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Abstract In this chapter we introduce our recent studies on terahertz (THz) and
X-ray emission generated in an Ar gas-cluster jet under irradiation with high-intense
ultrashort laser pulses. We carried out a numerical simulation of cluster formation
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processes in a supersonic jet produced under adiabatic extension of gaseous Ar
into vacuum, which shows that the concentration ratios among non-clusterized Ar
monomers, small-size Ar clusters and large-size Ar clusters significantly vary along
the jet. The chapter presents experimental results on THz and X-ray emission gen-
erated by irradiation of the jet with intense femtosecond laser pulses at various
downstream distances measured from the nozzle outlet along the axis of symmetry
of the nozzle. It is shown that THz and X-ray emission from the jet is a useful tool
for the study of clustering dynamics in the course of free expansion of gas through
a nozzle into vacuum.

16.1 Introduction

Over the past years the interaction of intense femtosecond laser pulses with cluster
targets has been an attractive research subject because atomic and molecular clusters
can couple with intense femtosecond laser pulses very efficiently and induce a range
of nonlinear effects [1–8]. It is also known that a cluster beam can absorb intense
ultrashort laser pulses almost completely (up to 95%) because of linear (Mie) and
nonlinear resonance interactions [9, 10]. That is why, it has been regarded as a
promising medium for generation of intense coherent electromagnetic pulses with
sub-picosecond duration in a wide spectral range from X-ray up to THz.

The efficient emission of powerful X-ray pulses is one of the most attractive
phenomena that can be observed when clusters interact with intense femtosecond
laser pulses [6, 7]. When clusters are exposed to an intense femtosecond laser pulse,
constituent atoms are multiply ionized, and the clusters turn into plasma with solid-
state density. Because of the high local density of atoms in a cluster, which exceeds
typical gas density by three orders of magnitude, part of the ions can be excited by
the collision with electrons in the plasma, resulting in the emission of X-ray quanta.
In a gaseous medium, the probability of electronic excitation of ions may not proceed
efficiently because of the relatively low electron density. It should also be noted that
the density of ions in the cluster is in general higher than that in an ionized gaseous
medium. X-ray radiation from cluster plasma is comparable with X-ray yield from a
solid-state target. Since the generated X-ray intensity can be dramatically increased
by the clusters, their presence can be also probed by measuring the intensity of the
X-ray emission.

On the other hand, it was recently found that THz radiation can be effectively
generated through the interaction of a cluster mediumwith intense femtosecond laser
pulses. Indeed, through a number of pioneering experiments, it has been revealed that
THz radiation can be generated efficiently using a cluster target. Itwas reported [5, 11,
12] that intense THz pulses were generated when an Ar cluster beam was irradiated
with femtosecond laser pulses. Nagashima et al. [5] and Jahangiri et al. [11] showed
that THz pulse generation is enhanced by more than two orders of magnitude when
Ar clusters are formed in an Ar cluster jet. Jahangiri et al. [11, 12] reported that the
spatial distribution of emitted THz radiation from a cluster plasma exhibited a four-
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lobed structure and that the dependence of the intensity of THz pulses on the laser
pulse energy exhibited nonlinear growth and its quadratic increase did not show any
saturation at least up to 70mJ/pulse, which was themaximum pulse energy theywere
able to achieve, corresponding to the light field intensity of~1017 W/cm2. Jahangiri
et al. [12] suggested that this THz radiation originates from a temporal variation of
electrical quadrupoles produced by the charge separation in cluster plasma induced
by a ponderomotive force of the laser pulses.

In order to understand better the processes occurring in the cluster plasma created
by the irradiation of cluster jet with intense femtosecond laser pulses and to optimize
the plasma formation, we need to know in detail the properties that characterize the
jet such as the cluster size distribution and concentration of the clusters, the degree of
condensation and the average atomic density along the beam propagation direction.
This is due to the fact, that the jet formed by the adiabatic expansion of atoms (or
molecules) of gas through a supersonic nozzle into vacuum, contains clusters of
different sizes, as well as non-clustered atoms (or molecules) of the gas. Thus, the
resulting jet is an object with significant spatial dispersion, and in this chapter, we
will use the term “gas-cluster jet” when there is a need to emphasize its inherent
feature. Normally, for the estimation of the mean size of the clusters produced via
adiabatic expansion of gases into vacuum, a semi-empirical approach developed by
Hagena [13, 14], is widely used. According to Hagena the mean cluster size<N>,
where N represents the number of atoms in a cluster, can be estimated using the
geometric dimensions of the nozzle, empirical gas constant, the stagnation pressure
and the temperature of the gas in high-pressure camera. It is true that we can use the
Hagena formula only for the estimation of<N>and we can change<N>by adjusting
the stagnation pressure and the temperature of the gas flowing through the nozzle by
taking advantage of the Hagena formula.

