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Abstract

The interaction of femtosecond ultra-intense laser pulses with clusters increases absorption of the incident laser light
compared with the interaction with solid targets and leads to enhanced generation of different quantum beams with
unique parameters. Future investigations of such interaction urgently need detailed modeling and optimization of
cluster parameters, for instance, in order to obtain the clusters with desired size, or some specific spatial configuration
of the target etc. A numerical model of gas-cluster targets production by the nozzle flows of gases and binary mixtures
is presented. Some previous results of the model utilization are summarized, and some new results are given.
Techniques of experimental verification of the numerical results are discussed.

Keywords: Ultra-intense femtosecond laser–clusters interaction; Cluster targets; Numerical modelling; Nozzle flow;
Kinetics of clusterization

1. INTRODUCTION

Investigations of the interaction of ultra-intense femtosecond
laser radiation with solid and gas media have become espe-
cially important in recent years due to the possibility of in-
vestigations of fundamental properties of matter in extreme
conditions and allow one to use new approaches for solving
a number of application issues. One of the rather widely used
types of targets for the ultrashort laser pulses irradiation is the
cluster targets, where a gas expanding through a supersonic
nozzle forms a jet with some liquid (or solid) phase inclu-
sions (clusters) (Hagena, 1992; Ditmire et al., 1996, 1997,
1998, 1999; Dobosz et al., 1998, 1999; Tajima et al.,
1999; Parra et al., 2000, 2003; Rusek et al., 2000; Abdallah
et al., 2001, 2003; Blasco et al., 2001; Boldarev et al., 2001,

2004, 2006; Faenov et al., 2001, 2008, 2009, 2012, 2013,
2016a, b; Junkel-Vives et al., 2002a, b; Skobelev et al.,
2002a, b; Dorchies et al., 2003; Fukuda et al., 2003,
2004a, b, 2008, 2009, 2013; Kim et al., 2003, 2006;
Hansen et al., 2005; Gavrilenko et al., 2006; Sherrill et al.,
2006; Davis et al., 2007; Colgan et al., 2008, 2011; Kugland
et al., 2008; Berkelbach et al., 2009; Gasilov et al., 2009;
Pikuz et al., 2009; Hayashi et al., 2010, 2011; Zhang
et al., 2011, 2012; Bussolino et al., 2013; Chen et al.,
2013; Jinno et al., 2013a, b; Oks et al., 2014, 2015; Koester
et al., 2015; Tao et al., 2016). With this type of target it is
possible to combine the advantages of solid (high density)
and gas (debris-free, easy regeneration) targets. Due to the in-
creased absorption, these targets are heated significantly,
leading to enhanced generation of various radiation and
particle beams (which are usually referred to as quantum
beams). Indeed, very promising results have been obtained
in experiments with this type of targets for various
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applications, including nuclear fusion (Ditmire et al., 1999),
X-ray emission (Parra et al., 2000, 2003; Abdallah et al.,
2001, 2003; Junkel-Vives et al., 2002a, b; Fukuda
et al., 2003, 2004a, b, 2008; Hansen et al., 2005; Kim
et al., 2006; Sherrill et al., 2006; Colgan et al., 2008;
Kugland et al., 2008; Berkelbach et al., 2009; Gasilov
et al., 2009; Pikuz et al., 2009; Hayashi et al., 2010, 2011;
Zhang et al., 2011; Faenov et al., 2013), betatron X-ray
radiation (Chen et al., 2013), laser-driven ion acceleration
(Dobosz et al., 1998, 1999; Kim et al., 2006; Faenov
et al., 2009, 2013, 2016b; Fukuda et al., 2009, 2013),
laser-cluster-driven electron acceleration (Zhang et al.,
2012; Bussolino et al., 2013; Faenov et al., 2013, 2016b;
Koester et al., 2015) and so on.
In contrast with the solid and gaseous targets, for a cluster

target it is difficult to estimate the initial (before laser pulse)
state, namely, the concentration and the mean size of the
clusters, their dispersion etc. Since the processes of clusters
formation in a gas jet are complex, there cannot be a
simple estimation procedure, which would give adequate re-
sults in all cases. One of the most frequently used approaches
is the heuristic scaling theory by Hagena (1992), where the
mean cluster size (the mean number of atoms in a cluster)
is given by formula

〈N〉 = 33
Γ∗

1000

( )2.35

(for Γ∗ > 1000), (1)

where the parameter Γ∗ is supposed to define completely the
process of clusterization and is given by

