The beam fluence is higher than
the ablation threshold of typical resists, and the beam has a higher spatial coherence, which
leads to speckle patterns. The beam is composed of many short spikes with high peak
intensities [12]. Seeding an FEL with an external coherent source has been studied together
with SASE operation to increase the brightness and pointing/energy stability compared to
SASE mode. An efficient seeding method was established by using UV wavelength laser in
which the seed laser modulates the electron beam into coherent bunching at the harmonics of
the seed laser wavelength. The bunching is intensified in another undulator for coherent FEL
action, and the method is named as high-gain higher harmonic generation (HGHG). A
successful demonstration is reported from FERMI as a double stage-seeded FEL with a fresh
bunch injection technique [13]. The fresh bunch scheme was demonstrated as the FEL radiation
produced by one HGHG stage acts as an external seed for a second HGHG stage. A 10 Hz
demonstration was reported in the EUV wavelength region. The development of higher
repetition rate FEL requires new optical laser developments to meet the needs of laser-induced
FEL seeding. Conventional copper accelerating cavities operate up to tens to hundreds of hertz,
but superconducting (SC) cavities, allow a much higher repetition rate of up to few megahertz.
FLASH at DESY has a maximum repetition rate of 1 MHz within a burst structure (electron
bunch train) of 800 μs at 10 Hz. Future linear accelerator designs plan an SC linear accelerator
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capable of a continuous repetition rate of up to 1 MHz. This presents major challenges for the
design and operation of laser-seeded FELs in both burst and continuous mode. At lower
repetition rates, conventional Ti:Sapphire lasers are currently used for laser-induced FEL
seeding at, for example, FERMI FEL-1. The future requirements of a tunable, high repetition
rate laser with sufficient pulse energy can be met with optical parametric chirped-pulsed
amplification (OPCPA). A tunable OPCPA is demonstrated at 112 W in burst mode. The center
wavelength is located in the wavelength region of 720–900 nm. The repetition rate is 100 kHz
and the pulse energy is 1.12 mJ with 30 fs pulse duration. The OPCPA pumping laser power
limits the scalability of the OPCPA output, and it was demonstrated for a 6.7–13.7 kW (burst
mode) thin-disk OPCPA-pump amplifier, increasing the possible OPCPA output power to
many hundreds of watts. Furthermore, the third and fourth harmonic generation experiments
are performed for the FEL seeding purpose [14].

Recent solid-state laser progress is closely related to the demands in the field of laser microa‐
blation in industry. Fiber laser is advancing in the high repetition rate, short-pulse operation
mode in the subpicosecond pulse length. Significant progress has been made on the scaling of
the performance of subpicosecond fiber laser systems in the past decade. The current limitation
exists in the achievable peak power and average power of a linear amplifier. The maximum of
the available average power in a single fiber laser is determined by the mode instabilities.
Several hundred watts is the typical maximum power, depending on the properties of the fiber
and other system parameters. The pulse energy is ultimately limited by the extractable energy
of the fiber, nonlinear pulse distortions, and damage issues. Four coherently combined fiber
amplifiers were reported as a single CPA system [15]. The average power was 530 W and
combined pulse energy was 1.3 mJ. It is expected to realize higher system parameters from a
beam combined fiber laser, especially in higher average power in pulsed mode. The beam
quality was excellent and the beam combination efficiency was as high as 93%. It is expected
that with the coherent combination concept and further progress in fiber laser technology,
average powers in the range of 1 kW and pulse energy of 10 mJ are realistic parameters in the
future. A 10 J, 10 kHz femtosecond laser system is under conceptual design by a coherent
combination of 10,000 fibers as the extension of the coherent combining scheme for high
repetition rate PW laser [16].

Another promising laser is the InnoSlab laser, which is a thin slab laser cooled from both
surface and is reported as a Yb:YAG InnoSlab amplifier with femtosecond pulses of <3 mJ pulse
energy with a repetition rate of 100 kHz. The chirped pulse amplification is essential to achieve
high average power generation in the power amplifier stage. The laser system is consisted of
a 10 mW seed laser with a pulse repetition rate of 100 kHz to MHz, and a preamplifier stage,
and a high power InnoSlab amplifier which is followed by a grating pulse compressor. This
laser system is ideal for OPCPA pumping and micromaterial processing [17]. The highest
average power picosecond laser was reported from a thin-disk multipass laser amplifier,
delivering 1.4 kW with pulses of 4.7 mJ pulse energy and duration of 8 ps at 300 kHz repetition
rate [18]. The beam quality factor was better than M2 = 1.4. The experiments showed that the
thin-disk multipass amplifier can scale pulse energy and average output power independently
in the repetition rates between 300 and 800 kHz. Frequency doubling by means of an LBO
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crystal led to 820 W of average power at a wavelength of 515 nm with 1170 W of incident IR
power which corresponded to a conversion efficiency of 70% and an SHG pulse energy of 2.7
mJ. By sum-frequency generation between the beams at 1030 and 515 nm in a second LBO
crystal, an average UV power of 234 W (780 μJ of pulse energy) was generated at the wave‐
length of 343 nm with a conversion efficiency of 32%. The output powers in the green and UV
spectral region are limited by thermal effects and the apertures of the crystals employed. Future
work may try to use shorter seed pulses as well as to increase the output power by imple‐
menting a higher number of passes in the amplifier and the pump module and by increasing
the pump power. For the higher harmonic generation, crystals with larger apertures and an
improved temperature control is critical to further improve the performance.

Carbon fiber-reinforced plastic (CFRP) is the most promising light material in aircraft or similar
machines. CFRP was processed with the kW picosecond laser with 8 ps pulses and an average
output power of up to 1.1 kW at a pulse repetition rate of 300 kHz with a maximum pulse
energy of 3.7 mJ. Heat accumulation influences are studied for the processing quality in high
average power operation [19]. The pulse overlapping and repetitive scans are studied for the
heat accumulation effect in the report. The study indicates an estimation of optimized feed
rates and maximum scan speeds. The kW picosecond thin disc laser demonstrated its applic‐
ability in the cutting application of a 2 mm CFRP with a high cutting speed of 0.9 m/min and
smaller thermal damage less than 20 μm. These lasers, such as fiber, InnoSlab, and thin disc,
have been proving solutions for high beam quality, short-pulse generation in the high average
power regime in the past two decades. An alternative approach was reported by a cryogeni‐
cally cooled Yb:YAG by demonstration to have significant potential for efficient near-diffrac‐
tion-limited high average power lasers [20]. A single-pass amplifier was reported with 250 W
output power, 54% optical-optical efficiency, M2= 1.1 and a power oscillator with 300 W output
power demonstrated 64% optical-optical efficiency, and M2= 1.2. In each case, the laser systems
were based on end-pumped laser rod gain modules cryogenically cooled in liquid nitrogen
cryostats. The single-pass amplifier is a simple way, compared to fiber or thin disc, to boost
the power of a laser oscillator. The output power in the experiments was limited only by the
incident pump power. The cryogenically cooled, bulk Yb:YAG four-pass amplifier was
operated at 100 kHz repetition rate [21]. The amplified optical pulses were 2.5 mJ pulse energy
with <20 ps pulse length before compression and the spectrum for 3.6ps in transform limited
duration. The measured power stability was less than 0.5% in half an hour full power opera‐
tion. A flat-top spatial profile was measured with near-diffraction-limited beam divergence.
This compact amplifier is ideal for pumping of OPCPA. This chapter describes recent progress
of high average power, picosecond thin-disc laser from the research and development of the
HiLASE project during 2012–2015. HiLASE R&D laser center is a technological infrastructure
in Dolní Břežany near Prague in the Czech Republic, which was founded in a close connection
to the ELI activity. Major effort is to develop lasers for high-tech application, in which the short-
wavelength generation is one of the dominant ones. HiLASE focuses on the development of
kW-class thin-disk-based picosecond and subpicosecond lasers from mJ to sub-1-J pulse
energy. Laser pulses are emitted at repetition rates from 1 to 100 kHz with prospective upgrade
up to 1 MHz near fundamental wavelength. In order to cover the broadest application potential
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of the lasers, it was also initiated high-power harmonic frequency generation and high-power
mid-IR picosecond system consisting of an OPG followed by double OPA systems (Figure 1).

Figure 1. Building of the HiLASE R&D Centre in Dolní Břežany, Czech Republic.

2. High repetition rate picosecond Yb:YAG thin disc-laser in LPP EUV
source

Continuous shrinking of the microcircuit is the natural law for lower cost, higher yield, short
time to the market in the semiconductor industry. The microlithography has been the central
manufacturing technology, and the continuous shrinking of the wavelength is the principal
architecture. The proposal of the application of EUV wavelength appeared long before the
perspective of the light source itself. The shift of source technology to the ArF excimer is
followed by immersion technology and the ArF laser is the long-life light source technology.
The EUV lithography is now entering into the mass production phase in the 22 nm node, and
the wavelength is 13.5 nm (92.5 eV) supported with Mo/Si high reflectivity mirrors. 13.5 nm
wavelength is the first generation of ionizing radiation in the mass production of semicon‐
ductor industries. The laser-produced plasma (LPP) EUV source has been established as the
basic architecture of the EUV source technology, after one decade of focused research and
engineering. The present concern is the stability and cleanness of the source itself and further
engineering is continued [22]. The EUV light source is essentially incoherent spherical emission
from highly ionized Tin plasma. The source is composed of three parts, namely driving laser,
plasma generation/exhaust, and EUV light collector. A large Mo/Si collector mirror has peak
reflectivity at 13.5 nm with 2% bandwidth. It is located close to the high-power plasma source
and the extension of the lifetime is the most critical engineering concern. It is reported in a
recent conference that the power available at the intermediate focus (IF) in the field is 125 W,
and a test source is operated in a company laboratory aiming at 250 W [23]. A typical config‐
uration of the LPP EUV source for high volume manufacturing (HVM) is shown in Figure 2,
where a train of 100 kHz Sn droplet is injected and irradiated by a solid-state laser prepulse
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(purple), dispersed into a mist bunch, and irradiated by a CO2 laser main pulse (red). A
discharge pumped EUV source is now employed for metrology purpose in less than 100 W
level. The typical configuration is shown to the right of the LPP system. A small laser pulse
initiates Sn vapor for main discharge from a rotating disc immersed in Sn liquid [24]. It is called
as laser-assisted discharge plasma (LDP).

Figure 2. Configuration of double pulse method in LPP (left) and LDP (right) EUV sources.

The initial state of the injected Sn droplet is liquid phase of 10–20 μm diameter in the LPP
system, and the direct laser irradiation results in a lower conversion efficiency (CE) and messy
split of liquid Sn inside the chamber. The solution is the double-pulse method, as the initial
pulse converts the liquid Sn droplet into nanocluster bunch (mist) for better laser absorption
and ionization. An experiment demonstrated that the prepulse is much efficient in the case of
picosecond pulse length compared to the nanosecond one. Figure 3 shows the experimental
results reported in a conference [25].

Figure 3. Ionization rate of Sn and CE depending on the pulse length of pre-pulse. Left: Ionization rate. Right: Conver‐
sion efficiency (CE).
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The picosecond laser has typical parameters as pulse energy more than mJ, pulse length is 10
ps or less, and focusing diameter is a few times larger than the droplet diameter of 10–20 μm.
The average power is more than 100 W at the repetition rate of 100 kHz. The laser specification
is not easily covered by any commercial products and must be specifically developed. Thin-
disc laser is suitable for the required specification among other types of advanced lasers such
as fiber or thin slab with its larger beam diameter. HiLASE project was dedicated in a research
and development of kW class picosecond thin-disc lasers in the period of 2012–2015. One of
the laser beamlines is PERLA (Pearl) C, which is aimed to realize a compact, stable 500 W
picosecond thin-disc laser with 100 kHz repetition rate [26]. The research and development of
the laser system is briefly described in the following.

Design of the laser comes from the thin-disk laser concept. Figure 4 shows the configuration
of the thin-disc laser module with a parabolic mirror that collimates and images the pump
radiation from laser diodes. The parabolic mirror images several times the unabsorbed
pumping radiation with a set of roof mirrors. The thermal lensing is limited minimum due to
the axial thermal flow from the gain medium to the water cooled heat sink. The nonlinear
effects in the solid-state medium (self-phase modulation, B-integral) are controlled at low level
in the multiple optical passes in the thin disc. The cooling is efficient due to the small thickness
of the disc. The typical discs are characterized by the gain thickness as 100–300 μm and the
disc diameter as 8–30 mm. Special optical design is required to compensate the low single-pass
amplification gain together with pump absorption. Regenerative amplifier is selected for
medium-power amplifier, and multipass amplifier is designed for higher average power or
higher pulse energy amplifier. Regenerative amplifiers allow very compact and robust laser
systems. High-power regenerative amplifier concept is based on a ring cavity, which is in fact
a new approach. High average power and high repetition rate regenerative amplifiers usually
suffer from Pockels cell issues. A new kind of large aperture BBO Pockels cell was developed
to overcome this obstacle (Figure 4). A kW-class regenerative amplifier with a ring cavity is a
novel approach in the field of picosecond thin disk lasers.

Figure 4. Left: Concept of efficient pumping (blue beam) of thin-disk lasers. Right: in-house developed large-aperture
and water-cooled BBO Pockels cell.

Various solid-state materials are applied in thin disc modules, and the Yb:YAG is the most
favored one due to high quality in fabrication and picosecond pulse generation. Yb:YAG is

High Energy and Short Pulse Lasers108



The picosecond laser has typical parameters as pulse energy more than mJ, pulse length is 10
ps or less, and focusing diameter is a few times larger than the droplet diameter of 10–20 μm.
The average power is more than 100 W at the repetition rate of 100 kHz. The laser specification
is not easily covered by any commercial products and must be specifically developed. Thin-
disc laser is suitable for the required specification among other types of advanced lasers such
as fiber or thin slab with its larger beam diameter. HiLASE project was dedicated in a research
and development of kW class picosecond thin-disc lasers in the period of 2012–2015. One of
the laser beamlines is PERLA (Pearl) C, which is aimed to realize a compact, stable 500 W
picosecond thin-disc laser with 100 kHz repetition rate [26]. The research and development of
the laser system is briefly described in the following.

Design of the laser comes from the thin-disk laser concept. Figure 4 shows the configuration
of the thin-disc laser module with a parabolic mirror that collimates and images the pump
radiation from laser diodes. The parabolic mirror images several times the unabsorbed
pumping radiation with a set of roof mirrors. The thermal lensing is limited minimum due to
the axial thermal flow from the gain medium to the water cooled heat sink. The nonlinear
effects in the solid-state medium (self-phase modulation, B-integral) are controlled at low level
in the multiple optical passes in the thin disc. The cooling is efficient due to the small thickness
of the disc. The typical discs are characterized by the gain thickness as 100–300 μm and the
disc diameter as 8–30 mm. Special optical design is required to compensate the low single-pass
amplification gain together with pump absorption. Regenerative amplifier is selected for
medium-power amplifier, and multipass amplifier is designed for higher average power or
higher pulse energy amplifier. Regenerative amplifiers allow very compact and robust laser
systems. High-power regenerative amplifier concept is based on a ring cavity, which is in fact
a new approach. High average power and high repetition rate regenerative amplifiers usually
suffer from Pockels cell issues. A new kind of large aperture BBO Pockels cell was developed
to overcome this obstacle (Figure 4). A kW-class regenerative amplifier with a ring cavity is a
novel approach in the field of picosecond thin disk lasers.

Figure 4. Left: Concept of efficient pumping (blue beam) of thin-disk lasers. Right: in-house developed large-aperture
and water-cooled BBO Pockels cell.

Various solid-state materials are applied in thin disc modules, and the Yb:YAG is the most
favored one due to high quality in fabrication and picosecond pulse generation. Yb:YAG is

High Energy and Short Pulse Lasers108

studied for more than two decades in its growing, cutting, and polishing, and its thermome‐
chanical characteristic is well fitted for picosecond and subpicosecond pulse generation. One
of the disadvantages of the thin-disc laser is the bonding technology of large diameter thin
Yb:YAG disc to the heatsink basement to be robust in high-temperature and high optical
fluence environment. Several bonding methods are available to 10 mm diameter and further
new techniques are still tested for higher reliability. In the present stage, HiLASE Centre uses
two types of bonding methods, namely soldering to a copper-tungsten heatsinks and bonding
to a diamond substrate. The diamond substrate is advantageous for its higher thermal
conductivity for lower disc temperature under high pumping fluence. Popular pumping
source is a laser diode with 940 nm center wavelength where the absorption has a broader
bandwidth. Yb:YAG has a narrower but high-peak absorption wavelength at 968.8 nm, which
is called as zero-phonon line, and a specific laser diode at this wavelength is used for efficient
pumping. The quantum defect decreases from 8.7% with 940 nm pumping to 5.9 % with zero-
phonon line pumping. Zero-phonon line pumping is also better in its suppression of nonlinear
phonon relaxation in the Yb:YAG medium. The resulting steady-state disc temperature is kept
lower compared to 940 nm pumping, and better stability of the amplification and higher output
pulse energy is the positive result [27]. Pump diodes should have bandwidth <1 nm. Since the
absorption line near 968.8 nm is very narrow, the diodes are stabilized by volume Bragg
gratings (Figure 5).

Figure 5. Left: Diamond-heat spreader-bonded thin disc. Right: Absorption cross section of Yb:YAG.

The high repetition rate beamline PERLA C operates at 100 kHz and provides picosecond
pulses from 1 to >4 mJ in a compressed pulse. The seeder of the laser system is a commercially
available Yb-doped fiber laser from Fianium. The pulse length is 12 ps at 50 MHz repetition
rate, and the pulse energy is 6 nJ with 20 nm broad bandwidth. The pulses are stretched to 0.5
ns pulse length by a small Bragg grating. The pulse bandwidth is filtered to 2.2 nm by the
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bandwidth of the grating, and the bandwidth limited pulse length is less than 2 ps. The seeder
pulses are amplified by a semiconductor optical amplifier (SOA) and a single-mode fiber
amplifier before injection into a regenerative amplifier. The advantage of the SOA is its electric
controllability of the gain time window and used as a pulse picker to reduce the repetition rate
from 50 to 1 MHz. The average power is 300 mW before the regenerative amplifier.

The regenerative amplifier is composed of a single Yb:YAG module with a standing wave
cavity for 100 W operation (Figure 6). The total footprint is compact as 900 × 1200 mm including
a pulse compressor. The pump spot size of the thin disc is 2.7 mm in diameter with cavity
length of 2 m. A double Pockels Cell system optically switches the input and output pulses.
The size of the BBO crystal is 8 × 8 mm2. The crystal holder is engineered to avoid damages to
the BBO by piezo ringing in high repetition rate switching. The maximum available BBO
aperture is 12 × 12 mm2, and the repetition rate is 1 MHz and the voltage is 10 kV. As described
earlier, the pumping is by zero-phonon line continuous fiber-coupled laser diodes. The
maximum amplified pulses are 1.2 mJ of energy at 100 kHz repetition rate with M2 = 1.3 beam
quality

Figure 6. Left: 100 W regenerative amplifier. Right: Optical scheme including a CVBG pulse compressor (HR, highly
reflective mirror; TD, thin disk; LD, pump laser diodes; PC, Pockels cell; TFP, thin-film polarizer; FR, Faraday rotator;
PBS, polarizing beam splitter; CVBG, chirped volume Bragg grating; λ/2 and λ/4, half- and quarter-wave plates; SMF,
single-mode fiber; PLD, pump laser diode; WDM, multiplexer; CRC, circulator; FBG, fiber Bragg grating; OSC, oscilla‐
tor).

This is critically important for precise irradiation like prepulse in an LPP EUV source. Pulses
are compressed by a chirped volume Bragg grating (CVBG) compressor, which is a very robust,
compact, and easy to align bulk compressor with 8 × 82 mm aperture. The CVBG compressor
was tested for long time operation and demonstrated a reliable pulse compression of high
average power pulse train with >85 % diffraction efficiency under optimized cooling condition.
Compressed pulses measured by intensity autocorrelation (Figure 7, right) have temporal
width 1.6 ps (sech2). The pulse-to-pulse energy stability measured over 4 million pulses was
better than 1.7%, and the long-term average power stability measured over 1 h was <1.5 %
(RMS value). Better housing and active stabilization can even improve the stability.
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reflective mirror; TD, thin disk; LD, pump laser diodes; PC, Pockels cell; TFP, thin-film polarizer; FR, Faraday rotator;
PBS, polarizing beam splitter; CVBG, chirped volume Bragg grating; λ/2 and λ/4, half- and quarter-wave plates; SMF,
single-mode fiber; PLD, pump laser diode; WDM, multiplexer; CRC, circulator; FBG, fiber Bragg grating; OSC, oscilla‐
tor).

This is critically important for precise irradiation like prepulse in an LPP EUV source. Pulses
are compressed by a chirped volume Bragg grating (CVBG) compressor, which is a very robust,
compact, and easy to align bulk compressor with 8 × 82 mm aperture. The CVBG compressor
was tested for long time operation and demonstrated a reliable pulse compression of high
average power pulse train with >85 % diffraction efficiency under optimized cooling condition.
Compressed pulses measured by intensity autocorrelation (Figure 7, right) have temporal
width 1.6 ps (sech2). The pulse-to-pulse energy stability measured over 4 million pulses was
better than 1.7%, and the long-term average power stability measured over 1 h was <1.5 %
(RMS value). Better housing and active stabilization can even improve the stability.
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Figure 7. Left: 1.2 mJ of the output pulse energy at 100 kHz repetition before compression has been achieved from the
100 W PERLA C in a nearly diffraction-limited beam. Right: the pulses were compressed to 1.6 ps (FWHM) by a CVBG
as shown by the intensity autocorrelation trace.

A higher average power regenerative amplifier was developed with a ring cavity (Figure 8).
The amplifier is switched by a reliable Pockels cell, which is in-house design for 10 × 10 mm2

aperture with effective cooling. The fundamental spatial mode operating cavity is designed
for a 5.2 mm pump spot and the cavity contains a single diamond-bonded Yb:YAG thin disc.
The disc is zero-phonon line-pumped by VBG-stabilized fiber-coupled diodes. Laser cavity
was tested in the CW regime to evaluate the thermal distortion. 550 W output was observed
with almost 50% optical-optical efficiency and >4 mJ was achieved in a 100 kHz pulse train
with a nearly diffraction-limited output beam (Figure 8).

Figure 8. Left: ring cavity of the 500 W PERLA C laser system. FM, folding mirror; PCX M, planoconvex mirror; PCV
M, planoconcave mirror; TFP, thin-film polarizer; PC, Pockels cell; TDLH, thin-disc laser head; DL, pump diodes; λ/2,
half-waveplate. Right: performance of the 500 W ring cavity in CW and pulse mode (PERLA C).
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3. High average power wavelength conversion of picosecond solid-state
lasers

The extreme ultraviolet lithography is now in an introductory phase in semiconductor
industry. The EUVL has been developed in the field of various component technologies such
as Mo/Si high reflectivity mirror at 13.5 nm wavelength, new types of resist of higher sensitivity
at this wavelength, and plasma-based 100 W class stable EUV sources. Further increase in
average power is expected for large-scale manufacturing to kW level and shorter wavelength
to 6.7 nm where a higher reflectivity mirror seems available. The present source architecture
is the laser-produced plasma (LPP) and is recently considered in its practical scaling limitation
in average power in the range of kW. Free electron laser has been emerging as the new short-
wavelength source in the EUV to X-ray region in the past decade. The present generation is
based on lower repetition rate operation for scientific applications, but the next generation is
aiming at high repetition rate for high average power. Several research papers are discussing
on the possibility of high repetition rate FEL by superconducting RF cavity technology for the
generation of more than kW average power at 13.5 nm wavelength [28, 29]. The present FEL
is operated in the SASE mode, in which the pulses are generated in undulator and composed
of many short-pulse length spikes. The typical pulse parameters are 0.1 mJ pulse energy, 100
fs pulse length, and the beam diameter is 1 mm. The beam fluence is higher than the ablation
threshold of a resist [30], and the high spatial coherence results in much higher localized peak
fluence on the resist. The interaction mechanism is now in a basic study to overcome these
effects compared to the present LPP-generated 100 kHz, mJ EUV pulses with no coherence
and longer pulse length as 10 ns.

The scaling of the FEL technology to kW average power level requires the photocathode
operation in higher repetition rate in industrial environment together with optical technology
to optimize the FEL beam for lithography application and scaling to the 6.7 nm wavelength
region.

The first consideration is the industrial operation of photocathode at >MHz repetition rate. The
bunch charge is typically 1 nC. Metal photocathode is robust, but the quantum efficiency (QE)
is lower for higher charge generation. Several semiconductor cathodes were studied for higher
efficiency to reduce the requirement for the driver laser average power in the repetition rate
mode. The Advanced Photo-Injector (APEX) experiment in Lawrence Berkley National
Laboratory is working to realize a high repetition rate at MHz, high-brightness photocathode.
The photocathode is a normal conducting, 187 MHz RF cavity in the CW mode, and designed
for short bunches as 1–10 ps of 750 keV energy up to 1 nC charges. Several semiconductor
cathode materials are tested for better beam emittance for various operational conditions.
CsK2Sb is irradiated by SHG of Yb fiber pulses, and Cs2Te is irradiated by 4HG. Both semi‐
conductor cathodes have nearly 1% quantum efficiency. The laser pulse energy is 0.5 μJ with
the MHz repetition rate, and the average power is 0.5 W [31]. Cu and Mg photocathodes were
studied for use in an RF photocathode. The gun was manufactured by a technique of hot
isostatic pressing with diamond polishing and tested under a peak electric field of 57 MV/m.
The quantum efficiency of the Cu cathode was 10−4, while Mg cathode achieved a high QE of
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up to 10−3 under 262 nm laser-light illumination. The QE of the Mg cathode under 349 nm laser-
light illumination was measured to be 2.2 × 10−5. The experimental setup and the results of the
photocathode QE measurement are shown in Figure 9 [32].

Figure 9. Left: Experimental setup of photocathode QE measurement. Right: Electron charge vs. input laser energy
(266 nm) from Mg photocathode, • is for before laser cleaning.

It is concluded that 5 μJ, 266 nm, picosecond pulse is enough for Mg photocathode operation
and the required average power at the MHz repetition rate is 5 W. Cu photocathode is proven
to be robust material and usable by a 50 W 4HG picosecond laser. The progress of the laser
technology is now making the metal photocathode again usable for the emerging requirement
for long-life industrial application.

The other consideration is the reduction of the temporal microspikes in the SASE FEL pulses.
Coherence is characterized in a report on the FLASH operation at 8.0 nm wavelength [33]. The
single FEL femtosecond beam is passed through double pinholes for diffraction pattern, and
the measured transverse coherence length is 6.2 ± 0.9 μm in the horizontal and 8.7 ± 1.0 μm in
the vertical directions. The mutual coherence function K is given as 0.42, and a measurement
of K by a laser plasma source is 3.2 × 10−9. It is concluded from these measurements that a beam
spatial homogenization is required at EUV wavelength by using total reflection. Temporal
coherence was also reported by using a split and delay unit. The coherence time of the pulses
produced in the same operation conditions of FLASH was measured to be 1.75 fs. The
measured coherence time has a value, which corresponds to about 65.5 ± 0.5 wave cycles (cτ/λ).
It is well known that the SASE FEL pulses are composed of many small spikes and random
spectrum due to SASE process. It is reported that the averaged spectrum has a 1.4% bandwidth
typically, which is favorable for the Mo/Si EUV multilayer mirror at 13.5 nm (bandwidth 2%).
It is necessary to smooth the temporal spikes to avoid random EUV flux change in the resist
absorption process. The requirement is similar to most FEL applications, and we must consider
efficient seed technology for MHz repetition rate operation.

It is desirable to increase the brightness and pointing/energy stability compared to SASE mode.
An efficient seeding method was established by using a UV wavelength laser, in which the
seed laser modulates the electron beam into coherent bunching at the harmonics of the seed
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laser wavelength. The bunching is intensified in another undulator for coherent FEL action,
and the method is called as high-gain higher harmonic generation (HGHG). FERMI is the
leading institute in this specific technology, and it is reported on the double-stage-seeded FEL
with the fresh bunch injection technique [13]. The main limitation for the direct extension of
the HGHG to shorter wavelength is the required small electron beam energy spread and higher
average power seed laser source. The fresh bunch scheme is the solution for this problem, in
which the FEL radiation is initially produced in an earlier stage undulator and used as the
seeder for shorter wavelength generation (Table 1).