Later on, numerical simulations [15, 16] were performed for the cluster jet forma-
tion through the gas expansion from a nozzle. Moreover, a variety of experimental
techniques for measuring the cluster size, such as Rayleigh scattering [15, 17, 18],
optical interferometry [15–17], Raman scattering [18], and atomic beam scattering
[19] were developed. It was shown that the mean cluster size and the concentration of
clusters can vary significantly and non-uniformly depending on the distance from the
jet axis along the radial direction [15]. This inhomogeneous distribution of clusters
is certainly an important factor when we investigate the interaction of intense laser
pulses with a cluster jet. For example, it was found in [20] that the position of the
laser beam focus in the direction perpendicular to the symmetry axis of the nozzle is
a sensitive control parameter for the X-ray generation from the laser induced plasma
produced from a cluster jet. Therefore, it is expected that the distance of the laser
beam focus measured from the nozzle edge along the symmetry axis of the nozzle
can also be a valuable parameter to control the X-ray yield, but this has not been
explored yet.

In general, the clusters’ formation process in the gas jet is quite complex and
is of probabilistic nature. Therefore, numerical simulations of the cluster formation
processes in the free jet expansion from a nozzle could help us understand their
characteristic properties. In this chapter, we introduce the results of the numerical
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simulation of the formation of argon atom clusters when Ar gas passes through a
supersonic conical nozzle and expands into vacuum until the jet reaches the distance
of 60mmmeasured from the nozzle throat along the symmetry axis of the nozzle, and
demonstrates that the ratio between Ar monomers, small and large clusters fractions
can change dramatically both along the jet propagation direction, and across the jet
in the radial direction when the distance from the nozzle throat increases. We believe
that we can take advantage of the results of this numerical simulation to optimize the
yields of X-ray and THz radiation by focusing intense femtosecond laser pulses in
the Ar gas-cluster jet.

16.2 Numerical Simulation of Clustering Process

The numerical simulation of condensation of Ar atoms in the supersonic conical noz-
zle and in the jet expanding through the nozzle was carried out taking into account
the measurements of a nozzle which were used in our further experiments, its cross-
section is depicted inFig. 16.1a. The simulationwas performed in two separate stages.
A steady-state flow of a viscous gas in an axis-symmetric conical nozzle and in the
downstream of the jet was calculated at the first stage. We solved numerically the
system of two-dimensional axially symmetric non-stationary Navier-Stokes equa-
tions written in a divergent form accompanied by the ideal gas law and the boundary
conditions on the edges of the computational domain. The terms responsible for con-
vective transfer were approximated in this system by a modified Godunov scheme of
high-order of accuracy [21]. The terms of the equations describing viscous diffusive
transfer were approximated with the control volume scheme. The time evolution was
performed by using the third-order Runge-Kutta method. It should be noted that the
numerical calculation does not describe a non-stationary dynamical transition into
the steady flow just after the pulsed gas beam is generated, but describes the flow of
the gas beam after it becomes the steady flow.

Since the degree of expansion of the gas in the nozzle and that in the jet is suffi-
ciently high, the gas temperature, which has a room value at the nozzle throat, rapidly
drops at the nozzle output to below the critical temperature at which the clustering
starts. Therefore, the temperature dependence of a viscous transfer coefficient μwas
described by the modified Sutherland formula [22] as

μ �
⎧
⎨

⎩

μ(Tc)
(

T
Tc

)a
, T < Tc

μ(Tc)
(

T
Tc

)3/2
Tc+S
T+S , T ≥ Tc

(16.1)

where T c represents the critical temperature of the gas, S—Sutherland constant and
a—power factor. For an Ar gas, T c � 150 K, S � 128.35 K, a � 0.945.
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The effect of sparseness that might occur near the solid surfaces was accounted
for by the boundary conditions for the velocity slip and the temperature jump at the
wall of the first order [23] as

uslip � us − uwall � 2 − σ

σ
λ

∂us
∂n

+
3

4

μ

ρTG

∂Twall
∂s

(16.2)

Tjump � TG − Twall � 2 − σT

σT

2γ

γ + 1

λ

Pr

∂TG
∂n

, (16.3)

where σ is the tangential-momentum accommodation coefficient, σ T is the thermal
accommodation coefficient (for example, σ � 1 in the case of diffuse reflection from
the wall with the zero tangential velocity and σ � 0 in the case of specular reflection),
∂
∂n and

∂
∂s denote the spatial derivatives in the normal and tangential directions relative

to the wall, us is the velocity of the gas along the wall, uwall is the wall velocity along
the tangential direction,TG is the temperature of the gas,Twall is thewall temperature,
which was fixed to be Twall � 297 K, λ � 16μ

5ρ
√
2πRTG

is the mean-free-path of atoms
between collisions, ρ is the density of the gas, R is the specific gas constant, γ is the
ratio of specific heats, and Pr is the non-dimensional Prandtl number.