Γ∗ = kh
0.74d
tan α

( )0.85

P0T
−2.29
0 , (2)

where kh= 1650 for argon and kh= 2890 for krypton, d is
the critical diameter of the nozzle in micrometers, P0 and
T0 are initial pressure and temperature of the gas (in millibars
and kelvins, respectively), α is the half-angle of the nozzle
expansion.
In these expressions one can see that the geometry of the

nozzle is taken into account in the form of only two
parameters – critical diameter d and the half-angle α of
expansion. The properties of the working gas are represented
by only one number kh. Besides, this theory does not give the
spatial distribution of the gas-cluster jet. So, this theory can
be valid for a restricted range of variants – conical nozzles,
argon and krypton as working gas. Nevertheless, this
theory is widely used because it is simple and easy for use,
it became a tradition to compare results of other clusters
evaluation procedures with it.
To obtain more reliable data for wide range of variants

(e.g., nozzle shapes, working gases and initial gas condi-
tions) some experimental procedures were developed. Com-
monly, one uses the interferometric measurements to obtain
the average density of the jet, and the Rayleigh scattering

technique to obtain the clusters parameters, (Dorchies
et al., 2003; Kim et al., 2003; Tao et al., 2016). Rayleigh
scattering signal is proportional to nc〈N

2〉≈ (1 – β)na 〈N〉,
where nc and na are concentrations of clusters and atoms
(or molecules for molecular gases), N is the number of
atoms (molecules) in a cluster, β is the mass fraction of the
gas phase in the gas-cluster jet. Along with the atomic con-
centration na given from the interferometry, that makes pos-
sible to define two parameters among three independent
ones: β, nc and 〈N〉, so, some additional information is
needed to achieve the complete information about the clus-
terized medium. In Kim et al. (2003) it is supposed that
1− β is a value of order of 1, so, assuming β= 0, we do
not produce an error higher than several times. In Tao
et al. (2016) the value β is taken from the numerical
modelling.
For large (submicron-sized) clusters (which were obtained

by the use of specially designed nozzle) it is possible to uti-
lize Mie scattering technique instead of Rayleigh scattering
(Jinno et al., 2013a, b). This allows to obtain directly the
mean cluster size and its standard deviation (but in assump-
tion that the clusters distribution over their sizes is
lognormal).
Another method to explore cluster targets is the numerical

modelling. A mathematical model based on the representa-
tion of clusters as spherical microdroplets and on the kinetic
theory of Frenkel (1955), Abraham (1974) was proposed by
Boldarev et al. (2004, 2006). Later this model was general-
ized to take into account the binary mixtures of gases
where one component does not form clusters (Jinno et al.,
2013b). According to the results of the modelling, it is
turned out that the binary mixtures can provide high degree
of clusterization of the clusterizing component, while the
gas between clusters consists almost of the inert component.
That was very convenient for the soft X-ray production when
the intercluster gas can absorb a considerable part of the
X-ray radiation produced by clusters illuminated by the
laser pulse; in the case of He+ CO2 mixture helium does
not absorb the radiation (Fukuda et al., 2008; Gasilov
et al., 2009; Pikuz et al., 2009).

2. NUMERICAL MODEL OF THE
CLUSTERIZATION IN NOZZLE FLOWS OF
BINARY MIXTURES

We consider a gas mixture with two components: inert
(which we denote by index i) and clusterizing, or condensing
one (denoted by index c). The condensing component, in
turn, is subdivided into gas phase (index g) and liquid (or
condensed) one, denoted by index l. So, we have, in fact,
three components of our medium: inert component i, con-
densing gas cg and clusters cl.
Since we assume that the clusters are comparatively small

and do not move with respect to the surrounding gas, we may
consider the composition of our mixture (namely, mass or
molar relation between i and c components) to be constant
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and known. So, we introduce the value φ as the mass fraction
of the condensing component. So, we can write for the den-
sities of the components

ρc = φρ, ρi = (1− φ)ρ.

We introduce also the so-called dryness degree β, which is
the mass fraction of the cg subcomponent in the whole c
component. So, we can also write

ρcg = βρc = βφρ, ρcl = (1− β)ρc = (1− β)φρ,

ρi = (1− φ)ρ.