Fermi FEL-2 EUV FEL

Seed wavelength (nm) 260 324

1nd FEL (nm) 32 40.5

2nd FEL (nm) 10.8 13.5

Table 1. Comparison of wavelengths for HGHG operation in FERMI FEL-2 and EUV FEL.

The external seed laser was the third harmonic of a Ti:Sapphire laser with a duration of ∼180
fs (FWHM) and up to 20 μJ energy per pulse. Its transverse size in the modulator was made
larger than the electron beam size to ensure as uniform as possible electron beam energy
modulation. Once the same laser energy is required for MHz EUV FEL, 20 W average power
is required for 324 nm with 180 fs at MHz repetition rate. There are two approaches to generate
such laser pulses, the first is based on the MHz repetition rate Ti:Sapphire laser with 100 μJ
level pulses, and the second one is based on OPCPA.

The short-pulse, short-wavelength laser technology is now advancing to realize the specifica‐
tion described here in a compact box, due to the new suitable laser configuration as thin-disc
laser and an efficient wavelength conversion method.

An ultrafast thin-disc multipass laser amplifier demonstrated the advantage recently by
delivering 1.4 kW of average output power with 4.7 mJ pulse energy and duration of 8 ps at a
repetition rate of 300 kHz [18]. The beam quality factor was better than M2 = 1.4. The experi‐
ments show that the thin-disc multipass amplifier can scale pulse energy and average output
power independently for the investigated repetition rates between 300 and 800 kHz. Frequency
doubling by means of an LBO crystal generated 820 W SHG average power at the wavelength
of 515 nm with 1170 W of incident IR power, which corresponds to a conversion efficiency of
70% and an SHG pulse energy of 2.7 mJ. By sum-frequency generation between the beams at
1030 and 515 nm in a second LBO crystal, an average UV power of 234 W (780 μJ of pulse
energy) was generated at the wavelength of 343 nm THG with a conversion efficiency of 32%.

A wavelength conversion experiment was performed in the HiLASE project to evaluate the
high average power generation of picosecond harmonics, namely, SHG (515 nm) and FHG
(257.5 nm), in LBO and BBO/CLBO crystals, respectively [34]. The pumping of the crystals was
performed by the PERLA C Yb:YAG thin-disc laser operating at 100 kHz and 60 W average
power with 4 ps pulse duration. The average output power of 6 W DUV was achieved in CLBO
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at a spectral bandwidth of 0.2 nm and the FHG/fundamental conversion efficiency was 10%.
The basic optical configuration is shown in Figure 10 together with a photo. The input beam
(upper left) is reflected by two motorized mirrors controlled by a beam stabilizer ensuring
pointing stability better than 20 μrad (RMS). The following half-wave plate and polarizer is
used for energy tuning. The beam is frequency doubled in an LBO at 50°C and 10 mm long,
cut for the critically phase-matched generation at θ = 90° and ϕ = 12.8°, and antireflection coated
for 1030 and 515 nm. The second harmonic beam passes two dichroic mirrors and is injected
into an argon-filled box with a BBO or CLBO crystal. To ensure a stable long-term functioning
of the crystals the temperature was kept at 150°C. The experimental results are shown in
Figure 11. It is visible that the 4HG/SHG conversion in the CLBO crystal has 30% higher
efficiency than in the BBO crystal. The next step of the experiment is to increase the pumping
power to 500 W to confirm the linearity of the conversion efficiency for 50 W FHG output
power.

Figure 10. Optical configuration of the SHG and FHG, and SHG light is introduced into a box filled with argon.

Figure 11. Left: Fourth harmonic output power dependence on the second harmonic in BBO (AR coated) and CLBO
(uncoated) crystals. Right: Relevant FHG spectra from CLBO.
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A small part of the beam is absorbed in the crystal and converted into heat that leads to
temperature gradients in the crystal in the high average power wavelength conversion. This
causes partial phase mismatch and reduces the conversion efficiency. It is estimated that the
fundamental power absorption at the 60 W input is <20 mW in the 10 mm long LBO crystal.
The total absorbed power may be higher due to the fact that a green laser beam has higher
absorption than the fundamental beam [35]. The absorption in the antireflective coating
increases the temperature, which causes the mismatch more than the bulk absorption [36].

A tunable, 112 W optical parametric chirped-pulse amplifier (OPCPA) was demonstrated for
FEL seeding in a burst mode with center frequencies ranging from 720 to 900 nm, pulse energies
up to 1.12 mJ, and a pulse duration of 30 fs at a repetition rate of 100 kHz [14]. The results
demonstrated the feasibility of 112 W femtosecond OPCPA in a burst mode with a duty cycle
of 8 × 10−3, where no heating effects were observed. It was indicated from the measurements
of absorption coefficients of BBO and LBO and calculations, the feasibility of much higher
powers up to 1 kW in continuous mode was expected. Absorption causes a spatially and
temporally varying temperature distribution in the sample. This leads to local changes of the
refractive index and results in the development of a thermal lens. Especially in anisotropic
crystals, this has consequences on increased phase mismatch in optical parametric processes
with a conversion efficiency decrease. In the case of anisotropic crystal in electro-optical
devices such as Pockels cells, the thermally induced depolarization reduces the contrast ratio.
Though the absorption of the anisotropic crystal in these applications is usually very low, the
related effects can be significant with input powers at the kilowatt level. In order to estimate
the influence of thermal effects and taking it into account in the optical system design, the
comprehensive knowledge of material absorption at the operation wavelength is unavoidable.
An extended photothermal method was demonstrated for the quantitative determination of
laser-induced wavefront deformations, which enables the separation of bulk and surface
contributions to absorption in the more complex case of optically anisotropic crystalline media
[36]. Experimental setup is shown in Figure 12. The wavefront deformations of the test beam
(light source) are measured and used for absorption evaluations. The results show that the
absorption is highest at the AR-coated KTP surface of input side (Figure 13, left), while it is
higher at the surface of the output side of noncoated KTP (Figure 13, right). This photothermal
method is usable in the real OPCPA for a better cooling system installation.

Figure 12. Setup of the photothermal method by crossed beam measurement. Wavefront measurement is performed
by a Hartmann-Shack sensor.
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Figure 13. Wavefront deformation measurement results for AR-coated (left) and noncoated KTP samples. Blue indi‐
cates the largest wavefront deformation. The heating laser beam comes into the crystal horizontally from the left, while
the probe beam passes vertically to the readers.

4. Cryogenic laser technology for high pulse energy picosecond amplifier

The basic principle of the laser Compton short-wavelength source is similar to an undulator
emission, and high-intensity laser field is used as the modulating electromagnetic field. Basic
principle of the laser Compton X-ray source is well studied, and a single-shot imaging is critical
for many practical applications. The required specification is explained as the laser pulse must
exceed some threshold parameters. It is known that the highest peak brightness is obtained in
the case of counterpropagating laser pulse and electron beam bunch, in the minimum focusing
area before nonlinear threshold. Figure 14 describes the schematic of the laser Compton
interaction between the electron beam and the laser.

Figure 14. Schematic of the laser Compton scattering process.
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The general formula of obtainable X-ray photon flux N0 is calculated in the counter collision
by the following expression:

2
0N ( Ne Np) / (4 r )cs p¥

where σc is the Compton cross section (6.7 × 10−25 cm2), Ne is the total electron number, Np is
the total laser photon number, and r is the interaction area radius. It is predicted that an increase
in Ne and Np, and the reduction in r results in the increase in the photon flux N0. The practical
limitation of these operations are the instrumental condition of electron beam emittance in
higher charge, M2 of laser beam at higher pulse energy, and optimization for reduced focusing
diameter r. It is possible to assume these parameters as 1 nC charge with 3 ps pulse duration
to be focused down to 10 μm at 38 MeV voltage. Another limitation is the maximum of single-
pulse laser intensity to reach the nonlinear threshold of the higher harmonics generation in
the X ray region. The nonlinear Compton threshold is characterized by the laser field strength

a0 eE/m LCw=

where parameters E, ωL, and C correspond to the amplitude of the laser electric field, laser
frequency, and the speed of light, respectively. The laser field strength is a function of the laser
wavelength. The nonlinear threshold a0 is given around 0.6 which corresponds to 1 J pulse
energy in 1 ps pulse duration at 10 μm focusing intensity in the solid-state laser wavelength.
The threshold laser energy for a single-shot imaging is similar to this critical laser pulse energy
in the expected tight focus condition. The laser technology was not matured to realize such
parameters simultaneously in the past, and usual approach was to increase the repetition rate
of the event to increase the effective obtainable X-ray photon average flux in the affordable
imaging time period such as <millisecond for bioimaging. The first approach is the pulsed laser
storage in an optical enhancement cavity for laser Compton X-ray sources [37]. It is descri‐
bed in the experimental report that “the enhancement factor P inside the optical cavity was
600 (circulating laser power was 42 kW), in which the Finess was more than 2000, and the laser
beam waist of 30 μm (2σ) was stably achieved using a 1 μm wavelength Nd:Vanadium mode-
locked laser with repetition rate 357 MHz, pulse width 7 ps, and average power 7 W.” The
second approach is the multipass optical cavity, in which the laser Compton generation focus
exists inside the multipass cavity. The minimum focusing diameter is limited due to the
requirement of the cavity design. SHG picosecond pulse of 0.2 J pulse energy is circulated 32
times to collide electron bunches [38].

An approach is undertaken by the thin-disc laser technology to generate 1 J, picosecond high
beam quality pulses at 100 Hz repetition rate in the Max Born Institute, Berlin, Germany. The
development is based on a ring cavity concept combined with chirped pulse amplification
(CPA) [39]. The regenerative amplifier produced more than 300 mJ energy when pumped with
the maximum available pump power of 1.7 kW. The regenerative amplifier is followed by a
large aperture ring amplifier that increases the pulse energy further to 600 mJ. This ring
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amplifier consists of a Pockels cell and a set of polarizers for the in- and out-coupling, two
amplifier heads and a spatial filter in between. The amplifier heads are equipped with 750
μm thick Yb:YAG (7%) discs of 25 mm diameter. Each disc is pumped by 1 ms long pulses
of 4 × 1.5 kW. Booster amplifier for 1 J pulse is based on the large aperture ring amplifier design
without internal Pockels cell. The amplifier discs were pumped by diode modules that deliver 6
kW peak power out of a 2 mm fiber. Each amplifier is equipped with two of these pump
modules, which together provide about twice the pump power compared to the large aperture
ring amplifier. The booster amplifier is changed from former multipass configuration to a large
aperture ring amplifier. The result is a multiple amplifier stage configuration with many thin-
disc laser modules.

Cryogenic laser technology is suitable for the generation of large-pulse energy in a laser
configuration of lower stages. A cryogenic thick-disc Yb:YAG laser was reported as 1 J was
generated at 100 Hz repetition rate [3]. The picosecond CPA laser was developed for driving
high average power soft X-ray lasers. This is one of the greatest breakthroughs in the history
of high-energy solid-state laser, and it is described in the report on the configuration and
operation as “Seed pulses of 100 mJ energy were produced by the laser frontend and ampli‐
fied to 1.5 Joules pulse energy by the five-pass power amplifier which consists of two Yb:YAG
disks mounted in vacuum on a single cryo-cooling head. The Yb:YAG disks are bonded on all
lateral sides with a Cr:YAG cladding to eliminate feedback of spontaneous emission into the
active region to prevent amplified spontaneous emission (ASE) losses and transverse parasit‐
ic lasing. Cryogenic cooling of Yb:YAG to liquid nitrogen temperature increases the heat
conductivity and reduces the saturation fluence, allowing for efficient high energy pulse
generation at high repetition rates. High capacity cooling was accomplished by flowing
cryogenic liquid coolant through the laser head. Each disk was pumped with 1.5 ms dura‐
tion, 4 kW pulses from a λ = 940 nm laser diode array. At the maximum pump power, 1.5 J
laser pulses were obtained. These pulses were compressed by a dielectric grating pair
producing 1 J, 5 ps FWHM duration pulses at 100 Hz repetition rate.” The repetition rate is
recently increased to 500 Hz and the picosecond pulse energy is 1 J, and the resulting aver‐
age power is 500 W. Temporally pulse-shaped laser pulses were focused into a ∼5 mm long,
30 μm FWHM wide line on a solid target using cylindrical optics. The beam quality is indicated
by the focusing specification. The resulting plasma was in the Ni-like stage, and strong
collisional excitation leads to a large transient population inversion on the 4d1S0 → 4p1P1

transition of Ni-like ions at wavelengths ranging from 10.9 to 18.9 nm.

Cryogenic solid-state laser is preferred for power scalability with better beam quality,
especially in higher pulse energy mode, and improvement of efficiency at the cost of longer
pulse length [40]. Yb:YAG is the most tested material due to its low quantum defect and still
broadband absorption in low temperatures. Various thermal optical properties are reported
for base materials as YAG (ceramic and single crystal), GGG, GdVO4, and Y2O3 on the thermal
conductivity, thermal expansion, refractive index, absorption cross section, emission cross
section, and fluorescence lifetime in the cryogenic condition.

One of the key features of the cryogenic laser is its better beam quality. A quantitative
evaluation is important for a practical laser design for dedicated applications and a measure‐
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ment was performed on the wavefront distortion caused by the thermal origin in a cryogen‐
ic Yb:YAG crystal in the temperature range 250–130 K in nonlasing condition [41]. The
wavefront aberration was evaluated by a wavefront sensor. The measurement results showed
a significant reduction of the wavefront aberration in lower temperature. The thermal defocus
was concluded as originated to the thermal lensing effect together with electronically induced
change of the refractive index by the excitation of ion activators (electronic lensing). The
dominant reason of the aberration was found as the thermal lensing in the experimental
condition as 6.3 kW/cm2 pumping intensity and pumping repetition rate of 100 Hz. The Strehl
ratio was observed to be improved in the lower temperature even the absorbed energy was
increased. The experiment showed the advantage of the cryogenic technology in terms of
efficiency and beam quality.

Figure 15. LEFT: Experimental configuration of the aberration measurement. FLD1, fiber-coupled pump diode at 936.6
nm; FLD2, fiber-coupled probe beam laser diode at 1065 nm; GT, Galilean telescope; W, windows; M, turning mirrors;
DM, dichroic mirrors; A1, 2, achromatic doublets with focal lengths of 100 and 250 mm, respectively, L1, 2, lenses with
a focal length of 250 mm; ND, neutral density filters; LPF, longpass filter with cutoff wavelength at 1050 nm. Right:
Multipass amplification configuration. WS, wavefront sensor; PM, power meter.

The experimental setup used for the measurement of the wavefront aberrations in a cryogen‐
ically cooled Yb:YAG slab is shown in Figure 15 (left). The right side figure shows the
configuration of multipass amplification from the 100 mJ level input. A Yb:YAG crystal is
mounted in a copper holder in a closed-loop pulse tube cryostat (Q Drive). The cooling capacity
is 12 W at 100 K. The crystal was supplied from Crytur, Czech Republic, and the specifica‐
tion was thickness 2 mm, diameter 10 mm, and doping concentration 3 at%. A fiber-coupled
laser diode (DILAS) pumped the crystal from one side. The peak wavelength was 936.9 nm,
and the peak intensity was 6.3 kW/cm2. Two achromatic doublet lens of focal length 100 and
250 mm imaged the 1 mm core of the fiber with NA 0.22 to the Yb:YAG surface. The result‐
ing pump spot size was 2.5 mm (1/e2) in super-Gaussian intensity distribution. Table 2(a)
summarizes the absorbed energy per pump pulse at each temperature. The absorbed energy
increases by about 19 % if the temperature decreases by 120 K from initial 250 K. The absor‐
bed power and thus generated heat is higher with decreasing temperature, and the aberra‐
tions are lower because of higher thermal conductivity, lower dn/dT, and lower expansion
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coefficient. Theoretical thermal decay time constants were calculated according to the formula
tT = rp

2/4κ, where rp is the radius of the pump, and κ is the thermal diffusion coefficient, which
is defined as k/(ρcp) where k is the thermal conductivity, ρ is the mass density, and cp is the
specific heat. The estimated values are shown in Table 2(b) for the thermal relaxation time
constants for different temperature conditions in 3 at% doped Yb:YAG as an estimation from
data for 2 and 4 at% doped crystals. The thermal decay time is around 31 ms at 150 K, which
is three times longer than the time interval between pumping at 100 Hz. This value is 93 ms
at 250 K.

(a)

Temperature (K) Absorbed energy (mJ) Absorbed energy (%)

250 128 41.3

210 137 44.3

170 145 46.8

130 152 49.0

(b)

Temperature (K) Thermal decay time for 3 at% Yb:YAG crystal (ms)

250 93

200 60

150 31

Table 2. (a) Absorbed energy per pump pulse by the 2 mm thick, 3 at% doped Yb:YAG slab pumped by energy of 310
mJ at a wavelength of 936.6 nm for different temperatures of the cooling finger. (b) Calculated thermal decay time for 3
at% Yb:YAG crystal.

Cryogenic cooling is usually applied in booster amplifiers with more than one pass of the seed
beam through the active medium in order to efficiently extract the stored energy. Therefore,
it is assumed to evaluate four beam passes, and the measured wavefront with subtracted tilt
and defocus was four times multiplied to calculate the real Strehl ratio in multipass amplifi‐
cation. The calculated Strehl ratio was 0.96 at 130 K and decreased to 0.93 at 250 K as shown
in Figure 16. The practical Strehl ratio to obtain the same pulse energy decreases at higher
temperature to obtain the same pulse energy in lower gain. The measurement indicates the
linearity of the Strehl ratio to the temperature decrease, and it is expected further increase in
the beam quality is possible in lower temperature of about less than 130 K.

In the last part of this chapter, a large aperture cryogenic laser is evaluated. The perform‐
ance of a gas-cooled multislab laser is recently reported from the DiPOLE project within the
Central Laser Facility (CLF RAL STFC), UK. The development is aiming at an efficient high
pulse energy diode-pumped solid-state laser (DPSSL) architecture based on cryogenic gas-
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cooled, multislab ceramic Yb:YAG amplifier technology. A prototype amplifier is delivering
up to 10.8 J pulse energy at 1030 nm wavelength with 10 Hz repetition rate. The optical-optical
conversion efficiency is 22.5% [42]. The long-term energy stability was observed as 0.85% RMS
with 7 J pulse energy for 48 h operation (2 million shots). An extension of the cryogenic
technology is now under test in the DiPOLE 100 to confirm the cryogenic concept at 100 J, 10
Hz region (kW average power). The present laser system is built for the HiLASE project and
will deliver 100 J temporally shaped ns pulses at 10 Hz with a fully integrated control system.
A second system is also under development for the high-energy density (HED) beamline of
the European XFEL project.

Figure 16. Strehl ratio for the four passes of the probe beam through the Yb:YAG slab and absorbed pump power per
single pass as a function of temperature. Lines represent a linear fit with slopes of –6 × 10−4/K and −0.064%/K, respec‐
tively.

The 10 J amplifier architecture is based on the multislab approach. The gain medium is
composed of four circular Yb:YAG slabs with two different Yb doping levels as 1.1 and 2.0 at
% to confirm a uniform temperature distribution among each slab. The diameter of the circular
slab is 45 mm with a 5 mm thickness, and the pump area is square of 23 × 23 mm2. The pump
beam is supplied from 939 nm diodes in stack with a pumping time duration of 700 μs at 10
Hz. The Yb:YAG circular slab is cladded with a 5 mm wide Cr:YAG absorber with 6 cm−1

absorption coefficient. This is effective to prevent amplified spontaneous emission (ASE) and
parasitic oscillations. A cryogenic He flow cools the slab and keeps the temperature as 150–
170 K. The pressure of the He flow is 10 bar. Figure 17 shows the optical arrangement for
amplification. A seed beam is injected into the amplifier through a dichroic mirror and then
image relayed by a spatial filter (f = 1 m) to a back reflector and reflected back to the amplifi‐
er module. One spatial filter locates on each side of the amplifier head. Each pass is com‐
posed by a set of separate mirrors. A deformable mirror is placed in the amplifier after the
third pass for the aberration compensation. After seven passes, the beam is extracted from the
amplifier with pulse energy increased to 9 J with a size of 21 mm × 21 mm2.
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Numerical modeling of the multislab amplifier is conducted in the HiLASE project to ensure
the scaling of the cryogenic technology for further increased parameter region in pulse energy,
repetition rate, and better beam quality. Comsol Multiphysics software was chosen to model
the thermal and stress effects in the amplifiers [43]. The sources of heat were calculated in the
ASE code [44]. The axial surfaces of the slabs are assumed to be cooled only by flowing helium
gas at 160 K. The slab was assumed to have no thermal contact with its 2 cm thick Invar holder;
and all heat is removed by convection through the faces. From the temperature and stress maps
of the slab, the optical path difference (OPD) and birefringence depolarization losses were
calculated for a single slab according to a prior approach. The gradual decrease of cooling
efficiency in the direction of gas flow, caused by He heating, results in the loss of left-right
symmetry of the temperature, stress, depolarization, and OPD maps.

Figure 17. Schematic of the 10 J cryogenic multislab amplifier. It consists of Yb:YAG ceramic slabs in the laser head,
dichroic beam splitters (DBSs), lens arrays (LAs), vacuum spatial filters (VSFs), and homogenized pump diode laser
modules (PDs).

It is planned to increase the repetition rate of the 10 J amplifier to 100 Hz by keeping the basic
performance. Once the operation is as expected, the cryogenic laser offers a technological stage
for a single module to generate picosecond multipulses of a few joules of energies, for a single-
shot imaging Compton source.

5. Conclusion

Recent progress of thin-disc lasers is promising to realize a high-brightness pumping source
of laser plasma or laser Compton short-wavelength sources. Further progress is possible by
an advanced cryogenic technology with its higher thermal conductivity. These laser progress‐
es are contributing in the practical applications in short-wavelength imaging and material
processing. Picosecond thin-disc laser technology is now in the stage of 1 kW level with >100
kHz repetition rate. Further research and developments are aiming at 1 kW with kHz repetition
rate (1 J, ps, kHz), pulse length reduction into subpicosecond region with MHz repetition
rate (mJ, fs, MHz), and increase in the average power to 10 kW region. These challenges require
further improvements of the achieved technology bases and evaluation of new schemes.
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Cryogenic technology is now offering an option for these challenges in the solid-state laser
technology.

Acknowledgements

The author appreciates kind collaboration of many researchers in HiLASE Centre in Czech
Republic, Waseda University, and Gigaphoton Inc., in Japan. Dr. M. Smrz is especially
acknowledged for his excellent work in the 100 kHz thin-disc picosecond laser, Dr. H.
Turcicova and Dr. O.Novak for their high average power wavelength conversion, and Dr. P.
Sikocinski for his aberration measurement in cryogenic Yb:YAG. Dr. Sakaue is highly
appreciated for his experimental and theoretical work in the Laser Compton and FEL seeding
research and Dr. T. Yanagida for his pioneering work of tin droplet atomization by a picosec‐
ond laser. Experimental work of this chapter is cofinanced by the state budget of the Czech
Republic (project HiLASE: Superlasers for real world: LO1602). This work is also supported
by the Czech Science Foundation (GACR) under project GA16-12960S.

Author details

Akira Endo

Address all correspondence to: endo@fzu.cz

1 Research Institute for Science and Engineering, Waseda University, Tokyo, Japan

2 HiLASE Centre, Institute of Physics AS CR, Dolní Břežany, Czech Republic

References

[1] Assoufid, L. and Naulleau, P. (2016) Topical Meeting, Compact (EUV & X-ray) Light
Sources, OSA High-Brightness Sources and Light-Driven Interactions Congress, 20–22
March 2016, Hilton Long Beach, Long Beach, California, USA

[2] Mizoguchi, H. Nakarai, H. Abe, T. Nowak, K.M. Kawasuji, Y. Tanaka, H. Watanabe, Y.
Hori, T. Kodama, T. Shiraishi, Y. Yanagida, T. Soumagne, G. Yamada, T. Yamazaki, T.
Okazaki, S. and Saitou, T. (2015) “Performance of one hundred watt HVM LPP-EUV
source,” Proceedings of SPIE 9422-11

[3] Reagan, B.A. Berrill, M. Wernsing, K.A. Baumgarten, C. Woolston, M. and Rocca, J.J.
(2014) “High-average-power, 100-Hz-repetition-rate, tabletop soft-X-ray lasers at
sub-15-nm wavelengths,” Phys. Rev. A 89, 053820

High Energy and Short Pulse Lasers124



Cryogenic technology is now offering an option for these challenges in the solid-state laser
technology.

Acknowledgements

The author appreciates kind collaboration of many researchers in HiLASE Centre in Czech
Republic, Waseda University, and Gigaphoton Inc., in Japan. Dr. M. Smrz is especially
acknowledged for his excellent work in the 100 kHz thin-disc picosecond laser, Dr. H.
Turcicova and Dr. O.Novak for their high average power wavelength conversion, and Dr. P.
Sikocinski for his aberration measurement in cryogenic Yb:YAG. Dr. Sakaue is highly
appreciated for his experimental and theoretical work in the Laser Compton and FEL seeding
research and Dr. T. Yanagida for his pioneering work of tin droplet atomization by a picosec‐
ond laser. Experimental work of this chapter is cofinanced by the state budget of the Czech
Republic (project HiLASE: Superlasers for real world: LO1602). This work is also supported
by the Czech Science Foundation (GACR) under project GA16-12960S.