At the second stage, we carried out a numerical simulation of a non-equilibrium
clustering process by taking into account the previously obtaineddensity distributions
along the stream lines. A quasi-chemical model [24, 25] representing the association
of a monomer to a cluster and dissociation of a monomer from a cluster was used to
describe the clustering of Ar, i.e.,

M1 + Mi
→
← Mi+1, i � 1, 2, . . . (16.4)

M1 + Mi
→
← M1 + Mi−1 + M1, i � 2, 3, . . . (16.5)

Fig. 16.1 a Cross-section of the conical nozzle used in the experiments: L � 24.7 mm, D �
4.7 mm, α ≈4.6°; b distribution of Ar atom density inside and outside of the conical nozzle (Y � 0
corresponds to the axis of symmetry of the nozzle). The magnitude of the density is represented by
a color scale:~5 kg/m3 (red), ~0.3 kg/m3 (yellow),~10−2 kg/m3 (green),~3×10−4 kg/m3 (blue),
and~10−5 kg/m3 (dark blue)
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where M1 represents a monomer and Mi represents the i-mer, which is a cluster
consisting of i atoms.

An Ar vapor is considered as a mixture of perfect gases, each of which consists of
i-mers. The liquid-dropmodel [24, 25] based on an expression for the Gibbs potential
[24–26] is used for the description of the thermodynamic properties of the clusters.
The Gibbs potential is given by

G(ρ, T, γ ) �
∞∑

i�1

γiGi (pi , T ), (16.6)

whereGi (pi , T ) � RT ln(pi
/
p0) + G0

i (T ), p and T represent respectively the pres-
sure and the temperature of the mixture and p0 � 101325 Pa is the standard pressure.
The partial pressure pi is expressed using the molar fraction of the i-mer xi as pi�
pxi, and γ i represents the molar mass concentration of i-mer. The standard molar
Gibbs potential, G0

i (T ), in (16.3) is given by

G0
i (T ) � iG0

L (T ) + σi (T )(36π )
1/ 3NA(m1

/
ρL (T ))

2/ 3i2/ 3, (16.7)

where G0
L (T ) is the standard molar Gibbs potential for the liquid phase [26], σ i(T) is

the surface tension of i-mer, ρL(T) is the density of the liquid, NA is the Avogadro’s
constant, m1 is the mass of a monomer atom (or molecule). The standard molar
Gibbs potential of G0

1(T ) (i� 1) represents the standard molar Gibbs potential for
the gaseous phase [26].

In accordance with (16.4) and (16.5), the temporal evolution of the concentrations
γ i could be described by an infinite system of the ordinary differential equations [24]
as

dγi+1

dt
� Ii − Ii+1, (16.8)

supplemented with a material balance equation given by

∞∑

i�1

iγi � const � γ0, (16.9)

where γ 0 is a given number of moles of condensing vapor molecules per kilogram
in the mixture.

According to [25, 26], the specific stream of i-mer, I i, is given by

Ii � ν
 i εi

(
γi

εi

− γi+1

εi+1

)

, (16.10)

with
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εi � exp

[

−
(
Gi+1(p, T ) − Gi (p, T )

RT

)]

, (16.11)

and

ν
 i �
2∑

r�1

ν
(r )
i , (16.12)

where ν
(r )
i represents the frequency of the addition of monomers to the i-mer [21,

23].
As the concentrations of i-mer and (i+ 1)-mer could differ by several orders of

magnitude, we modified the system (16.5) according to [25] and also used finite-
dimensional systems of N-size, obtained by truncating the original infinite system in
the numerical simulation. In order to solve simultaneously the “rigid” system of the
ordinary differential equations describing the kinetics of the condensation and the
system of differential-algebraic equations, in which the laws of conservation ofmass,
momentumand energy of themixture and themodel of thermodynamics are included,
we adopted an iterative computational algorithm that we developed especially for
solving this problem.At each iteration step,we used the sweepmethod for solving the
linear system with three-diagonal matrices, which were obtained by approximating
the system of condensation kinetics equations according to the implicit scheme.
At the same time, we solved the system of nonlinear algebraic equations, obtained
from the corresponding approximations of the conservation laws and thermodynamic
relations, in order to determine with high accuracy the monomer concentration and
the pressure, temperature and velocity of the mixture [25].

Some of the results obtained by the numerical calculations of the cluster formation
process described above are shown in Figs. 16.1b and 16.2. In the calculations, the
half opening angle of the conical nozzle was set to be 4.6°, the output diameter was
set to be 4.7 mm, and the nozzle length was set to be 24.7 mm, which are the same
as those of the conical nozzle used in the experiment and depicted in Fig. 16.1a. The
stagnation pressure of Ar gas was set to be 2 MPa. Figure 16.1b shows the spatial
distribution of Ar atom density inside and outside of the conical nozzle.