Author details

Akira Endo

Address all correspondence to: endo@fzu.cz

1 Research Institute for Science and Engineering, Waseda University, Tokyo, Japan

2 HiLASE Centre, Institute of Physics AS CR, Dolní Břežany, Czech Republic

References

[1] Assoufid, L. and Naulleau, P. (2016) Topical Meeting, Compact (EUV & X-ray) Light
Sources, OSA High-Brightness Sources and Light-Driven Interactions Congress, 20–22
March 2016, Hilton Long Beach, Long Beach, California, USA

[2] Mizoguchi, H. Nakarai, H. Abe, T. Nowak, K.M. Kawasuji, Y. Tanaka, H. Watanabe, Y.
Hori, T. Kodama, T. Shiraishi, Y. Yanagida, T. Soumagne, G. Yamada, T. Yamazaki, T.
Okazaki, S. and Saitou, T. (2015) “Performance of one hundred watt HVM LPP-EUV
source,” Proceedings of SPIE 9422-11

[3] Reagan, B.A. Berrill, M. Wernsing, K.A. Baumgarten, C. Woolston, M. and Rocca, J.J.
(2014) “High-average-power, 100-Hz-repetition-rate, tabletop soft-X-ray lasers at
sub-15-nm wavelengths,” Phys. Rev. A 89, 053820

High Energy and Short Pulse Lasers124

[4] John, R.W (1998) “Brilliance of X rays and gamma rays produced by Compton back
scattering of laser light from high energy-electrons,” Laser Particle Beams 16, 115–127

[5] Endo, A. Yang, J. Okada, Y. Yanagida, T. Yorozu, M. and Sakai, F. (2001) “Characteri‐
zation of the monochromatic laser Compton X-ray beam with picosecond and femto‐
second pulse widths,” Proceedings SPIE 4502, pp. 100–108

[6] Babzien, M. Ben-Zvi, I. Kusche, K. Pavlishin, I.V. Pogorelsky, I.V. Siddons, D.P. and
Yakimenko, V. (2006) “Observation of the second harmonic in Thomson scattering from
relativistic electrons,” Phys. Rev. Lett. 96, 054802

[7] Kumita, T. Kamiya, Y. Babzien, M. Ben-Zvi, I. Kusche, K. Pavlishin, I.V. Pogorelsky,
I.V. Siddons, D.P. Yakimenko, V. Hirose, T. Omori, T. Urakawa, J. Yokoya, K. Cline, D.
and Zhou, F (2008) “Observation of the nonlinear effect in relativistic Thomson
scattering of electron and laser beams,” Laser Phys. 16, 267–271

[8] Oliva, P. Carpinelli, M. Golosio, B. Delogu, P. Endrizzi, M. Park, J. Pogorelsky, I.
Yakimenko, V. Williams, O. and Rosenzweig, J (2010) “Quantitative evaluation of
single-shot inline phase contrast imaging using an inverse Compton x-ray source,”
Appl. Phys. Lett. 97, 134104

[9] Pogorelsky, I.V. Babzien, M. Pavlishin, I. Stolyarov, P. Yakimenko, V. Shkolnikov, P.
Pukhov, A. Zhidkov, A. and Platonenko, V.T. (2006) “Terwatt CO2 laser; a new tool for
strong field research,” Proceedings of SPIE, 6261, 18

[10] Ur.C.A. Balabanski, D. Cata-Danil, G. Gales, S. Morjan, I. Tesileanu, O. Ursescu, D.
Ursu, I. and Zamfir, N.V. (2015) “The ELI–NP facility for nuclear physics,” Nucl.
Instrum. Method B 355, 198–202

[11] Bacci, A. Palmer, D. Serafini, L. Torri, V. Petrillo, V. Tomassini, P. Puppin, E. Alesini,
D. Anania, M. Bellaveglia, M.P. Bisesto, F. Pirro, G.Di. Esposito, A. Ferrario, M. Gallo,
A. Gatti, G. Ghigo, A. Spataro, B. Vaccarezza, C. VillaF. Cianchi, A. Agostino, R.G.
Borgese, G. Ghedini, M. Martire, F. Pace, C. Levato, T. Dauria, G. Fabris, A. and Marazzi,
M. (2014) “The STAR Project,” Proceedings of IPAC2014, WEPRO115A

[12] Endo, A. Sakaue, K. Washio and M. Mizoguchi, H. (2014) “Optimization of high average
power FEL for EUV lithography application,” Proceedings of FEL2014, FRA04

[13] Allaria, E. Castronovo, D. Cinquegrana, P. Craievich, P. Dal Forno, M. Danailov, M.B.
D’Auria, G. Demidovich, A. De Ninno, G. Di Mitri, S. Diviacco, B. Fawley, W.M.
Ferianis, M. Ferrari, E. Froehlich, L. Gaio, G. Gauthier, D. Giannessi, L. Ivanov, R.
Mahieu, B. Mahne, N. Nikolov, I. Parmigiani, F. Penco, G Raimondi, L. Scafuri, C.
Serpico, C. Sigalotti, P. Spampinati, S. Spezzani, C. Svandrlik, M. Svetina, C. Trovo, M.
Veronese, M. Zangrando, D. and Zangrando, M. (2013) “Two-stage seeded soft-X-ray
free-electron laser,” Nature Photon. 7, 913–918

High-Brightness Solid-State Lasers for Compact Short-Wavelength Sources
http://dx.doi.org/10.5772/64147

125



[14] Höppner, H. Hage, A. Tanikawa, T. Schulz, M. Riedel, R.Teubner, U. Prandolini, MJ.
Faatz, B. and Tavella, F. (2015) “An optical parametric chirped-pulse amplifier for
seeding high repetition rate free-electron lasers,” New J. Phys. 17, 053020

[15] Klenke, A. Breitkopf, Kienel, S.M. Gottscha, T. Eidam, T. Hädrich, S. Rothhardt, J.
Limpert, J. and Tünnermann, A. (2013) “530 W, 1.3 mJ, four-channel coherently
combined femtosecond fiber chirped-pulse amplification system,” Opt. Lett. 38, 2283–
2285

[16] Brocklesby, W.S. Nilsson, J. Schreiber, T. Limpert, J. Brignon, A. Bourderionnet, J.
Lombard, L. Michau, V. Hanna, M. Zaouter, Y. Tajima, T. and Mourou, G. (2014)
“ICAN as a new laser paradigm for high energy, high average power femtosecond
pulses,” Eur. Phys. J. Special Topics 223, 1189–1195

[17] Mans, T.R. Graf, R. Dolkemeyer, J. Schnitzler, C (2014) “Femtosecond Innoslab
amplifier with 300 W average power and pulse energies in the mJ regime,” Proceed‐
ings of SPIE 8959-43

[18] Negel, J.P. Loescher, A. Voss, A. Bauer, D. Sutter, D. Killi, A. Ahmed, M.A. and Graf.T,
(2015) “Ultrafast thin-disk multipass laser amplifier delivering 1.4 kW (4.7 mJ, 1030 nm)
average power converted to 820 W at 515 nm and 234 W at 343 nm,” Opt. Exp. 23, 21064

[19] Freitag, C. Wiedenmann, M. Negel, J.P. Loescher, A. Onuseit, V. Weber, R. Ahmed,
M.A. Thomas Graf, T. (2015)” High-quality processing of CFRP with a 1.1-kW pico‐
second laser,” Appl. Phys. A 119, 1237–1243

[20] Ripin, D.J. Ochoa, J.R. Aggarwal, R.L. Fan, T.Y. (2005) “300-W Cryogenically Cooled
Yb:YAG Laser,” IEEE J. Quantum Electron, QE-41, 1274–1277

[21] Zapata, L.E. Reichert, F. Hemmer, M. Kaertner, F.X. (2016) “250 W average power, 100
kHz repetition rate cryogenic Yb:YAG amplifier for OPCPA pumping,” Opt. Lett. 41,
492–495

[22] Endo, A. Lithography, Chapter 9 (2010) “CO2 laser produced Tin plasma light source
as the solution for EUV lithography,” edited by Michael Wang, InTech, Janeza
Trdine 9, 51000 Rijeka, Croatia

[23] Pirati, A. Peeters, R. Smith, D.A. Lok, S. Noordenburg, M. Es, R. Verhoeven, E. Meijer,
H. Minnaert, A. Horst, W. Meiling, H. Mallmann, J. Wagner, C. Stoeldraijer, J. Fisser,
G. Levasier, L. Finders, J. Zoldesi, C. Stamm, U. Boom, H. Brandt, D.C. Brown, D.J. and
Fomenkov, I.V. (2016) “EUV lithography performance for manufacturing: status and
outlook,” Proceedings of SPIE 9776-10

[24] Teramoto, Y. Santos, B. Mertens, G. Kops, R. Kops, M. Wezyk, A. Bergmann, K. Yabuta,
H. Nagano, A. Ashizawa, N. Shirai, T. Nakamura, K. and Kasama, K. (2016) “High-
radiance LDP source: Clean, reliable, and stable EUV source for mask inspection,”
Proceedings of SPIE 9776-22

[25] Mizoguchi, H. Saitou, T. Yamazaki, T. Okazaki, S. Nakarai, H. Abe, T. Kodama, T.
Yanagida, T. Hori, T. Nowak, K.M. Kawasuji, Y. Tanaka, H. Shiraishi, Y. Watanabe, Y.

High Energy and Short Pulse Lasers126



[14] Höppner, H. Hage, A. Tanikawa, T. Schulz, M. Riedel, R.Teubner, U. Prandolini, MJ.
Faatz, B. and Tavella, F. (2015) “An optical parametric chirped-pulse amplifier for
seeding high repetition rate free-electron lasers,” New J. Phys. 17, 053020

[15] Klenke, A. Breitkopf, Kienel, S.M. Gottscha, T. Eidam, T. Hädrich, S. Rothhardt, J.
Limpert, J. and Tünnermann, A. (2013) “530 W, 1.3 mJ, four-channel coherently
combined femtosecond fiber chirped-pulse amplification system,” Opt. Lett. 38, 2283–
2285

[16] Brocklesby, W.S. Nilsson, J. Schreiber, T. Limpert, J. Brignon, A. Bourderionnet, J.
Lombard, L. Michau, V. Hanna, M. Zaouter, Y. Tajima, T. and Mourou, G. (2014)
“ICAN as a new laser paradigm for high energy, high average power femtosecond
pulses,” Eur. Phys. J. Special Topics 223, 1189–1195

[17] Mans, T.R. Graf, R. Dolkemeyer, J. Schnitzler, C (2014) “Femtosecond Innoslab
amplifier with 300 W average power and pulse energies in the mJ regime,” Proceed‐
ings of SPIE 8959-43

[18] Negel, J.P. Loescher, A. Voss, A. Bauer, D. Sutter, D. Killi, A. Ahmed, M.A. and Graf.T,
(2015) “Ultrafast thin-disk multipass laser amplifier delivering 1.4 kW (4.7 mJ, 1030 nm)
average power converted to 820 W at 515 nm and 234 W at 343 nm,” Opt. Exp. 23, 21064

[19] Freitag, C. Wiedenmann, M. Negel, J.P. Loescher, A. Onuseit, V. Weber, R. Ahmed,
M.A. Thomas Graf, T. (2015)” High-quality processing of CFRP with a 1.1-kW pico‐
second laser,” Appl. Phys. A 119, 1237–1243

[20] Ripin, D.J. Ochoa, J.R. Aggarwal, R.L. Fan, T.Y. (2005) “300-W Cryogenically Cooled
Yb:YAG Laser,” IEEE J. Quantum Electron, QE-41, 1274–1277

[21] Zapata, L.E. Reichert, F. Hemmer, M. Kaertner, F.X. (2016) “250 W average power, 100
kHz repetition rate cryogenic Yb:YAG amplifier for OPCPA pumping,” Opt. Lett. 41,
492–495

[22] Endo, A. Lithography, Chapter 9 (2010) “CO2 laser produced Tin plasma light source
as the solution for EUV lithography,” edited by Michael Wang, InTech, Janeza
Trdine 9, 51000 Rijeka, Croatia

[23] Pirati, A. Peeters, R. Smith, D.A. Lok, S. Noordenburg, M. Es, R. Verhoeven, E. Meijer,
H. Minnaert, A. Horst, W. Meiling, H. Mallmann, J. Wagner, C. Stoeldraijer, J. Fisser,
G. Levasier, L. Finders, J. Zoldesi, C. Stamm, U. Boom, H. Brandt, D.C. Brown, D.J. and
Fomenkov, I.V. (2016) “EUV lithography performance for manufacturing: status and
outlook,” Proceedings of SPIE 9776-10

[24] Teramoto, Y. Santos, B. Mertens, G. Kops, R. Kops, M. Wezyk, A. Bergmann, K. Yabuta,
H. Nagano, A. Ashizawa, N. Shirai, T. Nakamura, K. and Kasama, K. (2016) “High-
radiance LDP source: Clean, reliable, and stable EUV source for mask inspection,”
Proceedings of SPIE 9776-22

[25] Mizoguchi, H. Saitou, T. Yamazaki, T. Okazaki, S. Nakarai, H. Abe, T. Kodama, T.
Yanagida, T. Hori, T. Nowak, K.M. Kawasuji, Y. Tanaka, H. Shiraishi, Y. Watanabe, Y.

High Energy and Short Pulse Lasers126

Yamada, T. and Soumagne, G. (2014) “Sub-hundred Watt operation demonstration of
HVM LPP-EUV source,” Proceedings of SPIE 9048-22

[26] Smrž, M. Miura, T. Chyla, M. Muzik, J. Nagisetty, S.S. Novák, O. Turcicova, H.
Linnemann, Huynh, J. Severová, P. Sikocinski, P. Endo, A. and Mocek, T. (2016)
“Progress in kW-class picosecond thin-disk lasers development at the HiLASE,”
Proceedings of SPIE 9726-43

[27] Smrž, M. Miura, T. Chyla, M. Nagisetty, S. Novák, O. Endo, A. and Mocek, T. (2014)
“Suppression of nonlinear phonon relaxation in Yb:YAG thin disk via zero phonon line
pumping,” Opt. Lett. 39, 4919–4922

[28] Schneidmiller, E.A. , Vogel, V.F. Weise, H. and Yurkov, M.V. (2011) “A kilowatt-scale
free electron laser driven by L-band superconducting linear accelerator operating in a
burst mode,” International Workshop on EUV and Soft X-ray Sources, November 7–9,
2011, Dublin, Ireland

[29] Hosler, E.R. Wood, O.R. Barletta, W.A. Mangat, P.J., Preil, M.E. (2015) “Considera‐
tions for a free-electron laser-based extreme-ultraviolet lithography program,”
Proceedings of SPIE, 9422-12

[30] Chalupský, J. Juha, L. et.al. (2007) “Characteristics of focused soft X-ray free-electron
laser beam determined by ablation of organic molecular solids,” Opt. Exp. 15, 6036

[31] Filippetto D. Byrd, J. Chin, M. Cork, C. Santis, S.De. Feng, J. Norum, W.E. Doolittle, L.
Papadopoulos, C. Portmann, G. Quintas, D.G. Sannibale, F. Stuart, M. Wells, R. and
Zolotorev, M. (2011) “Low energy beam diagnostic for APEX, the LBNL VHF photo-
injector,” Proceedings of 2011 Particle Accelerator Conference, WEP222

[32] Nakajyo, T. Yang, J. Sakai, F. and Aoki, Y. (2003) “Quantum efficiencies of Mg
photocathode under illumination with 3rd and 4th harmonics Nd: LiYF4 laser light in
RF gun,” Jpn. J. Appl. Phys. 42 1470–1474

[33] Singer, A. Sorgenfrei, F. Mancuso, A.P. Gerasimova, N. Yefanov, O.M. Gulden, J.
Gorniak, T. Senkbeil, T. Sakdinawat, A. Liu, Y. Attwood, D. Dziarzhytski, S. Mai, D.D.
Treusch, R. Weckert, E. Salditt, T. Rosenhahn, A. Wurth, W. and Vartanyants, A. (2012)
“Spatial and temporal coherence properties of single free electron laser pulses,” Opt.
Exp. 20, 17480

[34] Turcicova, H. Nowak, O. Smrz, M. Miura, T. Endo, A. and Mochek, T. “Deep ultravio‐
let (257.5 nm and 206 nm) picosecond pulses produced a high-power 100 kHz solid-
state thin-disk laser,” Proceedings of SPIE 9893-1

[35] Riedel, R. Rothhardt, J. Beil.K, Gronloh, B. Klenke, A. Höppner, H. Schulz, M., Teubner,
Kränkel, U.C. J.Limpert, J. Tünnermann, A. Prandolini, M.J. F. and Tavella, F. (2014)
“Thermal properties of borate crystals for high power optical parametric chirped-pulse
amplification,” Opt. Exp. 22, 17607.

High-Brightness Solid-State Lasers for Compact Short-Wavelength Sources
http://dx.doi.org/10.5772/64147

127



[36] Stubenvoll, M. Schäfer, B. Mann, K. and Novak, O. (2016) “Photothermal method for
absorption measurements in anisotropic crystals,” Rev. Sci. Instrum. 87, 023904,
Proceedings of SPIE 9726-43

[37] Sakaue, K. Araki, S. Fukuda, M. Higashi, Y. Honda, Y. Sasao, N. Shimizu, H. Taniguchi,
T. Urakawa, J. and Washio, M. (2011) “Development of a laser pulse storage techni‐
que in an optical super-cavity for a compact X-ray source based on laser-Compton
scattering,” Nucl. Instru. Meth. A 637, S107–S111

[38] Courjaud, A. Tropheme, B. Falcoz, F. Eric, P. Mottay, E.P. and Riboulet, G. (2015) “High
power lasers for gamma source,” Proceedings of SPIE 9342-23

[39] Jung, R. Tümmler, J. Nubbemeyer, T. and Will, I. (2015) “Two- Channel thin-disk laser
for high pulse energy,” Advanced Solid State Lasers Conference© OSA 2015, AW3A.7.

[40] Fan, T.Y. Ripin, D.J. Aggarwal, R.L. Ochoa, J.R. Chann, B. Tilleman, M. and Spitzberg,
J. (2007) “Cryogenic Yb3+-Doped Solid-State Lasers,” IEEE J. Quantum Electron. QE-13,
448–458

[41] Sikocinski, P. Novak, O. Smrz, M. Pilar, J. Jambunathan, V. Jelínková, H. Endo, A.
Lucianetti, A. and Mocek, T. (2016) “Time-resolved measurement of thermally induced
aberrations in a cryogenically cooled Yb:YAG slab with a wavefront sensor,”
Appl.Phys.B. April 2016, 122:73

[42] Mason, P.D. Banerjeea, S. Ertela, K. Phillipsa, P.J. Thomas, J. Butchera, T.J. Smitha, J.M.
Vidoa, M.D. Tomlinsona, S. Oleg Chekhlova, O. Shaikha, W. Blakea, S. Holligana, P.
Divoky, M. Pilar, J Hernandez-Gomeza, C. Justin, R. Greenhalgha, S. and Colliera, J.L.
(2015) “DiPOLE100: A 100 J, 10 Hz DPSSL using cryogenic gas cooled Yb:YAG multi
slab amplifier technology,” Proceedings of SPIE 9513 02-1

[43] Slezak, O. Lucianetti, A. Divoky, M. Sawicka, M. and Mocek, T. (2013) “Optimization
of wavefront distortions and thermal-stress induced birefringence in a cryogenically-
cooled multislab laser amplifier,” IEEE J. Quantum Electron, QE 49, 960–966

[44] Sawicka, M. Divoky, M. Novak, J. Lucianetti, A. Rus, B. and Mocek, T. (2012) “Modeling
of amplified spontaneous emission, heat deposition, and energy extraction in cryogen‐
ically cooled multislab Yb3+:YAG laser amplifier for the HiLASE Project,” J. Opt. Soc.
Am. B 29, 1270–1276

High Energy and Short Pulse Lasers128



[36] Stubenvoll, M. Schäfer, B. Mann, K. and Novak, O. (2016) “Photothermal method for
absorption measurements in anisotropic crystals,” Rev. Sci. Instrum. 87, 023904,
Proceedings of SPIE 9726-43

[37] Sakaue, K. Araki, S. Fukuda, M. Higashi, Y. Honda, Y. Sasao, N. Shimizu, H. Taniguchi,
T. Urakawa, J. and Washio, M. (2011) “Development of a laser pulse storage techni‐
que in an optical super-cavity for a compact X-ray source based on laser-Compton
scattering,” Nucl. Instru. Meth. A 637, S107–S111

[38] Courjaud, A. Tropheme, B. Falcoz, F. Eric, P. Mottay, E.P. and Riboulet, G. (2015) “High
power lasers for gamma source,” Proceedings of SPIE 9342-23

[39] Jung, R. Tümmler, J. Nubbemeyer, T. and Will, I. (2015) “Two- Channel thin-disk laser
for high pulse energy,” Advanced Solid State Lasers Conference© OSA 2015, AW3A.7.

[40] Fan, T.Y. Ripin, D.J. Aggarwal, R.L. Ochoa, J.R. Chann, B. Tilleman, M. and Spitzberg,
J. (2007) “Cryogenic Yb3+-Doped Solid-State Lasers,” IEEE J. Quantum Electron. QE-13,
448–458

[41] Sikocinski, P. Novak, O. Smrz, M. Pilar, J. Jambunathan, V. Jelínková, H. Endo, A.
Lucianetti, A. and Mocek, T. (2016) “Time-resolved measurement of thermally induced
aberrations in a cryogenically cooled Yb:YAG slab with a wavefront sensor,”
Appl.Phys.B. April 2016, 122:73

[42] Mason, P.D. Banerjeea, S. Ertela, K. Phillipsa, P.J. Thomas, J. Butchera, T.J. Smitha, J.M.
Vidoa, M.D. Tomlinsona, S. Oleg Chekhlova, O. Shaikha, W. Blakea, S. Holligana, P.
Divoky, M. Pilar, J Hernandez-Gomeza, C. Justin, R. Greenhalgha, S. and Colliera, J.L.
(2015) “DiPOLE100: A 100 J, 10 Hz DPSSL using cryogenic gas cooled Yb:YAG multi
slab amplifier technology,” Proceedings of SPIE 9513 02-1

[43] Slezak, O. Lucianetti, A. Divoky, M. Sawicka, M. and Mocek, T. (2013) “Optimization
of wavefront distortions and thermal-stress induced birefringence in a cryogenically-
cooled multislab laser amplifier,” IEEE J. Quantum Electron, QE 49, 960–966

[44] Sawicka, M. Divoky, M. Novak, J. Lucianetti, A. Rus, B. and Mocek, T. (2012) “Modeling
of amplified spontaneous emission, heat deposition, and energy extraction in cryogen‐
ically cooled multislab Yb3+:YAG laser amplifier for the HiLASE Project,” J. Opt. Soc.
Am. B 29, 1270–1276

High Energy and Short Pulse Lasers128

Section 3

Large-scale High-power Laser Systems



Chapter 6

Multiterawatt Hybrid (Solid/Gas) Femtosecond Systems
in the Visible

Leonid D. Mikheev and Valery F. Losev

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63972

Abstract

A novel hybrid (solid/gas) approach to the development of femtosecond high‐intensity
laser systems operating in the visible is  presented in this chapter.  Behind this ap‐
proach is a combination of a solid‐state front end relying on widespread and highly
developed techniques for femtosecond pulse generation in the near infrared with a
photochemically  driven boosting  amplifier  operating  in  the  visible  spectral  range.
Historical background of developing photochemically pumped gas lasers on broad
bandwidth electronic transitions in molecules and physical principles of their opera‐
tion are briefly summarized as well. The architecture and the design issues of the hybrid
femtosecond systems relying on the amplification of the second harmonic of Ti:sapphire
front ends in the photodissociation XeF(C‐A) power‐boosting amplifiers driven by the
VUV radiation from electron‐beam‐to‐VUV‐flash converters are described, as well as
breakthrough results of proof‐of‐principle experiments demonstrating a high poten‐
tial of the hybrid approach. Wavelength scaling of laser‐matter interaction is shortly
discussed to demonstrate advantages of shorter driver wavelengths for some applica‐
tions with main emphasis placed on recombination‐pumped soft X‐ray lasers.

Keywords: hybrid femtosecond systems, visible spectral range, photochemically
driven laser media, laser-matter interaction

1. Introduction

Significant progress in the development of all‐solid‐state femtosecond laser systems relying
on chirped‐pulse amplification (CPA) technique has resulted in reaching petawatt (PW) peak
powers [1] and focused intensities as high as 1022 W/cm2 [2] that provides great opportuni‐
ties for experimental studies in the area of the extreme high‐field science. The all‐solid‐state

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



laser systems providing pulses shorter than 100 fs are based on the Ti:sapphire and optical
parametric chirped‐pulse amplification (OPCPA) technologies.

Presented in this chapter are milestones and main results obtained in the course of the
realization of a novel hybrid (solid/gas) approach to the development of femtosecond systems
that, unlike the all‐solid‐state systems operating in the near‐infrared (NIR) region, allow for
producing super‐intense optical pulses in the blue‐green spectral range. This approach aims
to marry robust solid‐state laser technologies highly developed for femtosecond pulse
generation and amplification in the NIR spectral range with advantages of photochemically
driven gaseous gain media of the visible range.

Most extensive development of the photochemical method of pumping gaseous active media
dates back to the 1960s–1990s of the last century (see [3–5] and references cited therein). Being
applied to optical excitation of gas lasers on electronic molecular transitions by radiation from
such unconventional pump sources as high‐temperature electrical discharges and strong shock
waves in gas, This method resulted in emerging a new class of gaseous active media for lasers
emitting in the spectral range extending from the NIR to UV with a high output energy
increasing in proportion to the active volume and pump energy. Among a variety of molecules
lasing upon optical excitation, there are three broadband active media (XeF(C‐A), Kr2F, and
Xe2Cl), which offer a number of characteristics extremely attractive for the amplification of
femtosecond optical pulses up to ultrahigh peak powers. The gaseous nature and visible
spectrum of emission of these media promise important virtues of the hybrid systems. First of
all, the gaseous nature of these media is characterized by low nonlinear refractive index
allowing amplification of optical pulses with much higher intensities as compared with solid
media. Secondly, the visible spectrum of emission requires nonlinear frequency upconversion
of a seed pulse generated in the NIR spectral region by a solid‐state front end, thereby
providing efficient temporal cleaning of the ultrashort optical pulse and the high temporal
contrast ratio of an output pulse, which is of primary importance for a number of high‐field
experiments.

The main motivation for the development of hybrid systems in the visible is favorable drive
frequency scaling of laser‐matter interaction in a number of high‐field applications. Of
overriding importance is the dramatic improvement of the recombination soft X‐ray laser
excitation in an optical field ionized (OFI) plasma with drive frequency.

2. Photochemical lasers

The photochemical method of gaseous active media pumping by radiation from broadband
optical sources originates from the development of the high‐power photodissociation laser in
metastable iodine atoms (λ = 1.315 μm) (for example, see [6–8]), resulted in variety of remark‐
able results: 1 MJ of output energy in a single beam [9], 2 and 30 kJ in a short laser pulse
obtained, respectively, with flash lamp [10] and surface discharge [11] optical pumping. The
breakthrough results obtained in the course of the iodine photodissociation laser development
stimulated extensive studies of the potentialities of the gaseous active media optical pumping
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and the search for new active media for high‐power optically driven lasers in many laboratories
around the world.

It is important to stress the major impact of untraditional pumping sources on the photo‐
chemical method development, such as high‐current open discharges initiated with exploding
wires or sliding sparks, as well as strong shock waves driven by detonation of chemical
explosives [4]. These pumping sources, initiated directly in laser working mixtures, had no
shell separating them from an active medium that removes limitations on energy deposition
into the pumping sources and makes it possible to utilize the radiation in any spectral range,
including the UV and VUV, where the most intense absorption bands of the overwhelming
majority of molecules are located. As compared with ordinary flash lamps, these pumping
sources have much higher brightness temperature reaching 30–35 kK.

The main emphasis in these studies was placed on molecular transitions that, unlike atoms,
do not require complete population inversion of the electronic states participating in the laser
transition and enable a fairly simple depletion of the lower laser levels due to vibrational
relaxation and/or dissociation of the lower state. The application of such optical sources has
led to emerging new class of gas lasers emitting in the spectral range from the NIR to UV
regions due to the development of a variety of photochemical excitation techniques relying on
the photolysis and direct optical excitation of molecular gases, as well as secondary photo‐
chemical reactions (see [3–5] and references cited therein).

One of the most remarkable results obtained in the course of these studies is the optical
excitation of lasing on broadband bound‐free Kr2F(4 2Γ‐1,2 2Γ), Xe2Cl(4 2Γ‐1,2 2Γ), and XeF(C‐
A) transitions in the visible. These active media are very sensitive to the internal losses because
they have much lower small‐signal gain as compared with excimers emitting in the UV spectral
range on the B‐X transition due to the large width of their luminescence spectra and long
radiative lifetime of the excited states. For this reason, e‐beam or fast discharge pumping of
these active media turned out to be ineffective since electron excitation technique is based on
plasmochemical reactions involving ionized and highly excited atoms and molecules that are
characterized by strong absorption in the visible [12]. For example, laser action from electron‐
beam‐excited Kr2F and Xe2Cl active media was observed only in the afterglow of the pump
pulse when the transient absorption is significantly reduced [13]. The photochemical techni‐
que, relying on reactions of neutrals excited to low‐lying energetic states, free of the short‐
comings associated with transient absorption. This makes optical pumping to be superior to
electron excitation in the efficiency of producing laser action on the aforementioned transitions.

Due to extremely broad gain bandwidth supporting pulses of shorter than 10 fs, these active
media are of practical interest for amplifying femtosecond optical pulses to ultrahigh peak
powers [4, 5, 14, 15]. The main spectroscopic characteristics of the transitions are listed in the
Table 1. One of most important parameters is the saturation fluence accounting for the
maximum energy extraction per surface unit of an amplifier output aperture. This parameter,
ranging from 0.05 J/cm2 for XeF(C‐A) to 0.2 J/cm2 for Kr2F due to rather long radiative lifetime
of the upper laser states, promises peak power, Iout, of up to ∼10 TW per square cm of an output
aperture in a 25 fs pulse. At the same time, the gas active media are easily scalable to large
volumes with wide aperture (several hundred cm2) to reach PW level of output peak power.
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Moreover, the combined use of two media with spectrally shifted emission bands (Kr2F with
XeF(C‐A) or Xe2Cl) in an amplifier chain makes promising for the amplification of even shorter
optical pulses due to twofold broadening a gain bandwidth (Figure 1) and spectrally inho‐
mogeneous gain saturation.

Transition XeF(C‐A) Kr2F(42Γ‐1,22Γ) Xe2Cl(42Γ‐1,22Γ)

λmax, nm 480 420 510

Δλ, nm 70 80 100

τFT, fs 5 3 4

τsp, ns 100 180 250

σst, cm2 10-17 2.3 × 10-18 2.8 × 10-18

εsat, J/cm2 0.05 0.2 0.15

Iout (τ = 25 fs), TW/cm2 2 8 6

λmax is the wavelength of the gain maximum.
Δλ is the gain bandwidth.
τFT is the transform‐limited pulse width (for Gaussian profile).
τsp is the spontaneous lifetime.
σst is the stimulated emission cross‐section.
εsat is the saturation fluence.
Iout is the estimated maximum peak power density related to a laser amplifier output aperture.

Table 1. Characteristics of broadband active media.

Figure 1. Emission spectrum for the mixed Kr2F/XeF(C‐A) system.

An important advantage of gaseous active media resides in the much lower value of the
nonlinear index of refraction as compared with solid‐state materials, which allows amplifica‐
tion of optical pulses at much higher intensities than in condensed gain media. For the first
time, hybrid architecture employing a gaseous active medium was realized in the system
comprising a dye femtosecond oscillator and e‐beam or fast discharge‐driven boost amplifier
on the UV B‐X transitions of ArF, XeCl, KrF, and XeF rare‐gas‐halide excimer molecules. The
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highest peak power obtained in the hybrid systems of this type reached ∼1 TW in a 310 fs pulse
[16]. However, gain bandwidth on the B‐X transition does not exceed 2 nm in full width at half‐
maximum (FWHM) corresponding to the spectrally limited pulse width of ∼50 fs. With
spectral gain narrowing in amplifiers, it is difficult to count on the possibility of producing
pulses shorter than 0.1 ps at the TW level of peak power. Moreover, due to the short sponta‐
neous lifetime of the B state and rather narrow spectral bandwidth, these transitions exhibit
as low as 1 mJ/cm2 saturation fluence, which corresponds to the output intensity of 10-2 TW/cm2

in a 0.1 ps pulse, requiring too large output aperture to produce multiterawatt output peak
power.

Compared with the B‐X transition, the broadband photochemical media are characterized by
more than an order of magnitude larger gain bandwidth and saturation fluence allowing for
several TW/cm2 to be obtained in hybrid systems comprising these active media. In addition,
unlike to the electron‐impact excitation, the optical pumping, which is practically free of
transient absorption within the laser transition spectral band, makes the entire transition
bandwidth to be accessible for the femtosecond pulse amplification. These active media are
briefly reviewed in the subsequent sections.

2.1. XeF(C‐A) active medium

A schematic energy diagram of the upper and lower XeF laser levels is shown in Figure 2.
Behind the optical pumping XeF active medium is the photolysis of XeF2 vapor in the spectral
range of <204 nm to produce XeF excimers mainly in the B state [17–19]. The C state, lying
lower than the B state, is populated due to collisional relaxation of the latter in the presence of
a buffer gas. Depending on composition of working mixture, laser action is observed on the
B‐X (353 nm) or C‐A (480 nm) transition [20]. Broad gain bandwidth on the C‐A transition (Δλ 
= 70 nm [21]) is accounted for by the repulsive nature of the A state. On the other hand,
repulsive character of the lower A state provides its virtually instantaneous depopulation and
ensures population inversion independently on the presence of buffer gas.

Figure 2. The potential curves of low‐lying energetic states of the XeF excimer molecule.
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Lasing in the photochemically driven XeF active medium was obtained for the first time in
1977 on the B‐X transition with an exploding wire as a pump source [22]. Later on, in a series
of papers, laser action on XeF(B‐X) and XeF(C‐A) was reported upon optical pumping by
broadband VUV radiation from exploding wires [20, 23], surface discharges [24–27], formed‐
ferrite flash [28, 29], and strong shock waves [30], as well as by the Xe2 spontaneous emission
at 172 nm excited by an electron beam [31–33]. These studies have led to a number of significant
achievements. Among them are high output energies attaining as much as 1 kJ and 170 J in the
UV region with the strong shock wave [30] and surface discharge optical pumping [24],
respectively, as well as 120 J and 10 J obtained in the visible under optical pumping by radiation
from surface discharges operating in the single shot [24] and 1 Hz repetitive rate [27] modes
respectively.

Studies of the XeF(C‐A) laser showed that, besides minor transient absorption discussed above,
the optical pumping XeF(C‐A) active medium has an additional advantage over the electron‐
impact excitation, which consists in the much weaker competition of the B‐X transition. The
point is that upon optical excitation, relative populations of the closely lying B and C states are
determined by the thermodynamic equilibrium at a buffer‐gas temperature that is close to the
room temperature, while, upon e‐beam and fast discharge pumping, the main role in the
energy exchange between these states is played by secondary electrons, which have a tem‐
perature of ∼1 eV characteristic of this pumping. In the optically driven active medium, the
electron concentration is negligibly low, thereby providing an efficient laser action on the C‐
A transition.

From the viewpoint of femtosecond pulse amplification, the pump technique relying on the
e‐beam‐driven spontaneous emission of Xe2 excimers is of particular concern because, along
with surface discharge optical pumping, it paved a new way for the development of the hybrid
(solid/gas) femtosecond systems in the blue‐green region. With the use of this technique to
pump the XeF(C‐A) laser, as high as 6 J of output energy was reported in [33].

Finally, it is essential to note that one of the most important conclusions gained from the
optically driven XeF(C‐A) laser studies is that at a proper composition of the active medium
its broad amplification band is not practically modified by transient absorption making the
entire transition bandwidth to be accessible for the femtosecond pulse amplification. A
drawback of the XeF(C‐A) active medium is that it must be replaced in a laser chamber after
each shot because of the photodecomposition of the parent XeF2 molecules.

2.2. Xe2Cl active medium

Among the broad bandwidth photochemically driven active media listed in Table 1, Xe2Cl is
of special interest because initial working mixture is not consumed throughout pump flash
allowing for operation in the repetitive mode without replacing the working gas mixture after
each shot. Moreover, as compared with the XeF(C‐A) transition, this active medium has a much
longer radiative lifetime of the upper state, which was measured to be 245 ns [34].

This active medium, as well as Kr2F discussed below, is currently studied to a much lesser
extent as compared with XeF. First observation of lasing in the Xe2Cl triatomic excimer was
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reported in 1980 upon e‐beam pumping [35]. This was followed in 1985 by successful operation
of the Xe2Cl laser optically pumped by the VUV radiation at 137 nm from the open discharge
initiated by an exploding wire [36]. Behind the laser action is the reaction of optically excited
molecular chlorine with Xe to form XeCl(B) excimers that then recombine with xenon into
Xe2Cl* emitting in the blue‐green region with a fluorescence quantum yield experimentally
measured to be ∼75%, with respect to the absorbed pumping photons [37].

However, the application of this technique for the femtosecond pulse amplification is of little
practical significance since, due to the narrow Cl2 absorption bandwidth at 137 nm, an
efficiency of the Xe2Cl pumping by the thermal pump source is expected to be low. Moreover,
to take advantage of repetitive pulse mode of operation, it requires the development of a
powerful large‐area pumping source radiating in the short‐wave part of the VUV spectral
range in a repetitive pulse regime.

On the other hand, as was shown in [38], more promising is the excitation of the active medium
in mixtures of Xe and C12 vapor due to the photoassociation process

( )®Xe + Cl + hv  XeCl B,C

at the wavelength of a XeCl laser (308 nm) followed by the three‐body XeCl(B,C) recombination
with xenon to form Xe2Cl(4 2Γ). Production of Cl atoms is provided by the same pump pulse
of the XeCl laser via photodissociation of C12. In the mixtures of Xe and Cl2 at pressures of 1–
2 bar and 1–2 Torr, respectively, the quantum efficiency for the energy transfer from XeCl(B,C)
to Xe2Cl(4 2Γ) is close to 100% due to the extremely high rate constant (1.3 × 10-30 cm6 s-1 [39]) of
the XeCl(B,C) recombination with xenon. The main loss process in the pump mechanism
considered here is the C12 photodissociation to accumulate a sufficient number of Cl atoms
and thereby ensure a high enough absorption of pump photons in the longitudinal geometry
of excitation. Nevertheless, the overall efficiency for the conversion of the pump energy into
the energy stored in the Xe2Cl active medium is estimated to be as high as 5% at the pump
intensity of 5 MW/cm2 in a 100 ns pump pulse. According to Ref. [38], this mechanism of
pumping can be of great practical importance, since it enables to produce a small‐signal gain
in the Xe2Cl active medium, which is expected to be even higher than that obtained in the
XeF(C‐A) amplifier to be discussed later. Moreover, molecular chlorine is not consumed upon
optical excitation because chlorine atoms, generated in the Cl2 photodissociation, recombine
back to the molecular state at a time scale of 1 ms. This makes it far easier to operate a Xe2Cl
femtosecond amplifier in the pulse repetition regime.

For the sake of completeness, it should be noted that the gain on the Xe2Cl laser transition
excited due to photoassociation at 308 nm was observed for the first time in chlorine‐doped
solid [40] and liquid [41] xenon. However, unlike gaseous active media, realization of the
femtosecond pulse amplifier based on this technique is a serious technological problem.
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2.3. Kr2F active medium

Emission band of Kr2F at 420 nm is spectrally shifted relative to emissions of XeF(C‐A) at 480 
nm and Xe2Cl at 490 nm that enables twofold broadening of the amplification band (Figure 1)
with the use of two different active media in an amplifier chain.

The Kr2F excitation mechanism relies on the KrF2 photodissociation absorption in the VUV
spectral range around 164 nm [42] to produce KrF(B) excimers. The utilization of KrF(B) in
secondary processes is different, depending on the composition and pressure of the working
mixture. For example, in low‐concentration Xe admixtures, exchange processes take place,
resulting in XeF(B) formation with a yield close to 100% and laser action at 353 nm upon
pumping by radiation from exploding wire [42]. Being mixed with Kr at a pressure of ∼1 bar,
KrF(B) forms Kr2F(4 2Γ) excimers in three‐body recombination collisions [43].

It was found that the laser action in Kr2F* also occurs if, instead of Kr, nitrogen is admixed to
the working mixture. This observation was attributed to the formation of KrN2F* four‐atomic
excimers that produce Kr2F* in exchange reactions with Kr atoms generated upon photochem‐
ical decomposition of KrF2 vapor by VUV pump radiation [43]. Note that, despite a complex
Kr2F* formation mechanism, which involves three stages of chemical transformations in
mixtures with nitrogen (at one of the stages, products of photochemical processes react with
each other), the Kr2F* yield is rather high providing ∼70% of KrF(B) molecules to be trans‐
formed into Kr2F* excimers [43]. Lasing in Kr2F at 450 nm was observed upon optical pumping
of KrF2:N2 = 1:1500 Torr and KrF2:CF4:Kr = 1:300:1200 Torr gas mixtures by the VUV radiation
from an open discharge initiated by an exploding wire [44].

The most detailed results of experimental investigations of above considered broadband active
media and a complete bibliography on the works can be found in Refs. [3, 20, 45].

3. Hybrid systems with XeF(C‐A) amplifiers

Among the gaseous active media with broad amplification band, XeF(C‐A) is the most widely
studied. That is why this transition was the first to study the hybrid approach with the use of
the broadband excimer molecules. Studies of the femtosecond pulse amplification on the
XeF(C‐A) transition were pioneered by demonstration of 1 TW peak power due to the direct
amplification of 250 fs seed pulses from a mode‐locked dye laser in the e‐beam‐driven active
medium [15]. However, application of electron‐beam excitation to the XeF(C‐A) active medium
faces serious difficulties associated with the above mentioned transient absorption and
competition of B‐X and C‐A transitions due to strong mixing of closely lying B and C states of
the XeF excimer by electrons. As it was discussed above, transient absorption results in the
afterglow gain formation. Strong B‐C states mixing causes C‐state depopulation via ASE
depletion of the B‐state which has two orders of magnitude higher stimulated emission cross
section for the B‐X transition compared with that for the C‐A transition. Using five‐component
mixture comprising F2, NF3, Xe, Kr, and Ar has circumvented this problem due to formation
of Kr2F excimers strongly absorbing emission at the wavelength of the B‐X transition (353 nm).
As discussed above, optical pumping of this active media is free of both of these shortcomings.
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3.1. Hybrid systems based on surface discharge‐driven XeF(C–A) amplifiers

Beginning with the proposal of femtosecond pulse amplification in the optically driven XeF(C‐
A) active medium [14], experimental studies in the field of the hybrid (solid/gas) technology
started with the development of the XeF(C‐A) amplifier optically driven by the VUV radiation
from large‐area multichannel surface discharges (see [5] and references cited therein). For this
purpose, two versions of the photochemically driven XeF(C‐A) amplifier based on the surface
discharge as an optical pump source have been built at the P.N. Lebedev Physical Institute
(LPI, Moscow, Russia) and at the Lasers Plasmas and Photonic Processes (LP3) Laboratory
(Marseille, France) (Figure 3). They differ from each other by an output aperture (3 × 11 and
5 × 18 cm2, respectively), discharge initiation technique, and pump energy. Pumping sources
are based on the multichannel surface discharges initiated along the side walls of rectangular
half a meter long dielectric chambers filled with a mixture of XeF2 vapor, argon, and nitrogen
at 1 atm. The pumping scheme, in which two planar sources pump an active medium placed
between them, provides spatially homogenous excitation of the medium. Moreover, rectan‐
gular aperture of the designed amplifiers offers a simple approach to the development of the
multipass optical scheme for energy extraction from XeF(C‐A) active medium characterized
by rather low values of small‐signal gain upon optical pumping. In a multipass scheme of the
“wedge‐trap configuration,” a seed pulse runs between two tilted intracell mirrors allowing
for up to 45 double passes through the active medium to be realized.

Figure 3. Photographs of the XeF(C‐A) amplifiers built at (a) LP3 and (b) LPI. (c) Inside view of the amplifier cell with
multichannel surface discharges fired along its side walls.

Operating performances of the XeF(C–A) amplifier, which were measured at the LP3 Labora‐
tory with the use of a hybrid Ti:sapphire/optical‐parametric‐amplifier front end system,
demonstrated a total multipass gain factor of 102, corresponding to a small‐signal gain of 2 × 
10−3 cm−1, with spectrally and spatially homogeneous amplification.

More details and a complete bibliography on the operating characteristics of the laser amplifier
and pump sources relying on the multichannel surface discharge are summarized in [5].
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3.2. Hybrid systems based on XeF(C‐A) amplifiers pumped by the VUV radiation of e‐beam
converter

The promising results obtained in the course of the studies of the surface discharge pumped
XeF(C‐A) amplifiers motivated the development of an alternative pump technique based on
the conversion of e‐beam energy to the VUV radiation, which is expected to be more practical
from the viewpoint of the XeF(C‐A) amplifier scaling. The main principle of laser action upon
pumping by the e‐beam excited xenon emission was introduced for the first time in [31] to
pump a XeF(B‐X) laser operating in the UV region. Later on, this technique was applied to
pump a multijoule XeF(C‐A) laser in the visible [33].

To study this approach, two hybrid fs systems, THL‐30 with a design peak power of ∼10 TW
and THL‐100 designed for 50–100 TW peak power, have been built at the LPI and Institute of
High‐Current Electronics (IHCE, Tomsk, Russia), respectively. Both of these systems comprise
Ti:sapphire front ends (Avesta Project Ltd), frequency doublers, prism pair stretcher, and
power‐boosting XeF(C‐A) amplifiers driven by e‐beam‐to‐VUV‐flash converters made at the
IHCE.

3.2.1. THL‐30 hybrid system

Photos of the front end and XeF(C‐A) amplifier incorporated into the THL‐30 hybrid system
are presented in Figure 4. Figure 5 shows the cross sectional schematic diagram of the XeF(C‐
A) amplifier. The e‐beam converter (2) of cylindrical form is filled with pure xenon at a pressure
of 3 bars. Emission of Xe2* is excited by four 120 cm long × 15 cm wide radially converging
beams of electrons accelerated up to 450 keV in the vacuum diode (1) and injected into the
converter through 40 μm Ti foils. The laser cell (3) consists of a 12 × 12 × 128 cm square cross‐
sectional tube with arrays of 10 rectangular CaF2 windows (12 × 12 cm) sealed on its side walls.
The cell containing XeF2/N2 mixture at 0.25–1 bar is housed into the e‐beam converter along its
axis. In this configuration, the laser cell is thus immersed into the xenon. The distance of 7.5 
cm between the Ti foil and CaF2 windows is chosen to assure that the electrons issued from
the e‐beams are stopped in the converter at the xenon operating pressure of 3 bars. The e‐beams
excite the xenon over a 250 ns pulse to produce Xe2

* fluorescence at 172 nm with a ∼30%
average fluorescence efficiency [33]. The Xe2* radiation is transmitted through arrays of CaF2

windows into the laser cell to photodissociate XeF2. The e‐beam energy deposited into xenon

Figure 4. THL‐30: Photographs of the Ti:sapphire front end (left) and XeF(C‐A) amplifier (right).
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is measured to be 2.5–3 kJ, which yields a small signal gain of (1.5–2.5) × 10-3 cm-1 in the laser
cell [46, 47].

Figure 5. Cross‐sectional schematic diagram of the XeF(C‐A) amplifier: (1) vacuum diode, (2) e‐beam converter, and (3)
photolytic laser cell.

Seed pulses with 50 fs duration and 5 mJ energy at 475 nm are produced in the solid‐state front
end consisting of a Ti:sapphire oscillator operating at 950 nm, regenerative and multipass
amplifiers, and KDP frequency doubler spectrally matching the front end to the boosting
XeF(C‐A) amplifier. Nonlinear frequency upconversion also allows for temporal cleaning of
seed pulses injected into the final gas amplifier.

Before the final amplification, the seed pulses are negatively chirped to 1 ps with the use of a
prism‐pair arrangement. Besides avoiding nonlinear pulse distortion in the amplifier, seed
pulse stretching is required to exceed the rotational reorientation time of the XeF(C) molecules,
which is estimated to be about 0.8 ps [48, 49]. If the seed pulse is linearly polarized and shorter
than the above value, saturation of only a portion of all excited XeF molecules is possible
(because of random molecular orientation), thus limiting energy extraction from the amplifier.
Down‐chirped pulses can be then recompressed due to the positive group velocity dispersion
in bulk glass and/or chirped mirrors.

A multipass optical scheme for energy extraction from the active medium has a 3D “wedge‐
trap” configuration formed by two pairs of tilted intracell mirrors providing the displacement
of a beam in two mutually orthogonal directions.

In test experiments, an output energy of 0.25 J has been extracted from the amplifier seeded
with a 4 mJ pulse [46, 47], indicating that 5 TW peak power can be obtained in THL‐30.
Presently, this system is mainly used for the development of key technologies purposed for
the implementation in the THL‐100 system to be discussed below in more detail.

3.2.2. THL‐100 hybrid system

Architecture of THL‐100 laser is substantially similar to that described above for the THL‐30
hybrid system. Its optical scheme is shown in Figure 6.
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Figure 6. Optical scheme of THL‐100 laser system. Ti:Sa front end—Start‐480M; SF1 and SF2—vacuum spatial filters;
compressor—4‐cm‐thick fused silica plates at Brewster angle; D—260 μm diaphragm; concave mirror‐1—F = 7.5 m;
concave mirror‐2—F = 12 m.

3.2.2.1. Front end

The front end (Start‐480M manufactured by “Avesta Project Ltd”) shown in Figure 7a consists
of a Ti:sapphire master oscillator pumped by a CW pump laser (Verdy‐8) at a wavelength of
532 nm, grating stretcher, regenerative and two multipass amplifiers pumped by repetitively
pulsed lasers (SOLAR Laser Systems) at a wavelength of 532 nm, spatial filter after the final
amplifier, grating compressor, and generator of the second harmonic. The output energy of
20 mJ is produced in a 50 fs pulse at the wavelength of the second harmonic (∼475 nm) [50].
The front end operates in the single pulse mode and with a repetition rate of 10 Hz. The output
beam of 2.5 cm diameter is directed to the prism pair arrangement (Figure 7b) with negative
group velocity dispersion, which allows a seed pulse to be stretched. It consists of a mirror
telescope with a magnification M = 3, two fused silica prisms allowing a 75‐mm‐diameter beam
to pass, and the mirrors for beam transportation between the prisms in the forward and
backward directions. The maximum distance that can be realized between the prisms is 9.6 m,
corresponding to the 2.4 ps pulse duration. After the prism pair, the laser beam is directed into
the XeF(C‐A) amplifier.

Figure 7. (a) Femtosecond Ti:sapphire front end. (b) Prism pair arrangement.
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Figure 7. (a) Femtosecond Ti:sapphire front end. (b) Prism pair arrangement.

High Energy and Short Pulse Lasers12142

3.2.2.2. Photodissociation XeF(C‐A) amplifier

Figure 8 shows a photograph of the XeF(C‐A) amplifier. Its principle of operation and the
design is similar to the above described XeF(C‐A) amplifier of THL‐30 laser system. However,
it has its differences: the e‐beam converter is driven by six electron beams instead of four and
its pump energy is four times higher. The amplifier includes two high‐voltage pulse generators
operating at U0 = 90 kV or 95 kV charging voltage, a vacuum electron diode, gas chamber with
a foil support structure, which filled with xenon, and laser cell with two mirror units for
multipass amplification of the laser beam. The design and specifications of the XeF(C‐A)
amplifier are described in detail in [47, 51–54].

Figure 8. General view of the XeF(C‐A) amplifier.

An electron accelerator generates six 100 cm long × 15 cm wide electron beams with a maxi‐
mum energy of 550 keV (at U0 = 95 kV) at the total diode current of 250 kA in a 150 ns (FWHM)
pulse. Bunches are injected into the chamber filled with xenon at a pressure of 3 bar. The
electron beam energy is converted to the VUV radiation of Xe2* excimers at a wavelength of
172 nm with an efficiency of 30–40%. Inside the gas chamber along its axis is the hexagon laser
cell (Figure 9a), on the side faces of which there are a total of 54 windows made of CaF2. The
windows with size of 12 × 12 cm and 2 cm thick are set in grooves on the rubber gasket (Viton)
and sealed by means of clamping flanges. The windows are arranged opposite grates with foil,
through which the electron beam is injected into the gas chamber. This provides the best
geometric coupling of the cell with laser pump source. The output aperture of the laser cell
has a diameter of 24 cm. Both ends of the laser cell are sealed with fused silica windows with
a diameter of 30 cm. Inside the cell, there are two mirror units that provide multiple passage
of the seed pulse through the active region. Each unit has 16 mirrors of different diameters
arranged along its perimeter. The mirror reflection coefficient is 99.5–99.7%. The laser cell is
filled with a gas mixture consisting of 0.25–0.5 bar high purity nitrogen and 0.1–0.4 Torr XeF2

vapor. Figure 9b shows an internal view of the laser chamber with the mirror unit at the rear
end. To maximize the efficiency of conversion of the electron beam energy into the VUV
radiation, the high purity (99.9997%) xenon is used and the e‐beam converter gas chamber is
evacuated to a pressure of 10-4 Torr. As xenon purity decreases due to exposure of the electron
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beams to the structural elements of gas chamber, its purification is carried out by a filtering
device “Sircal MP‐2000.”

Figure 9. (a) Laser cell of the XeF(C‐A) amplifier. (b) Inside view of the laser cell with the mirror unit.

3.2.2.3. Experimental techniques

The active medium of the XeF(C‐A) amplifier is created under the action of the VUV radiation
at a wavelength of 172 nm. XeF excimer molecules are formed in the B‐state via XeF2 photo‐
dissociation. The upper state of the XeF(C‐A) laser transition is formed as a result of the
relaxation of the XeF(B) molecules in collisions with the molecules of the N2 buffer gas.
Amplification of the seed pulses was carried out in a multipass optical scheme (33 passes). The
laser beam entering into the XeF(C‐A) amplifier was made slightly divergent, so that during
amplification, it was steadily increased in diameter from 20 mm (inlet) to 62 mm (the penulti‐
mate mirror), making a double round‐trip along the inside perimeter of the laser cell. The
penultimate convex mirror directed the beam to a flat mirror 100 mm in diameter, located on
the optical axis. After reflection from this mirror, the beam propagated along the optical axis
of the cell reaching 120 mm in diameter at the amplifier output.

Small‐signal gain distribution over the laser chamber cross section was measured at four passes
through the active medium of the XeF(C‐A) amplifier with the help of the Sapphire‐488 CW
semiconductor laser (488 nm). In addition, the total small‐signal gain, G, was measured in the
33 pass amplification scheme. For measuring the power of amplified spontaneous emission
(ASE) of the XeF(C‐A) amplifier, the output radiation without a seed pulse was focused by
concave mirror with a focal length of 22 m on an aperture with diameter 1.1 mm, behind which
a filter and calibrated photodiode were located.

Seed pulses of 50 fs duration from the front end were pre‐lengthened to 1–2.4 ps in the prism
pair with negative group velocity dispersion. After amplification, the down‐chirped laser
pulses were recompressed in a double pass of a collimated beam with a diameter of 20 cm
through three 4‐cm‐thick fused silica plates at the Brewster angle. Energy losses in the
compressor did not exceed 2%. To measure the pulse duration, the central part of the beam
(with the help of two fused silica wedges and a spherical mirror with diameter of 90 mm and
focal length of 12 m) was assigned to the autocorrelator ASF‐20–480 through an aperture with
a diameter of 260 μm.
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3.2.2.4. Experimental results

The gain characteristics of the active medium (viz. value and spatial distribution of the small‐
signal gain) depending on the initial composition of the working mixture were examined using
4‐passes amplification of the probe laser. The optimal composition of the gas mixture (0.25 
Torr XeF2 and 190 Torr nitrogen) corresponding to the maximum value of the unsaturated total
gain (G = (5–6) × 103) was found as a result of a compromise between the uniformity of the
radial distribution of the small‐signal gain and its maximum lying in the peripheral region of
the laser cell, where the main part of the beam trajectories is located. It should be noted that
the heterogeneity of the small‐signal gain distribution over the chamber cross section had
almost no effect on the uniformity of the beam intensity, as the diameters of the laser beam
and laser cell differ by almost an order of magnitude.

In the test mode, when the maximal pump energy (at U0 = 95 kV) of the VUV radiation was
240 J, the energy of output radiation attained 1 J at amplification of a 1 ps seed pulse with an
energy of 1.8 mJ. At the level of 0.7 J output energy, the pulse duration after the bulk fused
silica compressor was measured with and without activation of the XeF(C‐A) amplifier. In both
cases, the pulse width was measured to lie in the range of 50–60 fs (Figure 10a). This indicates
that a peak power of 14 TW was reached at the output of the laser system [47].

Figure 10. (a) Autocorrelation function of the output pulse with an energy of 0.7 J (in the Sech2 approximation). (b) The
time behavior of the diode current (1) and total gain (2). U0 = 95 kV.

The ASE power from the XeF(C‐A) amplifier, which was measured in the angle of 0.5 mrad
with the seed pulse blocked, turned out to be as low as 0.7 W. At the 14 TW peak power
obtained in the above experiments, this ASE power corresponds to the temporal contrast ratio
of 2 × 1013. Since the temporal contrast at the 1010 level is now routine to obtain in Ti:sapphire
systems, and taking into account the nonlinear frequency doubling required to spectrally
match the Ti:sapphire front end to the XeF(C‐A) boosting amplifier, the temporal contrast of
the hybrid (solid/gas) systems seems to be determined only by the ASE of the XeF(C‐A)
amplifier and is expected to reach 1012–1013 at a peak power of about 100 TW.

For further improvements of the THL‐100 operating performances, the XeF(C‐A) amplifier
pump system has been upgraded [51, 52] to increase the maximum VUV pump energy up to
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300 J at U0 = 95 kV. As a result, the total small‐signal gain at 33 passes was enhanced up to (5–
6) × 104. Figure 10b shows the temporal behavior of the diode current (1) and total small‐signal
gain (2) at 33 passes through the active medium. Figure 11 shows the dependence of the small‐
signal gain in arbitrary units vs the partial pressures of nitrogen and XeF2 vapor.

Figure 11. (a) Dependence of the small‐signal gain vs the nitrogen pressure, p(XeF2) = 0.25 Torr, 1—U0 = 90 kV, 2—U0 = 
95 kV. (b) Dependence of the small‐signal gain vs the XeF2 pressure, p(N2) = 0.5 bar, U0 = 90 kV.

Amplification of a chirped pulse in the XeF(C‐A) amplifier was carried out with the use of the
laser mixture containing 0.2 Torr XeF2 and 0.5 bar nitrogen at U0 = 95 kV. An output energy of
2.5 J was reached when a 2.4 ps seed pulse with an energy of about 1 mJ in a super‐Gaussian
beam was injected into the XeF(C‐A) amplifier [51]. An autograph of the output laser beam on
a photographic paper sheet is shown in Figure 12. The energy obtained in this experiment
promises a peak power as high as ∼50 TW to be attained in the visible after pulse recompres‐
sion to the initial duration of 50 fs.