The direction along the symmetry axis of the nozzle is set to be the X axis (Y� 0,
see Fig. 16.1b), which is the same as the jet propagation direction. The nozzle throat
position is set to be at the origin of the X axis, that is at X � 0 mm, and the nozzle
output edge is placed at X � 24.7 mm. The radial direction, which is perpendicular
to the symmetry axis of the nozzle, is denoted as the Y axis. The five stream lines,
SL1-SL5, are indicated by dashed lines at Fig. 16.1b. SL1 represents the symmetry
axis of the nozzle and SL2, SL3, SL4 and SL5 are the stream lines passing the spatial
position at Y� 0.4 mm, 0.9 mm, 1.3 mm, and 1.7 mm, respectively, at X� 24.7 mm.

The distributions of the mean cluster size<N>and mean cluster concentra-
tion<ncl> along the respective five stream lines as a function of the distance from
the nozzle throat are shown at Fig. 16.2a and 16.2b correspondingly. The four ver-
tical lines, CS1-CS4, show the positions of the four cross-sections located at X �
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Fig. 16.2 The distribution of a mean cluster size<N>, b mean cluster concentration<ncl> , and
c ratio of monomer concentration n1 to the total atomic concentration n along five stream lines as a
function of the distance from the nozzle throat. The nozzle throat is located at X� 0 mm, the nozzle
output edge is located at X � 24.7 mm (for reference see Fig. 16.1). The units of “pcs” represents
the number of Ar atoms in a cluster

26.2 mm, 32.9 mm, 42.7 mm and 56.9 mm away from the nozzle throat, respectively.
Accordingly, they are located downstream at 1.5 mm, 8.2 mm, 18 mm and 32.2 mm
distances measured from the nozzle output edge, respectively. It is clearly seen that
spatial properties of the cluster jet possesses significant dispersion in both directions
both along the jet downstream and across to the propagation direction. The mean
cluster size remains unchanged until SC1 cross-section and then decreases starting
from the periphery of the jet, while the paraxial area of the jet still contains “frozen”
size clusters up to CS2. After leaving the nozzle the mean cluster size first decreases
and next significantly increases along all stream lines. Opposite to that, the mean
cluster concentration first increases and then drastically decreases. This means that
small-size clusters born in the vicinity of the nozzle output edge first collapse starting
from the periphery toward the core of the jet and their concentration correspondingly
increases, then a fast association process begins—and small clustersmerge and large-
size clusters appear, but their concentration consequentially drops. Also, one may
note an oscillation behavior of the mean cluster size as the distance from the nozzle
output edge increases along SL2, SL3, SL4.
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The relative proportion of monomers in the total Ar gas atoms in the jet along
five stream lines as a function of the distance from the nozzle throat is depicted at
Fig. 16.2c. It can be seen that the percentage of monomers in the jet decreases when
moving along the axis X from CS1 to CS4. But there are still more than 70% of
monomers in SL5 even in CS4. Thus, the resulting gas-cluster jet contains not only
different size clusters but plenty of non-clustered Ar atoms as well.

For better perception of the results of the numerical calculations presented at
Fig. 16.2we plotted the radial distributions of themean cluster size and themean clus-
ter concentration in the cross-sections CS1, CS2, CS3 and CS4, which are depicted at
Fig. 16.3a, 16.3b, 16.3c, and 16.3d, respectively. Here we denoted the radial abscissa
as r to emphasize the radial symmetry of the cluster jet, and r abscissa has the same
meaning as Y abscissa in Fig. 16.1b. It is clearly seen that distributions of the mean
cluster size and the mean cluster concentration close to the nozzle output edge in
the CS1 are homogeneous, the jet consists of small-size clusters containing around
1.8×104 Ar atoms each. Next three Figures: 16.3b, 16.3c, and 16.3d demonstrate
the dynamics of the spatial structure of the jet along the stream.

Thus, the results of the numerical simulations presented in Figs. 16.1, 16.2 and
16.3 show that for the correct description of interaction of intense femtosecond laser
pulses with the gas-cluster target one should take into account that the spatial struc-
ture of the gas-cluster jet expanding through the conical nozzle possesses significant
dispersion and drastically changes both along the jet downstream and across to the

Fig. 16.3 The radial distributions of the mean cluster size and the mean concentration of clusters
in the cross-sections CS1–CS4
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propagation direction. So, the distance from the nozzle throat is an important param-
eter which defines the properties of the gas-cluster jet.

16.3 Experimental Section

16.3.1 Experimental Setup

In our experiments for the generation of THz radiation andX-ray in the cluster jet, we
modified slightly the experimental setup that was described in detail in our previous
report [8] so that we can irradiate the jet with a focused laser pulse at different
downstream distances measured from the nozzle output edge. The focal point was
located at the symmetry axis of the nozzle and could be positioned discretely along
the X axis in the range between 1.5 and 32.3 mm downstream of the nozzle output
edge at the locations of CS1–CS4.