Figure 12. Imprint of the output laser beam with 2.5 J energy.
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4. Wavelength scaling of laser‐matter interaction

The visible spectrum of the hybrid femtosecond systems based on the XeF(C‐A) amplifiers
allows for the λ‐scaling laser‐matter interaction to be studied. Just to illustrate the role of laser‐
driver wavelength in laser‐matter interaction we shall mention briefly some of applications in
which the shorter laser wavelength provides advantages due to favorable wavelength scaling
with special emphasis placed on the possible realization of a recombination soft X‐ray laser
operating in the “water window”. The examples considered below do not cover all the
applications in which the shorter laser wavelength may be favorable as compared with near
IR solid‐state femtosecond systems. Nevertheless, they show that the extension of laser
wavelength to the visible region allows for wider experimental conditions to be realized
providing different laser‐matter interaction parameters and better understanding of the
underlying physics.

4.1. Laser wake‐field acceleration

Laser‐driven plasma wake‐field acceleration (LWFA) capable of producing high‐energy
electron beams is widely studied both theoretically and experimentally. In plasma‐based
acceleration, an intense laser beam drives large amplitude plasma waves via the ponderomo‐
tive force. The plasma wave can support very high longitudinal electric fields trapping and
accelerating electrons. LWFA experiments have demonstrated acceleration gradients >100 GV 
m-1 enabling electrons to be accelerated well beyond GeV energy on a distance of about 1 cm
using a 100 TW‐class laser [55].

The electron energy gain ΔE is proportional to the acceleration length, Lacc, and longitudinal
electric field, Ez, averaged over the acceleration length: ΔE = eEzLacc. Among the factors limiting
the effective acceleration length, laser diffraction, electron dephasing, and pump depletion are
the most important. In experiments, the limiting role of the first factor is usually mitigated due
to relativistic self‐guiding or by using a preformed plasma channel. Electron dephasing
originates from the difference of electron and plasma‐wave propagation velocities. As a result,
highly relativistic electrons, accelerated up to a velocity approaching the speed of light, outrun
the accelerating phase region of the plasma wave propagating with a phase velocity, vp, that
is close to the laser pulse group velocity vg and less than the electron velocity. Electrons are
accelerated until their phase slips by one‐half the plasma‐wave period. In the most promising
and efficient high‐intensity limit corresponding to a nonlinear wake‐field acceleration, referred
to the blow‐out, bubble, or cavitation regime, the radial ponderomotive force expels all the
plasma electrons outward to create a electron density structure resembling a spherical ion
cavity behind the laser pulse. Coulomb forces pull the electrons back to the axis in about a
plasma period at the rear of the cavity to be trapped and accelerated by the wake‐field until
they reach the cavity center where they diphase. The acceleration length strongly depends on
the plasma‐wave phase velocity, which is close to the laser pulse group velocity, vg, obeying
the plasma dispersion low: vg = dω/dk ≈ c(1‐ωp

2/ω0
2)1/2 with ω0 and ωp being the laser and

plasma frequencies, respectively. Due to the plasma dispersion, shorter wavelength laser
pulses propagating with higher group velocity provide longer dephasing length, Ld. Accord‐
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ing to the estimations made in [51] with pump depletion taken into account, the dephasing
length, given by Ld ≈ 4ca0

1/2 (ω0
2/3ωp

3) with a0 = eA/mec2 being the relativistically normalized
laser amplitude, scales as ω0

2 showing that shorter laser wavelengths are highly beneficial from
the viewpoint of an increase in the acceleration length.

The detailed consideration [56] based on the phenomenological 3D theory for LWFA in the
blowout regime, valid at laser power, P, exceeding the critical power Pc = 17(ω0

2/ωp
2) [GW] for

relativistic self‐focusing, predicts the electron energy gain
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where np is the plasma density, and λ0 stands for the laser wavelength. This indicates that the
λ‐scaling of LWFA could be of great practical interest. Practically, the same λ‐scaling has been
obtained in Ref. [57]. However, it should be noted that the gain in energy is achieved at the
expense of reducing the number of accelerated electrons, which is proportional to the laser
wavelength [56, 57].

4.2. High‐order harmonic generation

High‐order harmonic generation (HHG) is nowadays widely used to generate spatially and
temporally coherent short‐wavelength radiation when an intense optical field interacts with a
gas or solid target. HHG can provide a single burst or train of attosecond pulses, which allow
for ultrafast dynamics of electrons in atoms, molecules, or even solids to be explored [58]. (For
a detailed review of experimental and theoretical developments in HHG, see, e.g., [58, 59].)

According to the generally accepted semiclassical three‐step model of HHG in gases, the
highest possible photon energy (cutoff energy, Ecutoff) in the high harmonic spectrum that can
be generated from a single atom or ion is predicted by the universal law Ecutoff = Ip + 3.17Up [60].
Here, Ip is the ionization potential and Up = 9.33 × 10-14 I0λ0

2 is the ponderomotive energy, which
is the cycle‐averaged kinetic energy of an electron in the laser electric field of intensity I0 and
wavelength λ0. The λ0

2 dependence of Up implies that the use of long excitation wavelengths
should result in extending the harmonic cutoff energy further into the X‐ray region. On the
other hand, conversion efficiency of HHG in gases strongly depends on laser wavelength. The
λ‐scaling at constant laser intensity has revealed the dependences of HHG efficiency to be
between λ0

-5 and λ0
-6, which have been obtained experimentally and from numerical simula‐

tions [61–63]. General scaling analysis of HHG efficiency as a function of drive laser parameters
and material properties is given in [64], which predicts the scaling of the HHG efficiency with
the driving wavelength to be λ0

-5 at the cutoff and λ0
-6 at the plateau region for fixed harmonic

wavelength. The severe wavelength dependence of the HHG efficiency is associated with the
single‐atom dipole response and phase matching. Shorter driver wavelengths are advanta‐
geous for both of these factors, if the final objective is not to produce as high‐energetic photons
as possible. The experimental results obtained in Ref. [65] for different noble gases confirm
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this wavelength scaling and show two orders of magnitude higher HHG intensity in the energy
range of 20–70 eV with 400 nm pulses as compared with 800 nm laser driver.

However, HHG in gases has fundamental physical restrictions arising from the limitation on
the laser intensity since plasma generation, caused by strong ionization of the gaseous medium
at intensities above 1016 W/cm2, results in phase mismatch, thereby suppressing harmonic
generation [66]. This limitation is not present in the case of HHG from solid. According to the
oscillating plasma mirror model [67], the laser field produces a relativistic oscillation of the
overcritical plasma surface with the laser frequency, inducing incident pulse modulation that
gives rise to the high‐order harmonics in the spectrum of the reflected emission due to a
transient Doppler frequency upshift. (For more detailed analysis of the basic generation
mechanisms lying behind HHG from solids, see, e.g., [59, 68, 69].)

Using particle‐in‐cell (PIC) simulation to accurately model the HHG with a plasma target,
Teubner and Gibbon [59] have obtained the laser‐to‐harmonic conversion efficiency, ηH, in the
laser intensity range I0 = 1017–1019 W/cm2. Summarized by an empirical relation for high
harmonic orders (N = λ0/λH >> 1, where λH stands for harmonic wavelength), the results of the
numerical simulation take the form [54]:

( )-a- -h » l m  5 2 18 2 2 2
H 0 09´1 ( )0 I / 10 W cm m N / 10

with α depending on the laser intensity and ranging from α = 6 at I0 = 1017 W/cm2 to α = 3.5 at
I0 = 1019 W/cm2 at λ0 = 1 μm. On the basis of this empirical scaling, the authors came to the
conclusion that shorter wavelength lasers are highly beneficial from the viewpoints both of
extending to shorter‐wavelength harmonics and harmonic efficiency enhancement. The
wavelength scaling of the same form but with α = 5 independent of laser intensity was argued
with the use of 1D‐PIC code in the earlier paper of Gibbon [70]. The analysis made in [59] of a
variety of experimental results obtained with different laser wavelengths confirms the
prediction of the strong harmonic yield increase with laser frequency. This makes powerful
blue‐green hybrid systems to be very promising as the drivers for generation of soft X‐ray
harmonics well within the water‐window spectral range.

4.3. Soft X‐ray lasers

Development of coherent X‐ray sources is motivated by a variety of their applications in science
and technology. X‐ray lasers offer new capabilities in understanding the nanoscale structure
of complex materials, including biological systems, and X‐ray matter under extreme condi‐
tions. One of the greatest challenges is the high‐resolution 3D holographic microscopy of a
wide range of biological objects in the living state. For this purpose, coherent ultrafast X‐ray
sources of high power are required. One of the most important milestones for the high contrast
X‐ray imaging of living biological structures in a natural aqueous environment is the “water
window” lying between the K absorption edges of carbon (4.37 nm) and oxygen (2.33 nm),
where carbon is highly opaque, while water is largely transparent. A primary challenge of X‐
ray exposure is the realization of “diffraction‐before‐destruction” approach allowing for
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diffraction patterns to be obtained on time scales shorter than the onset of radiation damage
of samples. This approach has been successfully demonstrated in studies of biological samples
with the use of X‐ray free electron lasers (XFEL) producing femtosecond pulses of high
intensity (For example, see [71]).

There has been remarkable progress in the development of XFELs that hold the great promise
for user experiments ranging from atomic physics to biological structure determination.
Despite the fact that these lasers are powerful tools in studies of matter structure and physics
of light‐matter interaction, they have limited accessibility because of their high cost and large‐
scale. This makes the current search for alternative X‐ray sources of laboratory scale to be of
great importance.

Presently, there are two main approaches to the development of compact ultrashort‐pulsed
sources of coherent soft X‐ray: above considered HHG by gas and solid targets, as well as the
generation of coherent X‐ray radiation in the laser plasma. The first one is characterized by
low‐intensity soft X‐ray radiation, insufficient for the realization of holographic imaging
methods. The laser plasma enables generation of lasing in the soft X‐ray region with beam
performances close to those of XFELs [72].

Actually, only collisional and recombination schemes of active media excitation to produce
soft X‐ray in a laser plasma are of practical interest. The first of them was realized in a laser
plasma with high electron temperature, providing a population inversion on transitions
between excited states of ions, which typically lie in the range 10–50 nm [72]. The most
promising way to extend the spectral range of the X‐ray lasers deeper into the X‐ray region,
including the “water window,” lies in the further developing recombination scheme of
excitation of transitions to the ground state of recombining fully stripped ions.

The first observation of the amplification on the transition to the ground state dates back to
1983 [73] when hydrogen‐like lithium ions were excited in the laser plasma produced due to
optical field ionization (OFI) by the UV radiation from a subpicosecond KrF laser. Later that
year, this observation was confirmed in different experimental conditions [74–76]. The OFI
approach to excitation of recombination soft X‐ray lasers is particularly attractive since it
produces fully stripped ions on a time scale of one period of the incident laser electric field
and enables formation of cold electrons with low residual energy (for a linearly polarized laser
pulse) providing favorable conditions for high‐rate three‐body recombination. Residual
energy is proportional to the square of a pump laser wavelength and can be reduced by using
a short‐wavelength driver pulse.

An electron removed from an atom due to OFI interacts with the plane polarized laser field
and acquires quiver energy of the coherent electron oscillation in the field and energy of
electron drift along the laser field direction [77, 78]. For ultrashort pulses, the quiver energy is
returned to the wave, and it does not contribute to residual energy. Most of the electrons are
ionized within a narrow interval near the crest of the oscillating electric field because of the
exponential dependence of the ionization rate on the electric field amplitude. Classically, the
average drift energy, ε, of an electron depends on the phase mismatch, Δϕ, between the phase
at which the electron is freed and the crest of the electromagnetic wave:
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diffraction patterns to be obtained on time scales shorter than the onset of radiation damage
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excitation of transitions to the ground state of recombining fully stripped ions.
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approach to excitation of recombination soft X‐ray lasers is particularly attractive since it
produces fully stripped ions on a time scale of one period of the incident laser electric field
and enables formation of cold electrons with low residual energy (for a linearly polarized laser
pulse) providing favorable conditions for high‐rate three‐body recombination. Residual
energy is proportional to the square of a pump laser wavelength and can be reduced by using
a short‐wavelength driver pulse.

An electron removed from an atom due to OFI interacts with the plane polarized laser field
and acquires quiver energy of the coherent electron oscillation in the field and energy of
electron drift along the laser field direction [77, 78]. For ultrashort pulses, the quiver energy is
returned to the wave, and it does not contribute to residual energy. Most of the electrons are
ionized within a narrow interval near the crest of the oscillating electric field because of the
exponential dependence of the ionization rate on the electric field amplitude. Classically, the
average drift energy, ε, of an electron depends on the phase mismatch, Δϕ, between the phase
at which the electron is freed and the crest of the electromagnetic wave:
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f2
qε = 2ε sin Δ

where εq is the quiver energy (εq = e2E0
2/4meω2 with E0 and ω being the peak amplitude and

angular frequency of the laser electric field E = E0sinωt, respectively). Thus, the residual energy
of electrons produced by OFI can be much lower than the electron quiver energy, and,
secondly, shorter wavelength ionizing lasers are beneficial to achieve gain in the recombination
scheme.

To demonstrate advantages of short‐wavelength pumping, λ‐scaling of the recombination
excitation efficiency for the transitions to ground state was experimentally and numerically
studied by different groups [76, 78, 79]. Numerical simulations of the small‐signal gain on the
4s1/2–3p3/2 transition at 23.2 nm in Ar7+ show that 400 nm pump laser radiation allows an
increase in the small‐signal gain on the 4s1/2–3p3/2 transition at 23.2 nm in Ar7+ by more than an
order of magnitude as compared with 800 nm pumping [80].

Simulation of the recombination gain formation on the 2 → 1 transition at 3.4 nm in H‐like CVI
pumped with a 400 nm pump laser has been performed in [81]. It was shown that the recom‐
bination gain as high as 180 cm-1 can be achieved on this transition using the driving pulse
duration of 20 fs with peak intensity of 8 × 1018 W/cm2 and 10 μm diameter focal spot. The key
factor playing important role in the recombination mechanism of pumping is the non‐
Maxwellian nature of the distribution function after OFI [79, 81], which is strongly peaked near
the zero electron energy. Ultrashort pumping time (<100 fs) is required to minimize heating
and Maxwellization of electron energy distribution at the time scale of three‐body recombi‐
nation.

Less encouraging results have been obtained in Ref. [82], indicating that there are a number of
issues, which have to be investigated experimentally for better understanding of the physical
processes lying behind the optical production of recombination plasmas. This requires the
development of ultrashort (20–50 fs) multiterawatt lasers in the UV or visible range as pumping
sources.

5. Conclusions

Development of the photochemical method for exciting active media has resulted in the
emerging of the new class of gas lasers in the spectral range extending from the NIR to UV
regions. The most remarkable achievements of these studies belong to the visible range
where no alternatives are available so far for the excitation of broadband gaseous active me‐
dia (XeF(C‐A), Xe2Cl, and Kr2F) that would not be strongly modified by transient absorp‐
tion. This pave the way for the development of hybrid (solid/gas) laser systems towards
petawatt peak power in the blue‐green spectral region due to their broad amplification
bandwidths, able to support as short as 10 fs pulses, and their relatively high saturation flu‐
ences (0.05–0.2 J cm-2), promising as high as 10 TW peak power to be obtained from square
cm of an output aperture.
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To demonstrate the high potential of the hybrid approach relying on the optically driven
broadband active media in the visible, two femtosecond hybrid systems are now under
development with the aim of conducting proof‐of‐principle experiments: THL‐30 at LPI,
designed for about 5 TW of output peak power, and THL‐100 at IHCE, designed to be ten times
more powerful. Behind these systems is the amplification of the second harmonic of Ti:sap‐
phire front ends in the power‐boosting XeF(C‐A) amplifiers driven by the e‐beam‐to‐VUV flash
converters. In the pilot experiments performed in the THL‐100 system, peak power of 14 TW
has been attained in the 50 fs pulse at the output energy of 0.7 J. After upgrading pumping
source, an energy output has been enhanced up to 2.5 J in the 2.4 ps pulse before its recom‐
pression promising a peak power of 50 TW to be obtained. Besides spectral matching between
a solid‐state frond‐end and gas XeF(C‐A) amplifier, the nonlinear frequency upconversion
results in efficient temporal cleaning of the ultrashort optical pulse, thereby providing a high
contrast ratio for the output blue‐green pulses produced by a hybrid laser chain. This was
confirmed by the results of ASE measurements in the XeF(C‐A) amplifier of the THL‐100
system, which argue that a contrast ratio of 1012–1013 is feasible in the blue‐green hybrid
femtosecond systems with a peak power of about 100 TW.

By the example of LWFA, HHG, and recombination soft X‐ray lasers, it was shown that, in
some cases, application of shorter wavelength lasers (as compared to Ti:sapphire lasers
operating in the NIR) for laser‐matter interaction may be advantageous and extends the
frontiers of experimental ability to provide deeper insight into the physical mechanisms of the
laser‐matter interaction. One of the greatest challenges is the development of recombination‐
pumped soft X‐ray lasers that have potential to extend SXRL spectral range towards “water
window” and beyond.

Actually, the above‐discussed blue‐green hybrid concept can be considered as an alternative
to the direct nonlinear upconversion of intense NIR laser radiation to the visible with the use
of second harmonic generation (SHG) technique. However, to the best of our knowledge, the
highest peak power reached so far in the visible with SHG does not exceed 4 TW, producing
the peak intensity in a focal spot diameter of about 3 μm as low as 3 × 1018 W/cm2 because of
poor beam quality [83]. Achieving higher parameters in Ti:sapphire laser systems with SHG
meets serious technical problems arising from a variety of nonlinear effects in crystals at high
intensities leading to a significant spatiotemporal degradation of beam quality [84]. Moreover,
a broad spectrum of femtosecond pulses and strong nonlinear wave front distortion require
application of very thin (0.5–1 mm) nonlinear crystals of large diameter (>10 cm). The tech‐
nology of such crystals manufacture is not yet available. Nevertheless, a large ongoing effort
is presently devoted to overcome these difficulties in SHG and to reach hundreds of TW at
wavelength of the second harmonic [85, 86]. The hybrid (solid/gas) laser technology is free of
these problems because peak powers of 0.1–1 TW are required for a seed pulse generated by
the solid‐state front end in order to extract most of the energy stored in the final gaseous
amplifier.

At the same time, it is necessary to say that the hybrid systems relying on the photochemically
driven boosting amplifiers are inferior to the all‐solid‐state systems from the view point of a
pulse‐repetition rate reaching 1 kHz at moderate output peak powers. The hybrid systems
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operating in the visible could be of interest for the use in low repetition rate experiments, which
require an output peak power of tens and hundreds of TW. In the case of the Xe2Cl active
medium, repetition rates up to 10 Hz seems to be attainable with proper engineering.
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Nuclear-Induced Plasmas of Gas Mixtures and Nuclear-
Pumped Lasers
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Abstract

We briefly describe the basic processes of formation and relaxation of nuclear-induced
plasmas of gas mixtures, especially the processes of inverse population creation in
nuclear-pumped lasers (NPL). A review of the work to create and research nuclear-
pumped lasers is in progress: on transitions of atoms and atomic ions and on molecu‐
lar transitions. An increased focus is on the gas media, which we also study on WWR-
K nuclear reactor and DC-60 ion accelerator. The studies on emission of heteronuclear
ionic molecules of inert gases are also reviewed.

Keywords: laser, ionizing pumping, mechanism of population, recombination, direct
excitation

1. Introduction

Direct conversion of nuclear energy into light energy is of great interest as it provides for
application of compact and energy-intensive nuclear energy sources to create high-power
generators of coherent and incoherent optical radiation. Nuclear energy pumping into active
laser medium was first proposed with the appearance of first lasers [1, 2]. At present, the research
on nuclear-pumped lasers (NPL) has progressed to the stage where design and engineering
developments of continuous and pulse nuclear laser equipment for various purposes have
become possible, that is integrated units based on nuclear engineering and physics, quantum
electronics, physics of low-temperature plasma, optics, gas dynamics, and other areas of science
and technology [3].

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Nuclear-pumped lasers have potential in a wide range of applications, especially in cases
requiring high-power and compact lasers to be placed on autonomous remote facilities. The
most promising areas of nuclear-pumped laser application are as follows: laser thermonu‐
clear fusion, long-distance transmission of radiant energy and information, rocket laser engine,
laser isotope separation and photochemistry, stratospheric ozone layer recovery, and space
junk removal. Considerable interest in this area research is also associated with significant
difference between the mechanisms of level population during nuclear pumping and
population processes in conventional gas-discharge lasers. Application of nuclear energy for
active laser medium pumping can be considered not as the way to create high-power laser,
but as the way to obtain energy from nuclear reactor. This necessitates consideration of
fundamentally new equipment—a reactor laser designed to spatially combine nuclear laser
active medium and nuclear reactor core. This approach opens up opportunity to generate
qualitatively new energy.

Attempts to achieve laser action during pumping of condensed media with nuclear radia‐
tion did not yield positive results. The main obstacle on the road of creating condensed media
NPLs is their radiation damage: radiation defects of crystal lattice in solid-state laser, radiol‐
ysis, and gas bulb generation on the tracks of nuclear particles in liquid lasers. Presently known
gas NPLs [3] radiate in spectral range 391–5600 nm in about 50 atomic transitions of Xe, Ar,
Kr, Ne, C, N, Cl, O, I, Hg; Cd+, Zn+, Hg+ ions, CO molecules, and N2

+ molecular ion.

2. Methods and sources of gas excitation by nuclear reaction products

NPLs include active media that are excited directly using nuclear radiation, or with the use of
intermediate nuclear-optical converters. There are three basic sources of nuclear radiation,
which can be used to pump NPLs or convert nuclear energy into light energy on transitions
of atoms and molecules:

1. nuclear explosions,

2. radioactive isotopes,

3. neutron radiation of nuclear reactors.

Using the γ-ray radiation from nuclear explosion as the pump source was apparently done for
the first time in VNIIEF (All-Union Scientific Research Institute of Experimental Physics) in
1971 [3]. Xenon emitted as Xe2* excimer molecules was used as an active media. Experiments
on xenon excimer laser pumping (λ ~ 170 nm) were done in a testing area in Nevada in 1973
[4]. Experiments to develop NPLs using nuclear explosive devices were carried out up until
1987 when underground test ban was introduced.

Optical radiation of gases excited by radioactive nucleus decay products (210Po, 238Pu, 239Pu,
241Am, etc.) was studied before to create gas scintillators [5, 6]. Radioactive isotopes usage for
laser pumping [7] or pre-ionization in electric discharge lasers [8, 9] is limited by lower power
density deposited in gas (up to 0.6 W/cm3). The main volume of works on NPL active media
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search and study of their parameters was performed on stationary and pulsed nuclear reactors.
Nuclear reactors are the source of neutron and γ-radiation. Neutrons were used to pump lasers,
as in this case the energy input to laser medium is several times higher than due to γ-radia‐
tion. Direct pumping of active media is usually carried out not by neutron radiation but by
nuclear reaction products with thermal neutrons (Table 1).

Reaction (energy of
reaction, MeV)

Natural composition of
isotopes 

Kinetic energy of reaction products,
MeV

Cross-section of
reaction for thermal
neutrons, barns

3He(n,p)T, (0,76) 4He(100%)+3He(1,4°10−4%) p—0,57; T—0,19 5400

10B(n,α)7Li, (2,35) 11B (80,1)% +10B (19,9%) 4He—1,5; 7Li—0,85 3837

6Li(n,T)4He (4,7) 6Li (7,5%)+7Li (92,5%) T—2,7; 4He—2,0 945

235U(n,ff)FF (167) 238U(99,28%)+235U(0,72%) Fragments: light—99; heavy—68 582

Table 1. Nuclear reactions [10] for NPL pumping.

When nuclear reactors are used as neutron sources, two basic types of laser-medium excita‐
tion are utilized:

1. a gaseous isotope or compound thereof (3He, 235UF6, 10BF3) is a component part of the laser
medium,

2. internal surface of the gas-filled laser cell is coated with a thin layer of isotope (10B, 6Li,
235U) or compound thereof (235UO2, 235U3O8).

In the case of volumetric source of pumping using 3He, the non-uniformity of pumping comes
from the absorption of slow neutrons in 3He and from the reduction of energy contribution in
area near the wall, owing to removal of reaction products to the walls of the cell, in case of
235UF6—fission fragments energy loss on the walls of the cell. Results of computation of the
total energy deposition and spatial distribution of the deposited energy depending on 3He
pressure and diameter of cylindrical cell are given in [11, 12], while [13] shows the results of
computation for 235UF6-He at different pressure of mixture and content. In Ref. [14], authors
show summary of results of experimental and theoretical studies dedicated to definition of
energy contribution in NPL cells. Three experimental methods were considered: pressure
shock method, interferometric method, and string calorimeter method. The cell size and path
length of nuclear reaction products in the gas mixture determines spatial non-uniformity at
surface pumping source use. Various calculation models for spatial distribution of energy
deposition, influence of non-uniformity of uranium-containing layers, and analysis of
experimental data on determination of uranium fission fragments energy loss in gas medi‐
um are given in [3].

Due to high 3He and 10B neutron-absorption cross-section, loading laser devices using 3He or
10B on the walls can significantly affect reactivity charge of nuclear reactor and even lead it to
subcritical state. A laser cell containing 235U also serves as a fuel element of reactor. This has
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triggered an idea of laser reactor, which must spatially combine active laser medium and
nuclear reactor core [2, 15]. Initially considered option included uranium-235 hexafluoride
serving as uranium-containing medium, the only uranium compound existing in gas phase at
moderate temperatures. However, the use of 235UF6 complicated due to the chemical aggres‐
siveness of uranium hexafluoride and products of radiolysis. Laser radiation absorption by
UF6 molecules, high speed of quenching of excited atoms and molecules in collisions with UF6,
electron attachment to molecules of UF6 also prevents the use of uranium hexafluoride as a
component of the laser mixture [16]. At present, the most realistic designs are heterogeneous
reactor lasers using thin-film uranium fuel [17, 18]. The core of this reactor laser is a specific
quantity of laser cells with uranium layers appropriately placed in a neutron moderator matrix.
With appropriate selection of components, the conditions for the reactor-laser operation are
provided without utilizing additional fuel (uranium). The number of laser cells may vary from
a few 100 to 1000, the total weight of uranium from 5 to 70 kg, and characteristic linear
dimensions are 2–5 m [3, 18].

Studies in recent years were set out to explore opportunity to load uranium in active laser
mixture in the form of fine dust with a particle size of 100–500 nm substantially lower than the
path length of fragments [19]. In this case, it is possible to minimize energy loss in the fuel and
substantially improve the efficiency and uniformity of pumping. It is necessary to ensure the
transparency of such a mixture at the lasing wavelength. Theoretically, it is possible by
arranging the dust particles in the form of periodic structure with a mutual distance compa‐
rable to laser wavelength, that is, in the form of dust crystals.

2.1. Basic processes of formation and relaxation of nuclear-induced plasmas of gas mixtures

Currently, direct nuclear pumping is implemented in gas media in which the populating of
lasing levels occurs in a low-temperature plasma formed by ionizing radiation, in nuclear-
induced plasmas. This section describes the basic processes of formation and relaxation of such
plasma, in relation to active media of lasers with nuclear pumping and conversion of nucle‐
ar energy into the energy of spontaneous gas emission. The most complete information about
the processes in plasma of active media of gas lasers with nuclear pumping is contained in
monographs [3, 20].

Initial stage of ionization processes in gas media. Gas medium ionization occurs by various types
of radiation: uranium fission fragments and transuranium elements, fast electrons, protons
and tritons, lithium nuclei, α-particles, γ-quanta. Ionization in γ-radiation of gas is induced
by fast electrons produced in the process of Compton scattering, photoeffect, and effect of
electron-positron pair formation. In the initial stage of ionization process, primary ionization
during the immediate interaction of charged particles and secondary ionization in interac‐
tion of media atoms with electrons formed as a result of primary ionization.

The process of ionization of an atom may be viewed as a binary collision of oncoming charged
particle and one of the electrons of the atom’s shell [21]. Due to the large difference in masses
of heavy charged particles and the electron, only a comparatively small percentage of fragment
energy can be transferred to the orbital electron. The spectrum of electrons produced by
ionization of heavy particles is softer compared with the spectrum produced by ionization of
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gas by fast electrons [22, 23]. The average energy of electrons formed in neon as a result of
ionization by fission fragments is 40 eV and fast electrons 150 eV [22]. In the case of fission
fragments, the secondary electron may provide additional one or two acts of ionization on
average, while in the case of fast electrons, it is from 5 to 10 [23].

However, differences in the effects on gas media by different types of ionizing particles are
not substantial, because the ultimate result is a combined effect of primary and secondary
ionization. It follows from calculations in that the electron energy distribution and energy
formation of electron-ion pair in the gas does not depend on the type of charged particles [24,
25]. The same conclusion can be drawn from the luminescent properties of plasma and gas
NPLs output parameters, which do not depend on the type of charged particles, but depend
on the power and duration of pumping [18].

Figure 1. Electron energy distribution in the ionized gas. 1—primary electrons of source; 2—electrons of ionization
cascade; 3—electrons in the inelastic excitation region; 4—thermal and subthreshold electrons.

Usually, the calculation and analysis of parameters of nuclear-induced plasmas, develop‐
ment of laser action and NPLs radiation, ionization of gas medium are assumed to be
homogeneous. One of the features of nuclear-induced plasma is associated with the forma‐
tion of tracks when passing through dense gas of heavy charged particles [26, 27]. Depend‐
ing on parameters of gas media, transverse dimensions of the tracks are 1–10 μm, and the track
lifetime or the time to establish uniform ionization through diffusion is 0.1–1 μs [28]. Non-
uniformity of ionization associated with track structure of plasma will be most noticeable in
the following cases:

- at ionization by fission fragments and other heavy ions,

- in dense gases with high atomic weight,

- at a very low degree of ionization, when there is no overlapping of tracks.
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Fluctuations of plasma component concentrations induced by the track structure may have
some effect on NPL characteristics excited by fission fragments, if population of upper levels
is due to the fast charge process, for example, in laser on a mixture of He-Cd [28]. The influence
of plasma track structure on recombination processes will be insignificant, as the track lifetime
is much less than the characteristic time of recombination processes [29, 30]. Tracks’ overlap‐
ping occurs at high pumping power densities; therefore, the track structure of plasma
disappears. Estimates show that the overlap of tracks in atmospheric pressure helium occurs
at excitation power densities ~2 W/cm3 [29].

Ionization of gas at the initial stage is carried out directly by charged particles and secon‐
dary electrons. A picture of the electron energy distribution in the gas is shown in Figure 1,
where fe is the energy distribution function of the electrons, and Ee is the electron energy.

The entire electron energy range can be divided into three regions [24]:

1. The region of ionization cascade Vi < Ee < E0 (E0 is the particle initial energy, Vi is the
ionization potential of the gas atoms and molecules), in which the electrons energy is
sufficient for ionization of gas particles.

2. In elastic excitation region Im < Ee < Vi (Im is the minimal threshold of electron or vibra‐
tional excitations), in which the energy of the electrons is reduced, primarily due to
excitation of electron and vibrational states of the gas particles.

3. In the subthreshold region (Ee < Im), electrons lose energy in small “portions” due to elastic
collisions with gas particles, thus creating electron thermalization. In subthreshold region,
the electrons are involved in the processes that are important in population kinetics and
NPL levels’ deactivation. These processes include the following: the electron-ion recom‐
bination, quenching of excited states, processes of attachment to electronegative gas,
excitation, and ionization in collisions with gas particles in excited states.

At Ee > Im, the function of electron energy distribution differs greatly from Maxwell distribu‐
tion. Electrons in this region do not participate in recombination processes and this region
supplies electrons in the subthreshold region. The electrons of inelastic region excitation and
ionization cascade possibly play a major role in population of 3p levels of neon [30, 31].

2.2. Kinetics of plasma processes at nuclear pumping of gas mixtures

In quantum system, the gain (absorption) factor of the medium is described by [32]:

2
2 1

1

( )gN N
g

a s= - (1)

where indexes (1, 2) refer to upper level 2 and lower 1, N—level population, g—statistical
weight of levels. The cross section of stimulated transition:
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where λ—transition wavelength, Δω—line width, A—transition probability. The amplifying
medium (α > 0) requires maintaining population inversion: Population of the upper level must
exceed population of the lower level (adjusted to degeneracy multiplicity). Formation of
population inversion requires selectivity of population of the upper or lower level. The
inversion can be provided not only by the predominant population of upper laser level, but
also through selective cleaning of the lower level.

The active media of gas NPLs are often the double mixtures A-B (A—a buffer gas with a high
ionization and excitation potential, B—a gas with a lower ionization potential, and lasing
occurs in its transitions) or triple A-B-C. In triple mixtures, the third C gas usually plays the
role of deactivator of lower level and is not involved in upper level population, but can quench
it to some extent. Therefore, we consider the kinetics of processes in plasma in the example a
two-component mixture.

The first stage includes ionization and excitation of the buffer gas atoms A (formation of A+

ions and excited atoms A*), in some cases, direct excitation of active gas B [31, 33]. The main
channels of energy transfer from A+ and A* to particles B are as follows:

1. Charge exchange processes

( )    *  A B B A+ ++ ® + (3)

2 (   * 2)   A B B A+ ++ ® + (4)

2. Penning process (if A* energy is higher than B ionization potential)

*    )    ( * A B B A e++ ® + + (5)

3. Excitation transfer

*    *  A B B A+ ® + (6)

The main type of ions in high-pressure plasma is molecular ions A2
+, B2

+, (AB)+ which are
formed in triple processes:

2        A A M A M+ ++ + ® + (7)

2        B B M B M+ ++ + ® + (8)
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      (  )  A B M AB M+ ++ + ® + (9)

where M—third particle (A or B). Plasma neutralization occurs as a result of recombination
processes, which, depending on specific conditions, may prevail or have dissociative recom‐
bination.

2     *  A e A A+ + ® + (10)

2     *  B e B B+ + ® + (11)

   ( )  *  AB e B A+ + ® + (12)

triple or shock-radiative recombination

  2   ) )*( (*   A B e A B e+ + + ® + (13)

  (     * *(  ) ) A B e M A B M+ + + + ® + (14)

Population of laser levels occurs during processes (3–5) for B+ atomic ions, (6, 11–14) for B
neutral particles, as well as in cascade transitions from B** high levels. It was previously
considered [34, 35] that the processes of dissociative recombination of molecular ions are
predominantly populated by p-states of atoms, but in recent years this conclusion was
questioned [3].

In [36] based on radioluminescence intensity dependence from mercury vapor pressure (10−3–
10−7 Torr) in 3He-Hg mixture was made a conclusion that in the process of Hg+ three-body
recombination mostly populated d-states of mercury atoms. Thus, D-levels may also be
populated in the processes of dissociative recombination of molecular ions (at a higher density
of mercury atoms).

In low-pressure gas discharge laser, the lower laser level is usually deactivated in optical
transitions to lower levels, and in lasers with nuclear pumping of atmospheric pressure, the
deactivation occurs in collisions with media atoms or plasma electrons, and in Penning reaction
with the particles of additional gas. In excimer lasers, where at photon emission the excimer
molecule passes in the lower dissociated or weakly coupled state, the lower level deactiva‐
tion is feasible.

Characteristics of laser radiation at pumping by hard ionizer depend on the power and
duration of energy input into active medium, but do not depend on the type of ionizer [18].
This means that kinetics of processes in active media of lasers excited by an electron or ion
beam and for nuclear-pumped lasers will be identical [37, 38]. Calculation of plasma param‐
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eters and laser characteristics implies for kinetic models, representing the balance of rates of
formation and decay of individual components in plasma. Kinetic equations are supplement‐
ed by the equations of electron energy balance. In some kinetic models, the number of plasma
chemical reactions reaches several hundred (see, for example, [29, 39]). Typically, the rele‐
vant description of plasma and laser parameters’ calculation suffices it to include 10–15 basic
reactions. In this regard, it is sometimes advisable to use the so-called small models for
calculation, which includes only the basic plasma processes, examples of such models [40, 41].
It should be noted that in many cases the basic level population process is either not defined
(e.g., lasers with Xe, Kr, Ar IR transitions), or under discussion (e.g., laser on the 3p–3s
transitions of neon [30, 31]). In other cases, relevant calculation is hindered by a large uncer‐
tainty in the values of (or even the order of magnitude) processes rate constants [42], the
uncertainty in coefficient of light absorption by active medium particles [43].

2.3. Design and development of experimental methods for nuclear-induced plasma research

Pulsed nuclear reactors were used as a source of neutron radiation for NPLs research [3, 27,
44–47]: in Russia—VIR-1, VIR-2, TIBR-1M, BR-1, BIGR (VNIIEF), EBR-L (VNIITF, All-Russian
Scientific Research Institute of Technical Physics), BARS-6 (FEI, Institute of Physics and Power
Engineering), IIN-3 (Kurchatov Institute of Atomic Energy); in USA—TRIGA Mark-II
(University of Illinois), SPR-III (Sandia Labs), APRF (NASA), Godiva-IV (Los Alamos National
Laboratory). Relatively recent reports were issued about experimental NPL investigations in
China on the CFBR-II [48]. First, NPL works in China were carried out on a stationary INPC
nuclear reactor [49].

Thermal neutron flux density at stationary nuclear reactor reaches 1013 to 1014 n/cm2s, and gas
mixtures’ pumping power does not exceed a few W/cm3. Therefore, research on stationary
reactors (IRT-2000 in Moscow Engineering Physics Institute (MEPhI), our works on WWR-K
reactor) was mainly associated with the study of the spectral characteristics of plasma [50, 51],
as well as the development of lasers with non-self-maintained discharge (WWR-K reactor) [52].

WWR-K reactor (Figure 2) is a heterogeneous unit of water-cooled type, operating on thermal
neutrons. Desalinated water serves as moderator, reflector, and coolant. Uranium is used as
reactor fuel enriched by uranium-235 isotope to 36%. WWR-K reactor is a powerful source of
neutrons and gamma rays. The maximum thermal neutron flux in the central channel of the
reactor reaches 2°1014 n/cm2s. The reactor core is placed in an aluminum tank filled with water
and is designed as hexagonal lattice containing fuel elements, control and protection system
channels and experimental channels. The water temperature is kept constant and does not
exceed 40°C. The core has a shape similar to cylindrical, with diameter of 645 mm and height
of 600 mm. Central vertical experimental channels with diameter of 96 mm, which was used
for nuclear-pumped laser works, pass through the core center. Biological protection of staff
from the reactor radiation in horizontal plane is provided by layers of water of 850 mm wide,
cast iron—210 mm and limonite concrete—2250 mm. Biological protection in vertical direc‐
tion is formed of 3700 mm of water layer and removable cast iron lids of 800 mm wide.
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Figure 2. General view of WWR-K reactor.

The upper part of reactor tank includes rotating cast-iron lid, through which experimental
channels are loaded. The left side includes the base made of plates on which vacuum pumps
for pumping mixtures from laser devices under the reactor lid were placed.

Three designs of reactor core laser systems [53] were developed and tested on WWR-K reactor.
One design was intended for testing mixtures of xenon laser pumped by uranium fission
fragments, the second for lasers on inert gas mixtures excited by the products of 3He(n,p)3H
reactions and the third to run the laser on transitions of mercury triplets [54]. Figure 3 shows
the design intended for lasers on mixtures of inert gases excited by the products of 3He(n,p)T
reactions. The laser cell is designed as electropolished pipe of 36 mm in diameter with flanges
for mirrors on the edges. The distance between the mirrors is 2.1 m, and the mirrors are on a
quartz substrate with a dielectric multilayer coating. Mirrors are distanced for 0.5 m (non‐
transmitting) and 1.0 m (half-transmitting) from the reactor core. Laser channels cutting after
a 6-month settling showed that KU-1 quartz substrate has sufficiently high radiation resist‐
ance. De-gassing and gas puffing were also conducted through waveguide pipe Ø36 mm. The
laser light from this tube was extracted through the window of LiF or CaF2 and analyzed by
registration system. IR radiation was simultaneously recorded by calorimeter located above
the exit window and reflected on the LiF plate portion through the matrix of five PD-7G
photodiodes. Radiation within the visible range was recorded by photodiodes matrix and the
system for measuring the luminescence spectra based on the SPM-2 monochromator and
FEU-106 photomultiplier operating in photon counting mode.
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Figure 3. Scheme of laser cell of inert gases excited by 3He(n,p)T reaction products. 1—laser pipe, 2—mirrors, 3—alu‐
minum lid of reactor, 4—waveguide pipe, 5—window, 6—LiF plate, 7—propellant, 8—cast iron lid of reactor, 9—pho‐
todiodes matrix.

Although we were not able to create a continuous laser with a direct nuclear pumping, the use
of continuous ionizing radiation sources: stationary nuclear reactors and radioactive sources
provide for detailed study of plasma properties of gas mixtures, and stationary state of
pumping simplifies the analysis of processes kinetics in plasma [53].

Currently, the research is being conducted on DC-60 heavy ion accelerator [55]. The main
parameters of the accelerated ion beam: ion type—from lithium to xenon, and ion energy—
from 0.5 to 1.75 MeV/nucleon. The intensity of ion beam is from 1012 to 1014 particles/s
depending on type and energy of ions. Ion impulse duration is several nanoseconds and
repetition rate of ions is 1.84–4.22 MHz. Mainly, the ions of argon were used as a source of
ionization and excitation. The accelerated ion beam passes from evacuated transportation
channel through 3-mm hole in the flange to irradiation chamber (Figure 4). The hole in the
flange is closed by membrane of 2-μm titanium foil or 2.5-μm-thick havar foil. The gas pressure
in the cell is measured by capacitance diaphragm gauge mounted at the top of the chamber.
The ions passed through the foil ionize and excite the gas mixture in irradiation chamber
(Figure 5). Argon ion energy after separation foil is about 50 MeV. The emerging light radiation
passes through quartz window and condenser and focused on optical fiber. The beam falls on
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a compact spectrometer through the fiber, and the recorded spectrum is displayed on a
computer.

Figure 4. View of the experimental setup on the DC-60 accelerator.

Figure 5. 400 Torr helium (a) and 600 Torr neon (b) luminescence induced by argon ions.

Beam from the narrow ion-excited region is reflected on the separating flange (a, b) and on the
top of the chamber (b).

Studies on luminescence spectra of gaseous media were also conducted with the use of
radioactive isotopes [36, 56–58] and pulsed nuclear reactors [59–61].
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3. NPL active media on transitions of atoms and atomic ions

3.1. IR lasers operating on transitions of Xe, Kr, and Ar

Nuclear-pumped lasers operating on IR transitions of Xe, Kr, and Ar were investigated in detail
and have maximum output parameters for NPL. The research by VNIIEF in 1972 during the
first experiments was performed with the VIR-2 reactor; the output power of xenon laser with
an optimal pressure and composition of the He-Xe was 25 W with efficiency ~0.5%, but the
results were not published that time [62]. In 1974, obtained laser action on He-Xe composi‐
tion (λ = 3.51 μm) with excitation by uranium fission fragments [63]. It was one of the first
publications on the achievement of lasing under direct nuclear pumping [63, 64].

Most of the lines with laser action refer to nd-(n + 1)p transitions of Xe, Kr, and Ar atoms (n =
5, 4, 3 for Xe, Kr, Ar, respectively). Xenon laser (λ = 1.7–3.5 μm) has received the most studies,
as it has the highest output parameters. He, Ar, Kr, and compounds thereof served as buffer
gases. The first NPL xenon laser has the maximum achieved energy parameters:

- output power 1.3 MW and energy 526 J per pulse with duration 400 ms in He-Ar-Xe
compounds, with a wavelength 2.03 μm [65],

- 5.6% efficiency in Ar–Xe mixture [66], 2.5% in He-Ar-Xe [67] with λ = 1.73 μm and ~3%
with 2.03 μm [65]. The differences in efficiency values may be related to differences in the
evaluation of energy deposited in gas [3].

Xenon laser also has the lowest lasing threshold: 1.5°1012 n/cm2s in Ar-Xe mixture (λ = 2.03 μm)
[7, 68]. These advantages, as well as the absence of degradation of the laser mixture as a result
of radiation and chemical reactions, join the lasers operating on IR transitions of Xe, Kr, Ar the
ranks of most promising in terms of reactor-laser creation [18].

Upper location of laser levels suggests a weak temperature dependence of its output param‐
eters. However, in the case of lasers operating on IR transitions of inert gases, the output power
is halved at the temperature of the mixture 350–550 K [3, 69]. The reasons for this are still not
fully understood and are the matter of discussions. The most probable reasons were consid‐
ered:

- reduction in the rate of formation of heteronuclear ArXe+ ions and mixing laser levels by
electrons [69],

- destruction of ArXe+ ions by buffer gas atoms [70],

- collisional quenching and mixing laser levels by buffer gas atoms [71],

- active medium contamination by impurities as a result of their desorption from laser cell
walls as long as it is warming [72].

Although lasers operating on IR transitions of inert gases are studied for over 40 years and
considered to be the most promising, there is still no clarity with mechanism of upper nd-levels
population [3, 73]. The processes of deactivation of lower (n + 1)p-levels can be considered well
established; it is a collisional quenching in collisions with atoms of active medium, and with
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electrons at high-power pumping. The main problem in determining nd-levels population
mechanism is associated with complexities of IR radiation registration within the reactor
experiment.

The main presently discussed mechanisms of levels population (B—Xe, Ar, Kr; A—buffer gas
atom) [73] are as follows:

1. Shock-radiative recombination: B++e+e (M)→B(nd)+e(M), M— third particle.

2. Electron-ion recombination: B2
++e→B(nd)+e.

3. Recombination of heteronuclear ionic molecules: AB++e→B(nd)+A.

4. Transfer of excitation in inelastic collisions: Ar*+Xe→Xe(5d)+Ar.

5. Step excitation: Xe(6s, 6s′)+e→Xe(5d)+e.

Widely held hypothesis implies for levels population in processes (3) of dissociative recom‐
bination of heteronuclear ionic molecules with electrons [29, 74]. In works [3, 73, 75], the main
channel of population is considered to be the process (2) of electron-ion recombination of B2

+

ions. In recombination mechanism of Xe levels’ population, the lasing failure with addition
of 5 Torr of uranium hexafluoride to Ar-Xe mixture [16] can be explained not only by quenching
xenon levels by UF6 molecules, and also by electron attachment to UF6, by recombination of
xenon ions with negative ions in the mixture.

According to [33, 76], dissociative electron-ion recombination of molecular ions of inert gases
cannot be the main process of nd-levels population of inert gas atoms. It is expected to populate
levels by direct excitation of secondary electrons from the ground state of atom, as well as
transfer of excitation from buffer gas atom [33].

3.2. Visible-range lasers operating on Ne atom transitions

Atomic neon laser created in 1961 by Javan A. and others is the first laser with active gas
medium. Therefore, the first proposals [1] and first experiments [2] on NPL creation were
associated with well-known transitions of He-Ne laser with a wavelength of 632.8 nm and 1.15,
3.39 μm. In 1980, it was reported [77] on laser action of 5s′[1/2]1

0–3p′[3/2]2 neon atom transi‐
tion (λ = 632.8 nm, Figure 6) after excitation of 3He–Ne mixture by products of nuclear reaction
3He(n,p)T in stationary nuclear reactor. At the same time, laser efficiency was approximately
0.03% and the lasing threshold was reached at a very low thermal neutron flux F = 2°1011 n/
cm2s. High gain in a mixture of 3He-Ne (1.7°10−2 cm−1 at F = 2°1012 n/cm2s) was also measured
in work of Chinese authors [49]. The results of these studies are questionable and subject to
discussion [78, 79]. Simple estimates [78] show that in these conditions [77] population cannot
be obtained even in the extreme case, when all power deposited in gas is fully transferred to
the upper laser level, and the level is not quenched in collisions with atoms. In our experi‐
ments, the neutron flux density was gradually changed from 1011 to 1014 n/cm2s; however, the
lasing threshold in 3He:Ne = 5:1 mixture was not reached [53, 79]. In addition, the lumines‐
cence spectrum of He-Ne mixtures at ionized radiation pumping has no 632.8 nm line (Figure
7).
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Figure 6. Scheme of laser transitions in neon. The wavelengths of laser and resonant transitions are indicated in nm.

Figure 7. Emission spectrum of neon at a pressure of 605 Torr under ion beam excitation in the 570–900 nm region. The
vertical green line indicates the wavelength of 632.8 nm.

3p levels of neon atoms are efficiently populating during excitation by the products of nuclear
reactions of neon and its mixtures [57, 80] (see Figure 7). To create laser operating on 3p–3s
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transitions of neon, it is necessary to solve the problem of lower s-levels deactivation. These
levels are metastable or resonantly coupled to the main level and have trapped radiation at
neon pressures important for nuclear pumping radiation. Rapid depletion of lower laser levels
at a relatively low concentration of quenching particles can be achieved in the processes
occurring with Coulomb cross-sections. In Ref. [20], authors show the possibility of deactiva‐
tion of excited states in the Penning process. The required selectivity of deactivation of the
upper and lower levels can be achieved using the lower levels states as resonantly coupled to
the main, for which the ionization cross-section of quenching by additives is particularly
high [81].

Quasi-continuous lasing in allowed neon atom transition 3p′[1/2]0–3s′[1/2]1
0 (λ = 585.3 nm) was

first observed in the afterglow of discharge [82], and then at pumping by powerful electron
beam of Ne-H2, Ne-Ar, Ne-Ar-He mixtures [83]. In [84] by reducing the concentration of neon
and quenching the lower level of additives by an order compared to [83], and pumping power
by electron beam ~100 kW/cm3 with He:Ne:Ar = 96:3:1 mixtures at a pressure of 3 atm at the
same transition obtained laser efficiency of 1–2%. The laser efficiency with ionizing pump‐
ing at λ = 585 nm in the opinion of other authors cannot exceed 0.5% [85]. The electron beam
pumping provided for laser action in a row of 3p–3s neon transitions in the spectrum red
region [86] (see Figure 6).

Progress in creating efficient lasers of visible range operating on neon at the electron beam
pumping power 10–100 W/cm3 stimulated work on nuclear-pumped lasers operating on 3p–
3s transitions of neon atom. Laser action operating on 3p–3s neon transitions at pumping by
uranium fission fragments was obtained in 1985 at VNIIEF on VIR-2 reactor. These results
were published in 1990 [3, 87]. In 1985, we have also conducted experiments on WWR-K
stationary nuclear reactor for excitation of triple mixtures of argon or krypton, neon, and 3He,
which has led to a negative result [53, 79].

Obtained within the experiment efficiency values for NPL operating on neon (to 0.1%) are
much lower than at pumping by electron beam [84, 85]. Threshold values of thermal neu‐
tron flux density are significantly higher than 1014 n/cm2s [87–93]. Report [90] on NPL lasing
in 3He-Ne-H2 mixture with a lasing threshold of 1014 n/cm2s is doubtful, as hydrogen at a
pressure of 0.57 bars must be considerably quenching the upper laser level. Unlike lasers
operating on IR transitions of Xe, Kr, Ar, the lasing mechanism in lasers on 3p–3s transitions
of neon was considered reliably established [39, 87, 94]. Already the first works on neon lasers
pumped by an electron beam or nuclear radiation contain roughly the same ideas about the
lasing mechanism. The lower 3s-states are deactivated in the processes of:

- Penning for metastable states 3s[3/2]2
0, 3s′[1/2]0

0 [20],

- release of an electron for resonance states 3s[3/2]1
0, 3s′[1/2]1

0 [81].

The main process of 3p levels population is considered to be dissociative recombination of Ne2
+

ions with electrons; most studies assumed that all of these levels are populated in recombina‐
tion of molecular ions in the main vibrational state. In [80, 84] to explain changes in the
efficiency of various levels pumping with the neon pressure, was made a conclusion on
population of 3p′[1/2]0-level in processes of recombination of vibrationally excited levels of
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Ne2
+. Population efficiency of level 3p′[1/2]0 increases in triple mixtures with high helium

content, which is explained in [80] by the formation of vibrationally excited levels of Ne2
+ in

the following processes:

Ne   2He  HeNe   He+ ++ ® + (15)

2HeNe   Ne  Ne v  0( )  He+ ++ ® > + (16)

Another mechanism for neon levels’ population when excited by a hard ionizer is proposed
in [79]. Based on the study of spectral-temporal characteristics of pure neon and He-Ne
mixtures pumped by heavy charged particles, the conclusion was made that the population
of neon levels occurs in direct excitation by nuclear particles and secondary delta electrons,
and in He-Ne mixtures also in the process of excitation transfer from metastable helium
atoms (Hem):

( )mHe   Ne  He  Ne 3p   2He+ + ® + (17)

However, this work did not receive recognition: In the review article [18], it was not men‐
tioned, and in monograph [3], it was questioned with reference to [95]. During the study of
luminescence of He-Ne mixtures with quenching additives [30], we have obtained results
confirming the main conclusion in [79]—the principal and clearly dominant channels of
neon 3p levels population in pumping by a hard ionizer are the processes unrelated to
dissociative recombination of molecular ions of neon.

3.3. Metal vapor lasers

3.3.1. Mercury vapor lasers

HgII laser. The first report on the lasing of ion NPL operating on mercury vapor appeared
in 1970 [96]. This work presents results obtained at 3He(350 Torr)+Hg(3 Torr) mixture pumping
on IIN pulsed reactor with neutrons flux up to 5°1016 n/cm2s. According to authors, the
registered lights power ~10 mW was associated with laser action of mercury ion transition
72P3/2–72S1/2 (λ = 615.0 nm). Further on, these results were questioned, and in 4He(600 Torr)
+Hg (2.5–10 mTorr) mixture pumping by 10B(n,α)7Li reaction products has proved lasing with
a wavelength of 615 nm [97]. The conditions [97] had no lasing at partial pressure of mercu‐
ry vapor ~3 Torr.

Pumping mechanism at the transition of 72P3/2–72S1/2 mercury ion at ionizing pumping was
considered in [53, 98, 99]. Discrepancy between the results of [96, 97] is possibly due to the
difference in mechanisms of upper laser level population at low density and high density of
mercury vapor [53, 98]. Calculations [99] indicate a low energy laser characteristics at λ = 615
nm (0.04% maximum efficiency) even with optimal parameters.
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HgI laser. The emission spectra of mixtures of 3He + Hg and 3He + Hg + Kr in excitation by
products of nuclear reaction 3He(n,p)T studied in [100]. It was concluded that the excitation of
low-lying HgI levels by electron impact is predominant in high-pressure plasma:

1 3
0 1Hg 6 S   e  Hg 6 P(  ) e( ) + ® + (18)

( )3
0,1,2Hg 6 P   e  Hg nx   e( )+ ® + (19)

Continuous laser λ = 546.1 nm with optical pumping [101] uses similar scheme of excitation
(electron replaced with photon): a beam with a wavelength of 253.7 nm, corresponding the
mercury resonance line, excites 63P1 mercury level and beam λ = 435.8 nm transmits excita‐
tion to 73S1-level. However, an attempt to ensure deactivation of 63P2 state by N2 molecules
according to the scheme used in optically pumped laser at ionizing radiation pumping was
not successful [102].

We have proposed another scheme of creating inverse population in laser on mercury triplet
lines [54]. Our works [36, 98] have shown that population of 73S1-level of mercury atom occurs
in the process of dissociative recombination of molecular ions and not in direct or stepwise
excitation by electrons. It is proposed to use H2 to destruct the lower level at the transition of
73S1–63P2; H2, D2—on the transition of 73S1–63P1. As the pumping is carried out through ion
channel, xenon should be used as buffer gas and charge exchange from xenon to hydrogen is
slow. The use of krypton is less justified due to low value of rate constant of Kr2

+ ion re‐
charge on mercury atoms. High selectivity of dissociative recombination of Hg2

+ is largely
driven by relatively low temperatures involved in recombination of electrons. Therefore, by
increasing the pumping power to the level required for laser operation, it is useful to use helium
to cool the secondary electrons. Thus, the optimal gas mixture of laser operating on mercury
triplet must be four-component He-Xe-Hg-H2 [54].

Quasi-continuous lasing at 73S1–63P2 transition of mercury atoms using this scheme was
obtained on pulsed nuclear reactor EBR-L in VNIITF [103]. Kinetic model of He-Xe-Hg-H2

nuclear-pumped laser based on VNIITF experiments was developed in [104]. Externally
similar scheme is implemented in excitation of mercury mixtures with inert gases by elec‐
tron beam [105]. This work uses a mixture of He+Ne+Ar as a buffer gas at a total pressure of
2300 Torr. With reference to the paper later than [36, 98], recombination of Hg2

+ as the main
population channel of 73S1 has been specified. An attempt to use H2 for 63P2 level population
was unsuccessful, and at hydrogen pressure of 20 Torr laser action failed. What was also
interesting in this study was the absence of molecular additives quenching the lower level.
Apparently, the de-excitation of lower laser level took place in formation of excimer mole‐
cules (HgR)*:

( )3
2Hg 6 P   R  M  HgR *  M( )+ + ® + (20)
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2Hg 6 P   R  M  HgR *  M( )+ + ® + (20)
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where R—Ne or Ar.