Here we would like to list just the main parameters of the experimental setup.
It is composed of three main modules: (i) a near-IR ultrashort laser light source
generating ultrashort high-energy optical pulses, (ii) a cluster production module,
and (iii) a detection system of THz and X-ray radiation. As the laser light source, we
use a CPA laser system based on a femtosecond Ti:sapphire laser with a multipass
amplifier, which generates pulses whose energy can be raised to 30 mJ/pulse at the
repetition rate of 10 Hz. The central wavelength is 810 nm, the beam diameter is
1.5 cm, and the quality factor is M2 � 1.6. The pulse duration τ can be tuned in
the range between 50 fs and 600 fs by laser pulse chirping in a vacuum grating
compressor. We use a conical nozzle shown at Fig. 16.1a. The nozzle is connected
to a high-pressure chamber with a pulsed electromagnetic valve, which is operated
at the repetition rate of 1.25 Hz and is synchronized with the laser pulse. The time
delay between the laser pulse and the valve opening time was controlled using the
timing module in order to optimize the temporal overlap between the laser pulse
and the gas-cluster beam. We use pure argon gas for the production of Ar clusters.
The maximum value of the stagnation pressure of the nozzle is set to be 2 MPa so
that the background pressure in the vacuum chamber does not exceed 0.67 Pa. Other
experimental details can be found in [8].

16.3.2 Experimental Results

16.3.2.1 Rayleigh Scattering

In order to verify the results obtained by the numerical simulation, we measured the
Rayleigh scattering signals from the gas-cluster jet. For these Rayleigh scattering
measurements, we use a continuous semiconductor laser equipped with a spatial
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Fig. 16.4 The scheme of the
experimental setup for the
measurement of the Rayleigh
scattering of laser radiation
by a gas-cluster jet

filter for the TEM00 mode as a light source. The wavelength of the laser is 445 nm,
the power is 12 mW, and the beam diameter is 1 cm. The laser light was focused on
the gas-cluster jet by the L1 lens (f � 20 cm, 3 cmφ), and the scattered radiation
emitted in the direction perpendicular to the gas-cluster beam axis was collected
through the quartz window of the vacuum chamber as shown in Fig. 16.4.

The scattered radiation was collected and focused by a lens L1 (f � 7 cm, 5 cmφ)
on the photomultiplier tube (PMT) detector. From the measurement of the intensity
of the scattered radiation, we can estimate the average number of particles in a cluster
and the volume-integrated concentration of clusters. The differential cross-section
for the Rayleigh scattering by a dielectric spherical particle is given by

σd (θ ) � ω4

c4

∣
∣
∣
∣
3

4π

εr − 1

εr + 2

∣
∣
∣
∣

2(N ma

ρ

)2

sin2(θ ), (16.13)

where N is the number of atoms in a cluster. The intensity of the radiation scattered
by the gas-cluster jet is proportional to the

〈
N 2

〉
· 〈ncl〉. The squares in Fig. 16.5

represent the calculated values of the Rayleigh scattering intensities,
〈
N 2

〉
· 〈ncl〉, as

a function of the downstream distance measured from the nozzle outlet edge. The
rhombuses in Fig. 16.4 represent the observed Rayleigh scattering signal intensities.
The experimental and theoretical Rayleigh scattering intensities are normalized at
the distance of CS1. It can be said that the theoretical estimates reproduce the overall
trend of the experimental data, even though they exhibit certain deviations from the
experimental data beyond their uncertainties in the range between 2.5 and 12%.
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Fig. 16.5 Dependence of the Rayleigh scattering signal intensity on the downstream distance from
the nozzle outlet edge. The theoretical estimates (black squares) and the experimental data (red
rhombuses), both of which are normalized at CS1

16.3.2.2 Terahertz and X-Ray Emission

In our experiments THz emission generated under the single-color excitation was
observed only at the angle of 30° relative to the direction of laser beam propagation.
No THz signal from the Ar gas-cluster beam was registered in the forward direction.
Figure 16.6 shows the dependences of the intensities of THz and X-ray pulses simul-
taneously generated from the Ar gas-cluster beam as a function of the laser pulse
duration for both positively and negatively chirped laser pulses recorded at the three
cross-sections, CS1, CS3 and CS4. The pulse duration of around 55 fs corresponds to
a Fourier-limited pulse and is indicated by the central vertical dotted line in Fig. 16.6.
As wementioned above, there are mainly small-size clusters at the cross-section CS1
with the average number of atoms<N>≈1.7×104, and cluster size distributions in
cross-sections CS3 and CS4 are non-uniform: the value of<N>varies from 1.6×104

to 8.4×105 in CS3 and from 8.4×103 to 6.0×105 in CS4.
As can be seen inFig. 16.6a, theX-ray intensity takes almost themaximumvalue at

around theminimumpulse duration and decreases as the pulse duration increases, and
themaximum intensity becomes lower steadily as the distance between the excitation
area and the nozzle output edge increases from CS1 to CS4. On the contrary, as can
be seen in Fig. 16.6b, the THz intensity takes the lowest value at the minimum pulse
duration and becomes larger as the pulse duration increases up to around 250 fs, and
the THz intensities are almost the same at CS1 and CS3, and decrease largely at CS4.

The energy spectrum of the X-ray emission generated from the Ar gas-cluster
beam by the single-color excitation is shown in Fig. 16.7. The presence of the gap in
the energy spectrumbetween 3.5 and 5keV is ascribed to themeasurement procedure.
The X-ray photons in the low-photon energy region below 3.5 keV where the K-line
emission of Ar appears and those in the higher photon energy region above 5 keV
were measured separately using different sets of filters and diaphragms which were
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Fig. 16.6 X-Ray (a) and THz (b) yields from an Ar gas-clusters jet as a function of the temporal
duration of the excitation laser pulses recorded at the cross-sections of CS1 (red dots), CS3 (blue
dots), and CS4 (purple dots). The vertical dotted line in the center represents the pulse duration for
a Fourier limited pulse

Fig. 16.7 Energy spectrum
of the X-ray emission
generated when an Ar gas
cluster jet was excited at CS1
by focused negatively
chirped femtosecond laser
pulses (20 mJ/pulse, pulse
duration of 250 fs). The
backing pressure of Ar was
2 MPa

used to attenuate X-Ray intensity for achieving the single-photon counting mode of
the X-ray spectrometer. It should be noted that X-ray emission generated from the
Ar gas-cluster beam can be used not only for the characterization of cluster plasma
itself but also for the confirmation of the formation of Ar clusters in the jet by the
presence of the strong characteristic K-line of Ar in the X-ray spectrum at around
3 keV.

As long as the ponderomotive potential of electrons in the laser field exceeds
the ionization potential of the K shell of Ar, the K-line X-ray can be generated
efficiently from a non-clustered Ar gas. As the ponderomotive potential of electrons
is given by Up � 9.3×10−14 I (W/cm2) · λ2 (μm2), the ponderomotive potential in
our experiment can be estimated to be Up � 1.8 keV using the laser field intensity
of around 3 × 1016 W/cm2, which is smaller than 3.2 keV, the ionization potential
of the K shell of Ar. This means that we could not generate the K-line X-ray using Ar
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monomers. Therefore, the observation of the K-line X-ray emission shows that the
dense plasma was created by the intense-field photoionization of Ar clusters, from
which the K-line X-ray was generated.

The contrast ratio of K-line of Ar, i.e. the ratio of the K-line intensity with respect
to the X-ray background intensity, is about 90, which is found to be higher than the
contrast ratios obtained in other experimental studies [27, 28]. By approximating the
energy spectrum of the continuous X-ray background by an exponential function,
exp(−E/T 1), as shown in Fig. 16.7, we can estimate the mean energy T 1, which can
also be called “temperature,” of hot electrons as T 1 � 1.4 keV. Thanks to the high
contrast ratio of the K-line X-ray, it was possible to record the X-ray yield online at
each laser pulse using the PMT detector equipped with NaI scintillator. Therefore,
themeasurements of the X-ray emission to be discussed belowwere performed using
the PMT detector for the X-ray registration. The total energy of all the X-ray quanta
that reached the scintillator was recorded in each laser pulse. By taking into account
the solid angle of the PMT detector and the efficiency of the X-ray generation, we
estimated the number of characteristic K-line photons that was detected in each laser
pulse to be 105. We confirmed that the X-ray yield obtained when the detection
angle for the PMT detector is 45° from laser beam propagation direction and the one
obtained when the detection angle is 135° are almost the same, which means that the
X-ray radiation is almost isotropic.

The snapshots of the plasma channel that is formed when the Ar gas cluster jet
was irradiated with femtosecond intense laser pulses are shown in Fig. 16.8. As is
shown in this figure, as the distance between the laser beam focus and the nozzle
output edge is increased from 1.5 to 32.3 mm, the length of the filament emitting
visible light increases from 2 to 8 mm.

16.4 Discussion

It is possible that the dependences of the X-ray and THz emission yields on the laser
pulse duration shown in Fig. 16.6 can be attributed to certain properties of the free
electrons produced in clusters by intense femtosecond laser pulses as well as to the
growth process of the clusters [29].