3.3.2. Cadmium and zinc vapor lasers

The first nuclear pumping of visible range laser operating on cadmium vapor was carried out
by MEPhI researches on BARS pulse reactor [106]. In 3He-116Cd mixture was obtained laser
action on 4f2F0

5/2,7/2–5d2D3/2,5/2 transitions of ion Cd+ (λ = 533.7 and 537.8 nm), and later on
transition from λ = 441.6 nm [107]. The first successful experiments on laser pumping on metal
vapor (mixture of He-116Cd, λ = 441.6; 533.7 and 537.8 nm) by uranium fission fragments were
carried out in 1982 by researches of VNIIEF and VNIITF on EBR-L reactor [3]. Maximum
parameters of Cd+-laser with nuclear pumping is also obtained in this reactor: 1000 W at an
efficiency of 0.4% on the blue line and 470 W on the green lines [44].

At present, the basic processes of population of upper laser levels of Cd+ are considered to be
established:

4f2F0
5/2,7/2 upper levels of laser transitions from λ = 533.7 to 537.8 nm are populated due to charge

exchange processes

(He   Cd  Cd *  e) H+ ++ ® + (21)

forming higher-lying levels of 6f, 6g, 8d, 9s [108] and subsequent cascade transitions in 4f state.

5s22D3/2,5/2 upper levels for transitions with λ = 441.6 and 325 nm are populated in Penning and
charge exchange processes

2He   Cd  ( )Cd *  He+ ++ ® + (22)

( )He * 2S   Cd  ( )Cd *  He++ ® + (23)

Laser action at 325 nm was achieved only when pumped by an electron beam, although the
threshold pumping power was only 10 W/cm3 [109].

Deactivation of lower levels can occur as a result of radiative transitions, quenching by
electrons, conversion processes of atomic ions into molecular ions

2Cd *  Cd  He  C  ) d  He( + ++ + ® + (24)

and for the levels lying above 62S1/2, in Penning process on its own atom

Cd *  Cd  Cd   Cd   ( e)+ + ++ ® + + (25)
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Lasing mechanisms of NPLs on ion transitions of cadmium and zinc are very similar. Laser
action by pumping 3He-Zn mixture observed on transition of 4s22D5/2–4p2P3/2 (λ = 747.9 nm)
[110], 60 W output power obtained during pumping by uranium fission fragments at this
transition [44].

Information about cadmium-vapor atomic lasers with ionizing pumping is scarce. During
experiments was registered laser action (1–2 W) with a threshold density of 1016 n/cm2s neutron
flux on the lines of 1.648 and 1.433 μm at pumping He-Cd mixture by uranium fission
fragments [44]. When pumping He-Cd mixture by an electron beam was obtained laser action
on the line 361 nm of cadmium atom [111]. Kinetic model [112] included processes involving
excited cadmium atoms and attempted to calculate some laser characteristics for 1.648 μm line.

Luminescence of 3He-Cd and 3He-Xe-Cd mixtures in the radiation region of stationary nuclear
reactor investigated in [113]. Measured value of rate constant of Xe2

+ charge exchange on
cadmium atoms is small (~10−13 cm3s−1), in contrast to the constant of charge exchange on
mercury atoms. A sufficiently high density of cadmium vapor (~3 × 1018 cm−3) was establish‐
ed at a temperature of about 700°C, and such density of cadmium requires consideration of
quenching 63S1 state by its own atoms. Perhaps krypton ions charge exchange on Cd will be
faster. In addition, cadmium atoms in krypton can be ionized in the Penning processes.

4. NPL active media on molecular transitions

4.1. Lasers operating on first negative system of nitrogen and carbon monoxide

N2
+.  When pumping active medium of a high pressure by electron beam with moderate

(~3 A/cm2) current density was obtained quasi-continuous lasing mode on the first negative
system of nitrogen (λ  = 391.4 and 427.8 nm) with an efficiency ~1% [114, 115]. In this
collision lasers on B2Σ+

u,v  =  0 → X2Σ+
g,v″  =  0,1 transitions of nitrogen ion, deactivation of lower

level was carried out at low hydrogen concentrations (~0.1%) in He-N2-H2 mixture in the
process with proton transfer:

( )2 2 2N X   H   N H   H+ ++ ® + (26)

In 1996 was obtained laser action at λ = 391.4 nm with excitation of He-N2-H2 mixture by
uranium fission fragments on EBR-L [116]. This was the first NPL emitting in the UV
spectral region: Laser power was ~10 W, efficiency ~0.01%. To date, it remains to be the
most short-wavelength nuclear-pumped laser. On BARS-6 reactor were conducted studies
of facility with active core length of 250 cm and volume of 4 liters with the average over
the length of the laser element-specific energy deposition to 300 W/cm3 [117]. The lasing
threshold on B-X nitrogen ion transitions with λ = 391.4 and 427.8 nm was achieved with
low for molecular laser power density of energy deposition 50–60 W/cm3. It was determined
that active medium had non-resonant losses ~5 × 10−5 cm−1. These authors explain the laser
efficiency (~0.1–0.2%) was significantly lower than expected. In [118] developed a multi-
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component spatially homogeneous model of kinetic processes of NPL active medium on
He-N2-H2 mixture. According to the model, the maximum laser efficiency (0.5–0.8%) was
achieved at pumping power of 0.5–3 kW/cm3, for specific pumping power 90–130 W/cm3

the maximum instantaneous efficiency is 0.1%.

The [119] searched mixture compounds that improve NPL efficiency on 1−—nitrogen system,
including study of deuterium and neon impact on the laser parameters. Replacement of
hydrogen additive deactivating lower level by deuterium provided no improvements to laser
efficiency. The use of neon as the buffer gas at partial pressure of 30 Torr resulted in efficien‐
cy decrease for 30–40% for both wavelengths. It has previously been shown [120] that helium
replacement with neon impairs laser parameters for B-X transitions of N2

+. At pumping by an
electron beam, lasing energy of mixture with addition of 60 Torr of neon was 1.5 times less
than for three-component mixture of He-N2-H2 with a total pressure of 6 atm.

In [121], the constants of quenching processes rates of N2
+ (B) with nitrogen and helium, as

well as two- and three-particle charge exchange processes of He2
+ to H2, D2, Kr, CO, were

determined on the luminescence in 0–0 transition of the first negative system of nitrogen in
excitation by ∝–particles of polonium-210.

CO+. Gain on the first negative system of carbon monoxide by powerful electron beam
pumping was obtained in 1975, the same way as in N2

+-laser, by Waller et al. [122]. Quasi-
continuous lasing mode can be implemented with addition of H2, D2 or Kr to He-CO [123].
In [123, 124] by spectra of radioluminescence of the gas mixtures with carbon monoxide was
determined constants of quenching rate of CO+(B) with helium, neon, CO molecules, evaluat‐
ed the upper limit of constant of quenching rate with hydrogen, deuterium and krypton.

Kinetic model of nuclear-pumped laser on B2Σ+
u,v′→X2Σ+

g,v″ transition of carbon monoxide ion
was developed in [125]. Unfortunately, the only information given on the results of calcula‐
tions of medium gain, efficiency, but there is no information on considered processes, values 
of constants for processes rate. This provides for the opportunity to discuss the work. In
addition, specified calculated wavelength transition for which the calculations were made, 210
nm; the closest wavelength—211.2 nm—corresponds to 1–0 transition [126]. That is, laser
action, according to [125], should not take place from the ground vibrational level of CO+(B),
as the wavelength of 0–0 transition—219.0 nm. It should be noted that the gain in [122] was
observed at 0-2 transition (242 nm) and Baldet-Johnson’s system (391 and 425 nm, B→A
transitions) from the ground vibrational level of CO+(B).

4.2. Excimer lasers operating on halides of inert gases

Excimer lasers operating on halides of inert gases have been studied for a long time [127]. At
present, they are the most powerful lasers that emit in UV region of spectrum. Optimal
operation of excimer lasers corresponds to pumping powers of several megawatts per cm3 and
a pressure of several atmospheres. Such pumping powers are achieved by electron beams or
space discharge. Radiation of nuclear explosions [128] and ion beams [129] also has been used
to pump these lasers.
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Excimer lasers can operate in a quasi-continuous mode, as in the photon emission, an excimer
molecules pass into the lower dissociating or weakly bound state. Much of the research on
creation of NPL operating on the inert-gas halides is associated with XeF-laser (λ = 351 and
353 nm). Experiments on SPR-III reactor have shown that in 3He-Xe-NF3 mixture the gain on
the 351 nm band is about 7°10−3 cm−1 at pumping power q≈5 kW/cm3 [130], and at pumping by
uranium fission fragments of Ne(Ar)-Xe-NF3 mixture, registered gain of ~2°10−3 cм−1 at q≈2 kW/
cm3 [131]. Experiments in pulsed nuclear reactors with neutron flux up to 1017 n/cm2s aimed
at obtaining lasing at XeF [131] and XeF, KrF [59] did not yield positive result. The work [132]
contains theoretically investigated characteristics of laser operating on Ne-Xe-NF3 mixture at
1 atm with nuclear pumping duration 0.1–1 ms at half-height in the near-threshold lasing
region. The lasing threshold is 400–500 W/cm3, and the maximum calculated efficiency of ~1%
is achieved at pumping power of 1.5–5 kW/cm3. Predicting the possibility to create XeF-nuclear
pumped laser is mainly limited by the uncertainty of absorption coefficient in active medi‐
um, which greatly affects calculation results.

The luminescence efficiency in chlorine-containing gas mixtures with xenon (to 15% [133],
~11% [134]) is about three times higher than the efficiency of emission at the transition of XeF.
The maximum luminescence efficiency can be achieved at low chloride content (<0.7 Torr [134],
0.05 Torr [135]). In [133] reported about the lasing on XeCl molecule (λ = 308 nm) by pump‐
ing Ar-Xe-HCl(CCl4) mixture by uranium fission fragments in experiments on EBR-L reactor.
According to the authors, the narrowing in emission spectrum in 308 nm band, the height of
film blackening, 1.3–1.5 times less than at other wavelengths, indicates the presence of laser
radiation. However, these data are not sufficient for this conclusion [3].

High radiation resistance of 3He-Xe-CCl4 mixture was noted in [134, 136]. The densities of
electrons and negative ions in the plasma of gas mixture of 3He-Xe-CCl4 and 3He-Xe-NF3

irradiated with thermal neutron flux 1011–1014 n/cm2s into the active core of stationary nuclear
reactor, measured in [137].

4.3. Lasers operating on vibrational transitions of carbon monoxide and carbon dioxide

CO. Molecular nuclear-pumped laser operating on carbon monoxide was one of the first NPLs,
the creation of which was reported in the press [64]; the laser action was observed in vibra‐
tional-rotational transitions of the CO molecule with λ = 5.1–5.6 μm. Potential of medium on
carbon monoxide was determined by the fact that, unlike lasers on electronic transitions, active
medium of CO-laser does not require high pumping selectivity. It is important to get energy
into the broad band of vibrational levels of the ground electronic state of CO molecule.
Furthermore due to the autonomy of vibrational subsystem and anharmonicity of molecular
vibrations, this energy at relatively low translational temperature redistributing in the process
of exchange of vibrational molecules to provide full or partial inversion on vibrational levels
of CO [138]. This property associated with the anharmonicity of the vibrational levels, as well
as the cascade mechanism of lasing in CO, allows directing significant energy share of nuclear
reaction products to the laser level.

Experiments have not yet confirmed this finding. In [64], carbon monoxide pumping at a
pressure of 0.13 atm and temperature of 77 K was carried out by uranium fission fragments,
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and the radiation power was 2–6 W with an efficiency of 0.1–0.3%. In further work, the
authors [64] achieved lasing power of about 100 W by using a multiple-pass resonator with an
active length of 120 cm. Lasing on vibrational transitions of CO was also obtained in [139] at
excitation of 3He-CO by nuclear reaction products of 3He(n,p)T. Laser radiation power at the
mixture pressure of 3 atm exceeded 200 W from an active volume of 300 cm3, and the lasing
threshold was reached at F = 3×1016 n/cm2s.

Excitation of vibrational levels of CO can occur due to molecular collisions with plasma
electrons. In [140] based on calculation of electrons spectrum formed in a molecular gas under
the action of ionizing radiation, it was shown that the efficiency of CO nuclear-pumped laser
cannot exceed 0.5%. Further work [141] showed the main mechanism of molecular forma‐
tion in the form of dissociative recombination of cluster ions with formation of electronically
excited molecules and subsequent collision of these molecules with molecules in ground state.
According to the authors [141] plasma chemical processes in active medium can make a
significant contribution to the energy pumping into vibrational modes of molecules and allow
achieving the efficiency pumping up to 18%. The use of argon as a buffer gas instead of helium
should increase 1.5-fold the efficiency of pumping in vibrational levels and reduce by an order
the threshold energy for active medium pumping. It should be noted that a record efficiency
of electron beam-controlled laser operating on carbon monoxide—63% [142]—was achieved
due to Ar:CO = 10:1 mixture.

Presently achieved low parameters of NPL operating on CO, the need to cool down an active
medium reaching cryogenic temperatures, apparently, makes carbon monoxide medium
insufficient for creation of nuclear-pumped lasers.

CO2. The possibility of CO2-laser pumping (λ = 10.6 μm) by nuclear radiation was consid‐
ered in the earliest stages of NPL study [2], and gas-discharge laser operating on carbon dioxide
had the highest output parameters for that time. Numerous attempts to create NPL on CO2

have yield negative results. Experiments on pumping 3He-CO2 and 3He-CO2-N2 mixtures with
products of 3He(n,p)T reaction showed no gain in band of 10.6 μm at a wide variation of
pressure (0.28–0.8 atm) and composition of mixture [143]. Moreover, these experiments
showed probe laser radiation absorption, which indicates preferential population of the lower
laser level of CO2 when excited by ionizing radiation. Calculations of kinetic processes in CO2-
N2-He mixture also support the conclusion on ineffectiveness of direct pumping of CO2-laser
with nuclear radiation [144].

Apparently, the most promising method of nuclear energy conversion into radiation on
vibrational transitions of CO or CO2 is the creation of nuclear power plant with electroioniza‐
tion laser based on thermionic converter reactor [145, 146].

4.4. Radiation of heteronuclear ionic molecules of inert gases

Molecular bands in radiation spectra of pair inert gas mixtures were first discovered more than
half a century ago. The [147] recorded the band of 507–550 and 496–508 nm in Ar-Xe mixture,
and the authors attributed the presence of these bands with emission of heteronuclear
molecules or ions. When pumping Ar-Xe mixture by electron beam, the molecular band at 510
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nm was detected and the band of 495–460 nm in Kr-Xe was registered for the first time [148].
Two emission systems were observed, in 600–670 and 670–685 nm regions, when Xe was added
to Kr flowing afterglow at a pressure of 30 Pa [149]. Kugler [150] obtained similar results for
Ar-Xe mixture and discovered new band in Ar-Kr in the region of 605–642 nm. He explained
these bands as transitions of neutral heteronuclear molecule formed in the processes of
metastable atoms of argon.

In 1975, Tanaka et al. [151] have published data on radiation spectra of 10 pair mixtures of inert
gases in the region of 100–700 nm. Molecular bands observed in radiation spectra in the
discharge were identified as transitions between states of heteronuclear ionic molecules:

ν M N   MN    h  + +® + (27)

where molecular states of M+ N asymptotically correspond to states of M++N, and MN+ to the
state of M+N+; here M, N—atoms of inert gases, and N—a heavier atom. If the plasma of low
pressure in an electric discharge in paired mixtures of inert gases has up to 5 similar bands
[151], there are no transitions from levels corresponding to the states of atomic ions 2P3/2 [152,
153] when excited by ionizing radiation of medium- and high-pressure mixtures.

Kinetics of Ar-Kr, Ar-Xe, and Kr-Xe mixtures’ excitation by low activity 241Am alpha parti‐
cles was studied in [152, 154]. Constants of processes rates in these mixtures were identified;
however, constants’ values of a number of processes are underestimated: ~10−15 cm3/s for two-
particle and ~10−34 cm6/s for three-particle processes. Emission of Ar-Xe and Kr-Xe mixtures
when excited by 210Po alpha particles with activity of ~0.5 Cu investigated in [153, 155–157]
determined the rate constants of processes of formation and destruction of levels of hetero‐
nuclear ionic molecules. In [153] includes first noted high luminescence efficiency of (ArXe)+,
(KrXe)+ at pumping by ionizing radiation. Luminescence of Ar-Xe mixture pumped by
powerful electron beam was studied in [158], attempts to obtain lasing on transitions of
(ArXe)+ at pumping by an electron beam had yield negative results [155, 158].

In [42] was built kinetic model of Ne-Ar mixture relaxation pumped by a hard ionizer with
regard to the possibility of lasing on transition Ne+Ar→NeAr+. When using typical rates of
plasma chemical reactions, calculations show that lasing is only possible at high pressure
(above 16 atm) and powerful pumping (1 MW/cm3), and lasing efficiency should not exceed
0.05–0.25%. In this work were considered the triple (with Kr) instead of the binary mixtures of
inert gases, as the authors suggested that the constant of deactivation rate of the lower level
in exchange processes:

2NeAr    Ar   Ar    Ne+ ++ ® + (28)

may occur negligible. It was assumed that the lower laser level will be deactivating in the
processes with Kr atoms:
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NeAr   Kr  Kr   Ne  Ar+ ++ ® + + (29)

NeAr   Kr  M  Kr   Ne  Ar  M+ ++ + ® + + + (30)

5. Conclusions

Nuclear-pumped lasers are of great interest as the way to extract high-quality energy from a
nuclear reactor core. Presently achieved pulse power of NPL in quasi-continuous mode
exceeds 1 MW. However, the most promising active media on transitions of inert gas atoms
have a number of disadvantages: relatively low efficiency, radiation in IR region, low operating
temperature. There is no clarity as to the basic mechanism of upper laser level population:
direct excitation by secondary electrons, excitation transfer from buffer gas atoms, electron-
ion recombination of molecular ions (dimers or heteronuclear ions). This area requires further
research.
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Abstract

We review the synchrotron type radiation sources with focus on undulator and free-
electron laser (FEL) schemes, aimed on working in X-ray range and ultra-short time
interval.  Main  FEL  schemes,  useful  for  generation  of  high  frequency  radiation,
extending  to  X-rays,  are  presented.  High  harmonic  generation  is  explored.  The
advantages and disadvantages of single pass and of multipass designs are discussed.
The  viable  ways  to  reduce  the  duration  of  the  pulse,  with  the  goal  to  generate
femtosecond pulses, are indicated. Future developments of X-ray FELs (X-FELs) and
the ways to improve the quality of the FEL radiation in this context are discussed.

Keywords: undulator radiation, harmonics generation and broadening, homogeneous
and inhomogeneous losses, free-electron laser

1. Introduction

Synchrotron radiation (SR) and undulator radiation (UR) have been attracting researcher’s
attention for more than half a century. The reasons for that varied with time passing as the
challenges for the scientists evolved and the technical progress stepped forward. UR was
predicted [1] and then discovered [2] in the middle of the twentieth century. During the
following 70 years, the study of the radiation, emitted by ultra-relativistic electrons, was
performed, and the SR theory was refined; extensive theoretical studies of the electron motion
in periodic magnetic fields of various configurations have been performed [3–7]. Now UR is

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



again in focus due to the request for coherent X-ray sources [8], while free-electron lasers
(FELs) extend to X-range [9]. Both, SR and UR are due to the radiation of relativistic electrons,
executing curved trajectories [10]. The difference between them is in the length on which the
radiation is formed: short part of the circle for UR and the full length of the undulator for the
UR. This determines the fundamental difference in the quality of the radiation obtained from
these two sources: short pulses with very broad spectrum for the SR and relatively long-
lasting radiation bursts with narrow spectrum for the UR. Nowadays, the research frontier
is represented by studies of ultra short attosecond time intervals and Röntgen range [11, 12].
To  achieve  these  characteristics,  the  devices  require  extremely  high  quality  and intense
magnetic fields, long undulators with many periods. To obtain high frequency radiation,
sometimes undulator periodic structures with double or even triple period are used [13–18],
facilitating control over high harmonics and regulating their emission [6, 19]. Maintaining
best quality UR line is important. Nowadays, electron accelerators provide ultra fast and high
coherent electron beams and intense emission even in Röntgen range. Modern undulators
allow for the harmonic emission regulation [19], which can be achieved by superimposing
different periodic magnetic fields in many period undulators. It should be noted that in long
undulators  the  distortions  of  the  magnetic  field  and of  unavoidable  inhomogeneities  of
periodic magnetic field have very strong effect on the operation of the devices. High gain in
undulators is essential in FEL with self-amplified spontaneous emission (SASE), with high-
gain harmonic generation (HGHG), and in other modern schemes. The quality of the electron
beams, fed into the undulators, is extremely important for such new FELs [20], in particu‐
lar at high frequencies. The requirements for the periodicity of the field are particularly rigid
in long undulators [21]. Deviation from the ideal oscillatory trajectories of electrons results
in degradation of the beam quality and of the FEL output in terms of power, brightness FEL
gain. Therefore, the emitted UR can be exploited for diagnosing the quality of the undula‐
tor itself.

The radiation spectrum lines from undulators inevitably broaden due to a number of rea‐
sons, first of all due to the electron beam energy spread and the beam divergency, as well as
due to inhomogeneity of the periodic magnetic field in undulators. They may have internal or
external origin [22–26], but their presence is eminent also due to the fact that the ideal
H
→

= H0sin(2πz /λ) periodic magnetic field simply does not satisfy Maxwell equations. The
electron energy spread is the most common detrimental factor; some researchers even
concluded that the spectral properties of higher UR harmonics should be limited only by the
electron beam properties and not by the undulators [24]. The role of the divergence was
underlined, for example, in Refs. [22, 27]. At the same time the constant magnetic field shifts
the resonance frequencies and causes loss of intensity [28–31].

The demand for radiation with specific properties and high requirement to the UR and
undulator quality stimulated analytical study of their spectral properties [32–39]. There appear
generalized Bessel and Airy functions naturally, as well as in other mathematical problems of
radiation, emitted by charges, executing complicated oscillating trajectories. The mathemati‐
cal apparatus of inverse differential operators and orthogonal polynomials was developed for
treating broad spectrum of physical problems, which include radiation and propagation of
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electron beams [40–45]. The contributions of all sources of broadening in various undulator
schemes were analyzed by means of precise analytical treatment of the UR, employing
extended forms of special functions of Airy and Bessel types [34–37, 39, 42]. In these works,
the role of the various broadening terms, accounting for the real size and the emittance of the
electron beam, for the energy spread and for the constant field component, was explored. It
was shown that the undulator length has strong detrimental effect on the spontaneous
harmonic emission; partial compensation of the beam divergences by constant magnets was
also demonstrated.

2. Synchrotron radiation, undulator radiation, and free-electron lasers

Charged particle radiates energy in the form of electromagnetic radiation when it acceler‐

ates. Following relativistic Lorentz transforms tanθ = sinθ '
γ(β + cosθ ') , it is easy to conclude that the

radiation emission of the relativistic electron is focused in the narrow angle θ ≈ 1
γ  (see, for

example, [46]). While the charge is moving on a circular orbit of radius R, it emits SR in a narrow
cone of emission, which illuminates the receiver for a very short period of time, while passing
from the point A to the point B. Lorentz transforms is applied to the period of time in the
reference frames, related to the electron and to the observer and yield the time of the SR pulse

Δt = m
2eBγ 2 = R

2cγ 3 , where R ≅ γmc
eB . For the UR, it is not so, since it is gathered all along the

undulator and the characteristic length then equals that of the undulator, by far exceeding the
arc, from which the SR, reaching the user, is gathered. Denoting the unit vector n→ = R

→
/ R and

n→ ≅ (ψ cosϕ, ψ sinϕ, 1−ψ 2 / 2), it is easy to obtain the wavelength of the radiation, emitted off
the axis in the angle θ
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from the simple condition of positive interference of the wavelengths, emitted on each
magnetic poles of the undulator. Since the SR from a relativistic charge is emitted in a narrow
cone, which includes the undulator axis all the time, the electron drifts in the undulator at
relativistic speed, if the electrons transversal oscillations are small. At the exit of the undula‐
tor the intense radiation appears (see Figure 1).

The spectral range of SR and UR extends up to Röntgen band. However, due to the fact that
the SR is perceived as a very short pulse, its spectral range is very broad, starting from the
synchrotron frequency ω0 = v/R, while the UR has few harmonics and in some cases, such as
that of a spiral undulator, it can contain a single harmonic.
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Figure 1. Schematic drawing of a planar undulator.

For spontaneous radiation, emitted by an electron, the undulator selects resonant UR wave‐
lengths. The idea about it can be given by the simple consideration, demonstrated in Figure 2,
where electric fields for two resonant wavelengths λn at the fundamental (n = 1; red) and at the
third harmonics (n = 3; blue) are shown. A non-resonant electric field for the second harmon‐
ic is shown in green. The fundamental and the third harmonics are phase-matched with the
electron after one undulator period as highlighted in Figure 2. The electron trajectory is drawn
in gray. Such a phase matching of the radiation proceeds on each next undulator period. Thus,
the radiation from one electron constructively interferes over many periods, and in this sense
we obtain coherent radiation from one electron along the whole length of the undulator.

Figure 2. Undulator selects resonant frequencies for the emitted SR.

The following conditions are common in modern undulators: the electrons are ultrarelativis‐
tic, which is natural in contemporary accelerators, they have small transverse momentum, and
the electric field is absent:
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The UR from a planar undulator with N periods of λ0 with the undulator parameter k = e
mc 2

H 0

kλ
,

where kλ = 2π/λu, λu is the undulator period, Hy = H0sin(kλz) is the sinusoidal magnetic field,
has the following peak frequencies:
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where ω0 =kλβz
0c, βz

0 =1− 1
2γ 2 (1 + k 2

2 ) is the average drift speed of the electrons along the
undulator axis, k ≈ H0λ0 [T cm] and ψ is off the undulator axis angle. The shape of the UR

emission line is described by the 
sin(νn / 2)
νn / 2 = sinc

νn

2  function, dependent on the detuning param‐
eter
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The homogeneous bandwidth, sometimes called half-width of UR spectrum line at its half-
height or simply half-width, is 1

2nN  and the half-width equals

0

0 0
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In real devices 1
nN < <1. The emitted wavelength λn = 2π/kn can be expressed through the speed

of the electrons in the undulator as follows:
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where λu is the undulator period, u is the electron speed

( )( )2 21 1 2 ,u c k g= - + % (7)

The undulator parameter is k or k̃ :
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θ is the off-axis angle, which in essence indicates how much the electron deviates from the axis
in its motion along the undulator due to transversal oscillations, caused by the periodic
magnetic field. In real conditions for a weak undulator k ~ 1, while for wiggler or strong
undulator k ~ 10. Thus, for a weak undulator the radiation is essentially directed all along the
undulator axis, while for the wiggler, it is in much wider angle. Considering n = 1, i.e., the
fundamental harmonic, we write u = ck1/(k1 + ku), k1 = 2π/λ1. Both SR and spontaneous UR are
incoherent. In the full spectrum of the radiation, the components, whose wave length is longer
than the bunch length, are coherent, while the radiation of the length, significantly exceed‐
ing the size of the bunch, is approximately coherent. The region of coherent radiation will
enlarge as the bunch gets shorter. The difference between the radiations, emitted by various
SR sources, is demonstrated in Figure 3. It shows how the radiation intensity and the degree
of coherency of the emitted radiation varies from one device scheme to the other; Nf is the
number of emitted photons, Ne is the number of the electrons in the beam, N is the number of
undulator periods. For SR from a bending magnet, the intensity is roughly proportional to the
number of electrons emitting photons in a bending magnet. Wiggler, or strong undulator, is
essentially a number of bending magnets, where electrons deviate significantly from the axis;
the character of the radiation remains that from the bending magnets, but the intensity is N
times higher. The radiation is incoherent. In a weak undulator, where the electrons slightly
oscillate in transversal to the axis plane, so that the cone of the emission of the radiation always
includes the undulator axis, the radiation of one single electron is coherent along the undula‐
tor axis, but the radiation of the bunch of electrons is incoherent in between them. The intensity
of the radiation is proportional to N2. In free-electron laser, the electrons within a bunch emit
largely coherent radiation, which transforms into a significant increase of the intensity Nf ~ (Ne

N)2.