The maximum laser field intensity in our experiments was Imax � 1.3 × 1017

W/cm2, which was achieved with the shortest laser pulse of about 50 fs. This light
field intensity exceeds the Coulombic field within an atom. For a hydrogen atom, the
intra-field at the first Bohr orbit with radius aB ≈0.05 nm is given by a well-known
formula,

E0 � e

a2B
≈ 5 × 109(V/cm) (16.14)

where e is the elementary charge. Consequently, the characteristic light field intensity,
i.e., the characteristic energy flux density I0 becomes
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Fig. 16.8 CCD images of
the plasma channel generated
in the Ar gas cluster jet. The
laser beam is focused at
a CS1, b CS3, and c CS4

I0 � cE2
0

8π
� 3.5 · 1016(W/cm2

)
. (16.15)

At this light field intensity, the barrier-suppression ionization becomes possible, and
an electron in the 1 s orbital is pulled out from a hydrogen atom by the laser field.
According to the existing theoretical description of the barrier-suppression ionization
of an atom [29–31], the ionization of an atom into an atomic ion having the positive
charge Z occurs when the strength of the external electric field of light exceeds the
critical value,

Ecr � J 2
Z

4e3Z
, (16.16)

where Jz represents the ionization potential for producing an atomic ion with the
positive charge Z from an atom with the positive charge Z − 1. The field ionization
produces free electrons with equal probability both in atoms in a cluster and in
ordinary gas atoms because there are no free electrons in the cluster before the
ionization and the laser field inside the cluster is not screened.

According to [32], the ionization potentials for removing the first 11 electrons in
Ar are J1 � 15.756, J2 � 27.62, J3 � 40.90, J4 � 59.79, J5 � 75.0, J6 � 91.3, J7
� 123.9, J8 � 143.4, J9 � 422.6, J10 � 479.0, and J11 � 539.5 eV, respectively. It
can be seen that Jz increases almost 3 times from J8 to J9. Accordingly, the required
laser field amplitude increases 7.7 times from 0.87E0 to 6.7E0, which corresponds to
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the increase in the laser field intensity about 60 times from I8 � 2.64 × 1016 W/cm2

to I9 � 1.58 × 1018 W/cm2. Since the laser field intensity in our experiment did not
exceed Imax � 1.3 × 1017 W/cm2, the ion charge Z was considered to be around
8. The chirping of the laser pulse could not change this value because Imax changes
only by a factor of 12 in the range of the pulse duration variation in our experiment.
For the first eight charge states of Ar, the ionization potential is almost proportional
to Z and can be evaluated as JZ ~16.5Z eV. According to [29], the ionization time
of these charge states can be estimated as

τZ ∼ √
2e2Z

√
me

/
J 3/ 2
Z ∼ 1016Z−1(s) (16.17)

where me is the mass of an electron. This means that the ionization occurs almost
immediately during the period less than one oscillation of the laser electric field.

The deeper levels with Z ≥9 could be ionized through the mechanism of the
impact ionization. Indeed, any free electron in the laser field with the electric field
strength E and the frequency ω gains the energy W of the order of

W � me

2

(
eE

meω

)2

� 4300
I

I0
(eV), (16.18)

which can exceed the ionization energy of the deeper levels. However, the electron
impact ionization is known to take a few tens of femtoseconds in the case of atomic
clusters and much longer time in the case of monomers. A cluster has high local
density which is close to solid density and therefore inelastic electron-ion collisions
occur quite often during the duration of the ultrashort laser pulse [33].

It is possible that the interaction of a femtosecond laser pulse with Ar clusters
leads to the formation a quasi-neutral plasma inside the cluster core, and the quasi-
neutrality persists during the initial stage of the laser pulse propagation. In the course
of the interaction with the rising edge of the laser field, the radial distribution of the
constituting atomic ions gradually becomes non-uniformwith its spherical symmetry
is almost being kept, but the distribution of electrons becomes asymmetric through
the oscillation of electrons between the poles of the clusters [34]. The intense laser
field drives electrons out of the cluster at every half period of the field oscillations,
while the ion cloud gradually expands in the radial direction. Associated with the
fast losses of electrons, the cluster gains a net electric charge Q. This process is the
so-called outer ionization of the cluster [29] and it differs from aforementioned inner
ionization when single atom inside the cluster gains a charge Z .

The effect of outer ionization is due to the different field strength in different
parts of the cluster. Indeed, the total electric field affecting a single atomic ion within
a cluster is composed of an external laser field averaged over a period of the laser
field, the static field within the charged cluster and the dynamic field created by
the oscillations of the electron cloud in the cluster driven by the laser field. On the
contrary, electrons quickly respond to the variation of the electric field of the intense
laser light.
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In order to evaluate Q, we assume that the charge density is evenly distributed
across the cluster so that the static field is radially symmetric and given by

EQ(r ) � Q r

R3
, (16.19)

where r is the radial distance from the center of the cluster and R is the radius of the
cluster. Using the relation between the cluster charge and the laser field strength,

Q(R) � 4ER2, (16.20)

we obtain

EQ(R) � 4E (16.21)

The sum of the laser field E and cluster field EQ has anisotropic radial distribution.
Indeed, the laser field applied to the poles and cluster field EQ are collinear to each
other and their sum E +4E � 5E , whereas the sum at the equator is

√
E2 + (4E)2 �√

17E , because these fields are orthogonal at the equator. It is possible that the
difference between the field amplitude at the poles and the field amplitude at the
equator becomes much larger by the non-uniformity of the spatial distribution of
electrons. As reported in [35], the polarization-induced electric field at the poles
exceeds the laser electric field by as large as one order of magnitude, which may
be sufficiently large for the 9th ionization and the further ejection of electrons from
Ar9+. However, further calculations are needed to verify this scenario.

We can distinguish two subsystems of electrons in the cluster: the outer one,
which oscillates back and forth through the cluster and the inner one, which remains
inside the cluster. Energetic oscillations of the electrons from outer subsystem may
lead to strong increase of electron temperature inside the cluster, which is called
nonlinear resonance heating process [6]. The dependence of the X-ray yield from
cluster plasma on laser pulse duration similar to that obtained in our experiments (see
Fig. 16.6a), was observed in [6] and explained by the nonlinear resonance heating.
The effectivity of this process is maximal at the highest intensity of laser radiation
which is achieved with the shortest duration of the laser pulse.

Another process, linear resonant absorption or Mie resonance, is also possible
during laser-cluster interaction [2]. After ionization by the laser field, the cluster
begins to expand due to hydrodynamic forces and Coulomb pressure forces. Simpli-
fied, if we assume that the electron density inside the cluster is homogeneous, the
absorption cross-section of the cluster is described by the formula:

σa � π R3ν

c

ω2
p

/
9

(ω − ωp

/√
3)2 + ν2

/
4

(16.22)
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At a certain moment during expansion, when the condition ω � ωp

/√
3 is

reached, laser pulse energy is resonantly absorbed by the cluster. Linear resonance
absorption leads to increase of the number of electrons in the inner subsystem of
the cluster. We assume that the dependence of THz intensity on laser pulse duration
presented in Fig. 16.6b can be explained by the effect of linear resonance absorption.

By following the discussion in [12], we assume that the THz radiation pro-
duced by the laser radiation is generated by a time-varying axially symmetric linear
quadrupole, which is produced by the ponderomotive force of the laser pulse. Indeed,
because of the ponderomotive force, the plasma filament produced by the laser pulse
expands radially first, and then, shrinks back after the propagation of the laser pulse,
resulting in the formation of the time-varying linear quadrupole.

The decrease in the X-ray emission yield as the distance X between the nozzle
output edge and the laser focus increases from CS1 to CS4 may be ascribed to the
characteristic propagation of the intense laser pulse in an Ar gas-cluster jet. As the
distance X increases, the length of the interaction region increases and the density of
clusters in the laser excitation volumedecreases. Furthermore, because the laser beam
can be defocused by the free electrons formed by the ionization of Ar monomers in
the Ar gas-cluster jet, the laser radiation could interact with clusters less efficiently.

As shown in [5], the waveform of the pulsed THz radiation comprises two half-
periods corresponding to the one-time radial expansion and subsequent compression
of the filament. A phenomenological model of the THz radiation developed in [12]
takes into account the effect of the finite length L of the filament, which is larger
than the wavelength λ of the THz radiation. It was shown in [12] that the transition
radiation and Cherenkov radiation could not explain the experimental angular distri-
bution of THz radiation generated from the plasma produced from a gas-cluster jet. A
mechanism of low-frequency quadrupole emission from a plasma channel, which is
created by femtosecond laser pulse in gaseous medium, was studied theoretically in
[36]. The interference of quadrupole THz sources in the plasma channel results in the
formation of a specific angular distribution of the THz field, which takes a minimal
value along the filament axis and a maximum value at the angle θmax between the
detector and the filament axis given by

θmax � 69◦
√

L
/

λ (16.23)

In our present experiments, the THz radiation was collected at the deflection angle
of 30° from the laser propagation direction. The laser beam is focused at different
downstream distances from the nozzle output edge and the length of the filament
should vary, so the angular distribution of the THz radiation is expected to change.
In accordance with formula (16.23) we expect a decrease of θmax when X increases,
since the value of L grows (see Fig. 16.8).
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16.5 Conclusion

We have carried out numerical simulations of the cluster formation process in a
supersonic jet ofAr, and found that the spatial distribution of the cluster concentration
represents the clustering dynamics in the jet expansion. We have shown that the
distance from the nozzle output edge along the symmetry axis of a cylindrical nozzle
is an important parameter describing the properties of the cluster target.

We have shown that the difference in the optimal laser pulse duration for the
efficient generation of X-ray and that for the efficient generation of THz radiation
can be explained by the different time periods required for the formation of electron
subsystems in an Ar cluster. The population of the outer electrons increases quickly
during the first 50 fs and they are responsible for the generation of X-ray, which
explains the maximumX-ray yield at the minimal pulse duration in our experiments.
The number of inner electrons increases only slowly and reaches maximum at the
time scale of the order of 100 fs, which can be attributed to the enhancement of THz
yield at τ≈250 fs in our experiments. At the later stage, the number of the outer
electrons begins to rise again, which may decrease the intensity of the THz radiation.
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