New type of radiation source—X-ray free-electron laser (X-FEL)—provides a combination of
sub-picosecond pulse duration of a conventional laser with the X-ray wavelength of a
synchrotron radiation source. Practical research potential of short wave radiation in nature
and in technology can hardly be overestimated. Indeed, wavelength about 200 nm allows study
of viruses, the scale of an atomic corral is ~14 nm, and the wavelength of 1–2 nm gives the
potential to resolve DNA helix width and carbon nanotubes, while shorter wavelengths could
visualize the small molecules, such as water molecule, and atoms. On the other hand, studies
of processes at mircoscale often require very short time resolution. Indeed, the processes of a
water molecule dissociation takes as short time as 10 fs, Bohr period of valence electron is
~1 fs, shock wave propagates by 1 atom in 100 fs, and electron spin processes in the magnet‐
ic field of 1 T within 10 ps. Thus, it is of great practical importance to have a device, which
produces radiation with a combination of very short wavelength and short duration. One of
the most prominent devices of such a kind is a free-electron laser.
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of the radiation is proportional to N2. In free-electron laser, the electrons within a bunch emit
largely coherent radiation, which transforms into a significant increase of the intensity Nf ~ (Ne

N)2.

New type of radiation source—X-ray free-electron laser (X-FEL)—provides a combination of
sub-picosecond pulse duration of a conventional laser with the X-ray wavelength of a
synchrotron radiation source. Practical research potential of short wave radiation in nature
and in technology can hardly be overestimated. Indeed, wavelength about 200 nm allows study
of viruses, the scale of an atomic corral is ~14 nm, and the wavelength of 1–2 nm gives the
potential to resolve DNA helix width and carbon nanotubes, while shorter wavelengths could
visualize the small molecules, such as water molecule, and atoms. On the other hand, studies
of processes at mircoscale often require very short time resolution. Indeed, the processes of a
water molecule dissociation takes as short time as 10 fs, Bohr period of valence electron is
~1 fs, shock wave propagates by 1 atom in 100 fs, and electron spin processes in the magnet‐
ic field of 1 T within 10 ps. Thus, it is of great practical importance to have a device, which
produces radiation with a combination of very short wavelength and short duration. One of
the most prominent devices of such a kind is a free-electron laser.
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Figure 3. Different sources of SR: synchrotron, wiggler, undulator, and free-electron laser.

3. Keynotes on free-electron lasers

In 1971, Madey published a theory of the FEL [47], where he described a small gain process in
a system: relativistic electron beam/undulator. In his study he hypothesized that it could
generate coherent X-ray radiation. Few years later the first demonstration of FEL amplifica‐
tion and lasing was performed in a low-gain infrared oscillator FEL at Stanford. At approxi‐
mately the same time, Colson and Hopf described classically the FEL interaction, which had
god quantum description by Madey before. Since 1970s, extensive classical description of the
high-gain regime of FEL operation has been developed. Since the first X-rays were discov‐
ered by Wilhelm Röntgen in Würzburg in 1895, the peak “brilliance” of X-ray sources has
increased by ~16 orders of magnitude. The so-called first-generation synchrotron sources were
in fact particle accelerators, designed for experiments in high-energy physics. The second-
generation labs were custom-built facilities, while the third-generation sources at labs such as
the European Synchrotron Radiation Facility (ESRF) feature undulators, emitting light in a
very narrow cone. The fourth generation of synchrotron-radiation sources includes free-
electron lasers.

To account for the processes, which occur in a free-electron laser, we need to understand the
fundamental difference between the coherent and non-coherent radiation, emitted by many
electrons, which pass through undulator at the same time. The power, emitted by electrons
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where φj are the relative phases of the emitted radiation electric fields Ej in a system of big
number of electrons N ≫ 1, includes two terms. For a system with uncorrelated phases, the
terms in the second double sum, which is of the order of ~N2, tend to destructively interfere.
This happens in incoherent spontaneous UR sources. Total power emitted then approximate‐
ly equals to the sum of the powers from the N independent scattering electrons, which
originates from the first term in Eq. (9). For correlated phases of the electric fields, we have
φj ≈ φk for all the electrons and then the coherent second term ~N2 contributes. For it to happen,
the electron sources must be periodically bunched at the resonant radiation wavelength.
Figure 4 demonstrates how incoherent radiation from a bunch of electrons in an undulator
becomes coherent toward the undulator’s end. Indeed, at the beginning, the electrons in the
bunch enter the undulator with initially random phases, which ensures that mostly incoher‐
ent radiation is emitted at the resonant radiation wavelength. Because of the electrons interact
collectively with the radiation they emit, small coherent fluctuations in the radiation field grow
along the undulator length and simultaneously begin to bunch the electrons at the resonant
wavelength. This collective process continues until the electrons are strongly bunched toward
the end of the undulator, where the process saturates and the electrons begin to de-bunch.

Figure 4. From incoherent to coherent emission along the undulator length.

Behind this phenomenon stands a simple physical mechanism, which is based on the fact that
the speed of electrons, while being close to that of the radiation, is still smaller, and, there‐
fore, the electrons appear behind its radiation, propagating in the undulator. It can be best
illustrated in Figure 5.
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Behind this phenomenon stands a simple physical mechanism, which is based on the fact that
the speed of electrons, while being close to that of the radiation, is still smaller, and, there‐
fore, the electrons appear behind its radiation, propagating in the undulator. It can be best
illustrated in Figure 5.
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Figure 5. Slippage of the radiation and the electron bunch in FEL.

Indeed, the photons move at the speed of light vγ = c, while the electrons move at the speed
u < c, β|| ≈ 1, i.e., slower than photons. Therefore a full slip between the electron bunch and the
photon pulse accumulates along the length of the undulator and reads as follows:

||(1 ) ,uN Nb l lD = - @ (10)

where λ is the emitted wavelength λ =
λu

2γ 2 (1 + k 2

2 ) and the parallel component of the β is

β||≅1− 1
2γ 2 (1 + k 2

2 ). Thus the slip on the whole undulator length is N times the emitted
wavelength. Respectively, the slip on a distance, equal half an undulator period equals half of
the emitted wavelength:

( )2 2 2.
u

N Nl l lD = = (11)

In other words, as the radiation wave travels over a distance λ/2 in a time λ/(2c), the electron
travels over a smaller distance uλ/(2c), and on one undulator period the electrons slip,
respectively, to the photons by one emitted wavelength. The whole photon packet, having a
higher velocity that the electrons, slips over the electron packet and the wave emitted by the
electrons on a certain undulator period comes in phase with the wave, emitted on the next
undulator period. To illustrate the formation of microbunches, which lead to coherent
radiation of the electrons within a bunch, we present the following explanation in Figure 6
(see [48]).

Suppose we have the magnetic field Bw of the already existing electromagnetic wave. Then its
interaction with the electron transverse velocity vt creates Lorentz force Fbunch, which we denote
as f for brevity (see Figure 6). This force pushes the electron toward a wave node as seen in
Figure 6. After the electron travels over one-half undulator period, its transverse velocity
becomes reversed. In the meantime the electromagnetic wave travels ahead of the electron by
one-half wavelength as follows from (10) and (11). Its field Bw is now also reversed, so that the
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Lorentz force keeps its direction and the microbunching continues. For the charge, which is
ahead with respect to the microbunch, which is in the wave node (see Figure 6), the Lorentz
force Fbunch or f pushes the charge back to the node, thus grouping electrons in a bunch at the
wave node. So it proceeds on other periods, because while the electrons move through a full
oscillation period λu, the electromagnetic wave propagates by λu plus one wavelength λ.
Consequently, the transverse movement of each electron has a constant phase with respect to
the electromagnetic field.

Figure 6. Interaction of the radiation with the electrons and formation of microbunches.

4. Correlated amplification in FEL

Amplification in FEL occurs because of the energy is transferred from the electrons to the
previously emitted waves. This effect is due to the negative work of the force, produced by
the transverse electric field of the wave, since the magnetic field of the wave does not work.
The time rate of the energy transfer for a single electron is proportional to the product EWvt,
where EW is the electric field of the radiation wave and vt is the electron transverse velocity.

Then EW ∝ I
1

2, where I is the wave intensity and dI
dt

∝ I
1

2vt . Note that uncorrelated combi‐
nation of the effects of individual electrons would not lead to an exponential increase of the
intensity with the distance (or time), but to a quadratic law: I(z) ∝ z2. Transverse velocity and
the field B produce longitudinal Lorentz force Fbunch =vt BW , which pushes the electrons and
forms microbunches. This force is proportional to the transverse electron velocity, and it is also

orthogonal to the wave field B of the strength BW. Since BW ∝ I
1

2, the microbunching force is

also proportional to I
1

2: Bbunch ∝ I
1

2. We now assume that this force enhances the correlated
emission by a factor, proportional to the microbunching force. Multiplied by the energy
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transfer rate for each electron, this factor gives dI
dt

= AI, A = constant. Proceeding on the

supposition that A = u/LG, where LG is the gain length, we obtain the exponential growth:
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The exponential gain only occurs after bunching is established. This process continues until
the saturation is reached. Provided at the beginning, the initial position of the electron,
respectively, the existing wave, is favorable for the energy transfer from the electron to the
wave and the direction of the electron transverse velocity, respectively, to the wave electric
field E result in negative work, the electron energy is successfully transferred to the wave. This
results in the decrease in the electron energy and of the longitudinal speed of the electron u,
which becomes u − Δu. This decrease in longitudinal speed in its turn changes the above
conditions, making them less favorable for the energy transfer from the electron to wave. At
a certain point, as this process continues and the electron speed reduction Δu becomes more
and more significant, the electrons can give no more energy to the wave and the wave starts
giving its energy to the electrons of the beam. It increases the electron speed u and restores the
favorable for the energy transfer from the electrons to the wave conditions. Thus, in this regime
the exponential wave energy growth is over and instead the energy oscillates between the
wave and the electrons.

To find the amplification value, we must evaluate vt and the degree of bunching. The trans‐
verse speed of the electron reads as follows:
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The energy transfer rate by a single electron to preexisting wave is proportional to I
1

2H0λu /γ;
the field BW of the electromagnetic wave is proportional to the square root of the wave intensity
BW ∝ I0

1/2 exp(ut / 2L G). Then the bunching force, which is the longitudinal force, can be written
as follows:
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which, in turn, yields the following equation of motion for longitudinal mass γ3m:
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The bunching force Fbunch induces a small longitudinal electron displacement Δx:
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As discussed above, the electrons are concentrated in narrow slabs, separated from each other
by a distance of the wavelength λ. The degree of microbunching, corresponding to the fraction
of electrons that emit in a correlated way, can be assumed to be proportional to (Δx/λ). The
corresponding number of electrons is proportional to Ne(Δx/λ). Their contribution to the wave
intensity reads as follows:
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Microbunching effects correspond to a factor, proportional to the longitudinal microbunch‐
ing force Fbunch and, therefore, proportional to ~ I1/2, where I is the electromagnetic wave
intensity. Multiplying this factor by the energy transfer rate for electrons, we obtain the total
transfer rate as follows:
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The solution of this equation reads I = I0 exp(z/LG) and for ultrarelativistic electrons
u / L G ≅c / L G ∝ jHo

2λuL G
2 /γ 3. Thus we obtain the FEL gain length

1 3 2 3 1 3
0const .G uL j H l g- - -= ´ (19)

Gain length is related to the Pierce parameter as follows:
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transfer rate as follows:
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The solution of this equation reads I = I0 exp(z/LG) and for ultrarelativistic electrons
u / L G ≅c / L G ∝ jHo

2λuL G
2 /γ 3. Thus we obtain the FEL gain length
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0const .G uL j H l g- - -= ´ (19)

Gain length is related to the Pierce parameter as follows:
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which can be also written as ρ = 1
2γ ( Ie

IA
( λuk̃ f B

2πσr
)2)1/3

, where IA ≅ 17 kA is the Alfven current, Ie is
the electron beam current, σr is the beam radius, fB(Jn) is the bunching coefficient, and Jn are the
Bessel functions. The arguments and the varieties of the Bessel functions, in charge of the
description of the harmonics of the UR, will be explored in what follows.

5. Cavity-based FELs

There are essentially two main types of design for FEL: cavity-based FELs and single-pass
FELs. Cavity-based FELs exploit many passes of the UR in the undulator and use mirrors.
Relativistic electron beam passes through periodic magnetic field of an undulator and the
mirrors feed spontaneous emission back onto the beam. Consequently, the spontaneous
emission is enhanced by the stimulated emission.

Figure 7. FEL mirror limitations.

Mirror design imposes limitations on the wavelength due to the mirror material. Common
mirror materials limit the wavelength to IR-UV (see Figure 7). Recent improvements in
materials and technology result in new multilayer X-ray reflective mirrors, which have the
efficiency up to 70%, such as MoRu/Be mirrors have 69.3% reflectivity maximums at 11.43 nm,
Mo/Si mirrors have 67.2% reflectivity peak at 13.51 nm.
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Figure 8. Longitudinal mode structure in mirror-based FEL design.

The mirror design has significant advantage: mirrors naturally select longitudinal modes,
which are determined by the integer number of half-periods of the wavelength in between
them. The longitudinal modes in optical cavity are equally spaced in frequency and time
(see the middle plot in Figure 8):

1Δ , Δ .
2
c
L

n t
n

= =
D

(21)

The interval between them depends on the cavity length L (see the middle plot in Figure 8).

Taking into account the laser gain bandwidth

Gain
Pulse

1
2
cn

t
D » =

D
(22)

where Δ = Nλ (see (10), see the top plot in Figure 8) and, imposing it on the longitudinal picture
of the middle plot in Figure 8, we obtain the laser spectrum as shown in the bottom plot of
Figure 8. Inside the gain bandwidth, the longitudinal modes of the laser will periodically and
constructively interfere with each other when in phase, producing an intense burst of light.
These light bursts are separated by the period of time τ = 2L/c, necessary for the light to make
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exactly one round trip of the laser cavity; the comb of equally spaced modes in the output
spectrum with spacing

RoundTrip RoundTrip
RoundTrip

1 2, where L
c

n n t
t

D = D = = (23)

and L is the cavity size. In other words, only phase-matched wavelengths will constructively
interfere and form the modes of the radiation field to create a comb of equally spaced modes
in the output frequency spectrum. Such a laser is said to be mode-locked or phase-locked.
Mode locking modifies the temporal envelope of the output field from a continuous wave to
a series of short, periodically spaced pulses. The homogeneous gain bandwidth of a FEL is
determined by the slippage length Δ = Nλ (10). This last plays central role in FEL physics.
Indeed, it is easy to see that only finite number of longitudinal modes with positive gain NGain

exist: ΔνGain≈
1

τPulse
= c

2Δ  (see (21)–(23)), where Δ = Nλ, λ is the radiated wavelength, and N is the
number of the undulator periods. Therefore the number of gained modes reads as follows:
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and the duration of the pulse is evidently
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For a Gaussian-shaped pulse, we have τGaussian Pulse≅
0.44
ΔνGain

. Thus, a laser macro pulse of, to say,
microsecond duration consist of a train of short micro pulses, which are picoseconds or less in
length. Such a short duration of the pulses is useful for studies of ultrashort physical and
chemical processes. It is used for ultrafast spectroscopy and in femto-chemistry. The macro
pulses repeat at a repetition ratio, limited by the accelerator usually at 10–100 Hz. The micro
pulse repetition rate can vary from several MHz to even THz.

We omit in this work the field gain equations, which are well known and can be found
elsewhere, and without derivation we just state the formulation of the Madey’s theorem [47],
which claims that the gain in the so-called Compton or low-gain regime is proportional to the

slope of the spontaneous UR spectrum f(ν): G(ν)∝ ∂ f (ν)
∂ ν , f (ν)= sinc 2(ν), and, therefore,

2

( ) sin ,
2 22

jG n
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(26)
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where j is the current density, ν is the detuning parameter (4). Figure 9 demonstrates the FEL
gain; the homogeneous bandwidth is given by Δωω0

= 1
2N . In the presence of constant magnetic

field, the line shape is described by the Airy-type function S (νn, β)≡∫0
1
dτe i(νnτ+β τ 3) and the

derivative modifies into − ∂S2/∂νn. The commonly known shape − ∂(sinc2νn)/∂νn is seen in
Figure 9 in the rear vertical plane, where β = 0. The constant magnetic field Hd = κH0, where
H0 is the amplitude of the undulator periodic field, produces the bending angle θH = 2

3

k
γ πN κ1,

resulting in nonzero values of β =
(2πnN + νn)(γθH )2

1 + (k 2 / 2) + (γθH )2  [35, 37, 39] and shifts the maximum of the

curve to lower frequencies (see Figure 9).

Figure 9. Function −
∂ (S 2(νn))

∂ νn
, which describes FEL gain in an undulator in external field.

6. High-gain single-pass FELs

There are several reasons why it is more difficult to build free-electron lasers for X-ray region
that is for larger wavelengths. First of all, for small wavelengths we need high-energy electrons,
but high electron energy also increases the gain length LG ∝ γ, and we must keep the gain
length short, as required for an X-FEL. Then, the undulator parameters H0 and λu must be
maximized, keeping in mind, however, that λu also determines the radiation wavelength:
λ ∝ λu/γ2. Then, the electron beam current i must be high and its transverse cross section σ
small. However, the γ-factor cannot be freely decreased if we want to obtain X-ray wave‐
lengths. These challenges can be better faced in single-pass FELs with typical high-gain regime.

In the high-gain regime the radiation power increases exponentially as the electron beam and
radiation co-propagate along the FEL undulator, and this happens on a single pass of the
radiation along the FEL. These kinds of FELs are sometime called amplifiers, since every‐
thing starts from an initially small source, which may originate as noise, and it can be amplified
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by many orders of magnitude before the process saturates. In such FEL, there are no mirrors
to form an oscillator cavity and this is particularly good for X-ray region, where mirrors are
the most compromised element of the cavity-based FEL. Such FEL essentially works as an
amplifier, in which the radiation forms on the single pass through a very long undulator,
reaching peak pulse power ~ 1010 W for few dozens of femto-seconds. Overwhelming majority
of current X-ray FELs are based on this type of design, which has been made possible due to
the twenty-first century advances in magnet technology, accelerator constructions, and
electron beam production.

Figure 10. Radiation mechanism in a SASE FEL (amplifier).

The principle of the high-gain FEL interaction is based on the positive feedback process. The
electrons emit undulator radiation, which corrects their position in space and their phase with
respect to the electromagnetic wave; this groups the electrons on the radiation wavelength
scale and thus the more and more coherent radiation is emitted along the undulator. First, the
electrons in the bunch have random phases and produce incoherent emission. Already the first
waves, emitted by these electrons, trigger formation of microbunches as discussed above
(see Figures 4, 6 and 10). Contrary to non-micro-bunched electrons, which emit incoherent
waves, the emission of electrons, collected in micro-bunches, which are separated from each
other by one wavelength, is correlated (see Figures 4 and 10). This causes an exponential
intensity increase with the distance that continues until saturation is reached (see Figure 10).
The schematic drawing in Figure 10 represents modeling of the performance of the Linac
Coherent Light Source—LCLS, with the parameters of the undulator: L = 100 m, λu = 3 cm,
LG = 3.3 m, λ = 1.5Å = 0.15 nm. The whole installation has the length of L = 1 km, current I = 3 kA,
E = 13.6 GeV, Linac and bunch compression: γεx,y = 0.4 μm (slice), σE/E = 0.01% (slice).

Simulation of the electron density in a bunch of the electron beam as it develops from the
entrance toward the exit of the undulator is demonstrated in Figure 11. Left picture simu‐
lates the electron density in the bunch at the beginning of the undulator, middle picture
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represents the simulation in the middle of the undulator length, and the right picture demon‐
strates the electron density in the bunch at the end of the undulator.

Figure 11. Simulation of the density modulation of the electron beam along the undulator: undulator beginning—left
picture, undulator middle—middle picture, undulator end—right picture.

The transverse structure of the electron bunch is much larger than its longitudinal sub-
structure. Note the length between the slices can be of the order of nm, and there can be up to
hundreds of thousands of slices in a bunch.

7. Some advanced single-pass FEL schemes

Perhaps, the most common development of the basic SASE FEL scheme, where the amplifi‐
cation starts from noise with random phase, is represented by SASE FEL with seeding. In this
case, already at the beginning of the undulator, unbunched electrons with random phase
interact with coherent laser seed radiation, which bunches them accordingly. This scheme has
the advantage of the stability of the phase, because the process is controlled by the seeding
laser.

Figure 12. HGHG FEL with laser seed, harmonic generator, buncher, and amplifier.

To achieve extremely high frequencies, for example, those of the X-ray band, the following
modification of SASE FEL with high-gain harmonic generation (HGHG) is sometimes
employed (see schematic drawing in Figure 12).

It consists of the seed laser, harmonic generator, and the amplifier. The coherent seed laser
radiation first passes the short undulator, called modulator, which is tuned to the seed
frequency. The interaction with the electron beam gives the latter small longitudinal energy
modulation. The following section of the installation converts this energy modulation into a
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It consists of the seed laser, harmonic generator, and the amplifier. The coherent seed laser
radiation first passes the short undulator, called modulator, which is tuned to the seed
frequency. The interaction with the electron beam gives the latter small longitudinal energy
modulation. The following section of the installation converts this energy modulation into a
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beam density modulation in a magnetic dispersion unit. Then the modulated electron beam
and the UR pass the second undulator, which is tuned to the nth harmonic of the modulator.
When they pass the second undulator, the nth harmonic of the UR is fully amplified to
saturation levels in this second undulator, frequently called radiator. At the exit the pulses
with <20 fs duration can be obtained.

One of the most important advantages of the mirror FEL is the possibility to select optical
modes with the help of the mirrors. SASE FEL in its classical scheme is lacking this ability:
there are no mirrors, which, in turn, gives other advantages. Together the advantage of the
cavity-based mirror design with those of SASE FEL, the magnetic chicanes (small blocks in
Figure 13) can be introduced between a sequence of undulators (big blocks in Figure 13) to
impose a sort of mode locking in mirrorless single-pass FEL. The proper scheme is given in
Figure 13.

Figure 13. SASE FEL design with chicane mode-locking (big blocks are undulators, small blocks are chicanes).

Figure 14. SASE output power after the undulator without (left) and with (right) chicanes.

The magnetic chicanes introduce an extra slippage of the radiation with respect to the electron
bunch. Only those radiation wavelengths that have an integer number fit into the relative
slippage of the radiation with respect to the electron bunch in one module will remain phase-
matched. Only they will constructively interfere over many such modules. In this way form
the modes of the radiation field, which create a comb of equally spaced modes in the output
frequency spectrum. Such a mode locking can be achieved by the beam energy modulation or
by a beam current modulation of the same period. The result is similar to that created by the
optical mode locking. We present the example of the power output and the spectrum of a

Undulators for Short Pulse X-Ray Self-Amplified Spontaneous Emission-Free Electron Lasers
http://dx.doi.org/10.5772/64439

219217



common SASE FEL (see Figures 14 and 15 left, respectively) to compare it with the example
of the power output and of the spectrum of a FEL with chicane mode locking (see Figures 14
and 15 right, respectively). Note that instead of the relatively broad SASE FEL spectrum, we
now see the series of sharp equidistant peaks. The same regards the output power. At the end
of the undulator-chicane line we achieve higher spectral power from the FEL.

Figure 15. SASE spectrum after the undulator without (left) and with (right) chicanes.

Figure 16. Schematic design of a self seed FEL.

Eventually, we touch on the functioning of the so-called self-seed FEL scheme, demonstrat‐
ed in Figure 16. The advantage of this type of FELs consists in that they are independent of
any external radiation source, which must be otherwise very stable and precisely matched to
the electron beam in space and time. Both undulators in the self-seed design are tuned to the
same frequency. First undulator is in essence a short SASE FEL, which operates in the linear
gain regime far from the saturation level. It produces the radiation in the form of typical SASE
FEL pulses at the power level approximately 1000 times below the saturation level. Then the
electron beam is fed through a magnetic chicane, which eliminates the density modulation,
introduced in the first undulator, and delays the electron bunch to match the UR pulse at the
next undulator. The radiation from the first undulator, which works in linear regime, is
spectrally filtered by a narrow-band grating monochromator. The latter stretches the radia‐
tion pulse, where the coherence length now exceeds that of the electron bunch. After all, the
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reshaped radiation pulse and the delayed electron bunch meet. The filtered UR becomes the
seed for the second undulator—radiator—which amplifies the UR to saturation level.

Figure 17. Spectrum after the first SASE FEL and after the second undulator-amplifier.

Not only this FEL is independent on any external radiation source, but due to its design it also
produces remarkably good radiation pulses with given characteristics.

In Figure 17 we demonstrate the example of the output characteristics of such a self-seed FEL.
Note that the spectral power distribution after the first (left) and the second undulator (right)
differ from each other. The common SASE FEL spectrum (left) is rather broad and consists of
many spectral lines even far below the saturation level. The output radiation on the contrary
represents a narrow spectral line with only a small background of spontaneous radiation
(right). Spectral brightness has increased by almost two orders of magnitude.

8. Challenges and future developments of X-ray FELs

To conclude the review of some of the most prominent for X-FEL schemes, let us formulate
main challenges for the X-ray FEL:

1. The radiation wavelength λ =
λu

2γ 2 (1 + k 2

2 ) should be reduced to 1 Å. For small wave‐
lengths we need high-energy electrons, but high electron energy also increases the gain
length LG. Longer undulator period λu also determines longer radiation wavelength λ and
longer gain length LG.

2. The electron beam energy has to be 10–20 GeV. There is a compromise to contain the gain
length and obtain short wave radiation.

3.
The gain length LG = 1

3
( 4mc

μe
γ 3λu

k 2

σr
2

I )1

3 has to be contained preferably about of 10 m or so.

Note that 
σr

2

I =
σr

2L bunch

qc , where Lbunch is the longitudinal size of the bunch and q is the electric
charge.
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4. The electron beam current I must be high and its transverse cross section σ small. However,
the γ-factor cannot be freely decreased if we want to obtain X-ray wavelengths.

5. As follows from the expression for LG high peak current is requested for it, such as I ~ kA
or more.

6. Transverse electron beam size has to be small, possibly σR ~ 10 μm or so.

7. The energy spread of the electron beam σe has to be as small as possible, preferably σe ≈ 10− 4

or less.

8. The electron and the photon beams have to be overlapped properly.

Note also that in the light of the above said the following requirements arise for the electron
beam in transverse: low emittance of the beam and preservation of this low emittance; for the
longitudinal dimension good compression and acceleration are required. The main negative
factors, which affect the amplification, are the electron energy spread, the angular diver‐
gence, the transverse electron beam size, the diffraction of the wave and others. The electron
energy spread has negative effect on both the amplification and FEL saturation level.
Amplification mainly starts with the optimal electron energy, whose γ-factor determines the
wavelength. As the energy is transferred from the electrons to the radiated electromagnetic
wave, the energy of the electrons naturally decreases. The wave emissions from all the electrons
differ from each other, because different electrons have different energies. After the wave-
electron interaction, the electron beam energy spread increases and at a certain point it grows
to a level, where no gain occurs. Moreover, well before the electrons loose a substantial portion
of their energy, they slow down by emitting electro-magnetic energy and change their phase
with respect to the wave. Thus they begin to take the energy from the wave rather than giving
it.

In conclusion, let us state some areas, where the performance of the X-ray sources of coher‐
ent radiation can be further improved. First of all, the temporal coherence of SASE FELs can
be improved. The improved temporal coherence would in turn improve the spectral bright‐
ness of the sources, which means the users will have more useful photons. The way to
accomplish it could consist, for example, in seeding X-FEL from a radiation source with good
temporal coherence.

An alternative approach to single-pass high-gain amplifier schemes is to use cavity feedback
in a relatively low-gain system. The development of relatively high-reflectivity diamond
crystal mirrors in the X-ray regime makes them feasible.

Reducing X-ray pulse durations to the attosecond regime will provide spatiotemporal
resolution of atomic processes. Two techniques have so far been reported that can take pulse
durations significantly below 100 as toward the atomic unit of time 24 as. The first technique
employs a variation of an echo-enabled harmonic generation method and produces pulses
of ~20 as duration at a wavelength of 1 nm with the power, which in peaks reaches ~200 MW.
The second technique is based on mode-locking in conventional cavity lasers—oscillators. It
could generate radiation at 1.5 Å wavelength in sequences of pulses with ~150 as intervals
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between them. The peak power in each pulse could reach ~5 GW and the duration of the pulse
could be as short as ~20 as.

Eventually, γ-ray FEL would be extremely interesting for studying nuclear processes. This
may be the future of X-FEL.
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