In these expressions ρcg, ρcl, and ρi are densities of the com-
ponents of the mixture, that is mass of a component per
single volume of the whole mixture. Since the volume of
the clusters is negligibly small, for the gas components
these are also the densities of these components themselves,
which appear in all thermodynamic relations for this compo-
nent. For the clusters, of course, ρcl is much smaller than the
density of the liquid phase itself, which we denote as ρ0l .
The process of clusters formation is described in kinetics

terms and, of course, this process is essentially nonequilibri-
um. But we consider two gas components i and cg to be in
thermodynamic equilibrium with each other. So, we suppose
that the temperature of two components of the gas phase is
the same Ti= Tcg= T (and may differ from the temperature
of the clusters Tcl). Another supposition is that the
pressure of the mixture, in accordance with Dalton law, is
the sum of the partial pressures of the gaseous components,
P= Pi+ Pcg. The liquid phase does not render the pressure,
since it is not continuous.
These suppositions allow us to consider the density and

internal energy of the whole mixture, not of the individual
components. So, the governing system of equations practical-
ly does not differ from the single-gas case:

∂ρ
∂t

+ div(ρv) = 0, (3)

∂ρv
∂t

+ div(ρvv) = −gradP, (4)

∂
∂t

ρε+ ρ
v2

2

( )
+ div ρv ε+ v2

2

( )( )
= − divPv, (5)

∂ρΩn

∂t
+ div(ρvΩn) = Irn∗ + ṙnρΩn−1, n = 0, 1, 2, (6)

∂ρβ
∂t

+ div(ρvβ) = − 4
3
πρ0l Ir

3
∗

φ
− 4πρρ0l ṙΩ2

φ
. (7)

HereΩn are the moments of the distribution function of the
clusters with respect to their radii:

ρΩn =
∫∞
0
rnf (r, x, t)dr.

So, we can write for the third moment

1− β = 4
3
ρ0l πΩ3

φ
.

We use the same model of kinetics of the phase transitions as
in the single-gas case, but with taking into account the pres-
ence of the inert component. The inert component changes
the gasdynamics parameters but does not take part in the clus-
ters origination process itself. To close the system (3)–(7), we
use the following relationships. The critical radius

r∗ = 2σ(T)
ρ0l RT ln(Pcg/Ps(T))

. (8)

The nucleation rate

I = 1

ρ0l

��������
2σ(T)μ
πNA

√
Pcg

kT

( )2

exp − 4πσ(T)r2∗
3kT

( )
. (9)

The rate of clusters growth

ṙ = Pcg

ρ0l
�������
2πRT

√ 1−
��������

T

Ts(Pcg)

√( )
. (10)

The model includes also some thermodynamic relationships,
which express the properties of the working gas and close the
system of equations. To close the system, we need expressions
P(ρ, ε, β), T(ρ, ε, β) and the expressions for some values at the
saturation line. In the single-gas model we used expressions

P = P(ρ, ε, β) = ρ
ε+ (1− β)Ls

γ/(β(γ− 1)) − 1
, T = P

βZρR
, (11)

which are the consequences of the simple equation of state of
the ideal gas and the relationships between the heat of phase
transition and the enthalpies of the phases,

Ls = Hg − Hl.

In the gas mixture model, we apply (11) to each of the compo-
nents i and c. As a result, instead of direct expressions (11) we
obtain a systemof algebraic equations, which includes (11) for
both components, equality of the temperatures of the compo-
nents and the relationship between the specific internal ener-
gies of the components:

ε = (1− φ)εi + φεc.
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3. EXPERIMENTAL VERIFICATION OF THE
MODEL

This numericalmodel is based on somesuppositions,whichare
sometimes not convincing. Themain objection to this model is
that it operateswith the thermodynamic approachwhen consid-
ering the critical nuclei of the clusters. Besides, the thermody-
namic properties of the working gas are not known precisely,
because the origination of clusters takes place in a supercooled
metastable gas. So, an experimental verification of the numer-
ical results obtained by this model was needed.
An indirect experimental confirmation of the adequateness

of the numerical model (its version for the pure gas) was
given when we designed special three-staged conical
nozzle (Boldarev et al., 2006) for obtaining large
(submicron-sized) clusters. The large clusters were needed
to diminish the prepulse influence for low-contrast laser
pulses (Fukuda et al., 2004a). The nozzle had three conical
stages, the first one expanded from diameter 0.5 to 0.7 mm
at the length of 29 mm, the second stage expanded from
0.7 to 0.8 mm at the length 30 mm, and the last stage of
length 16 mm had the outlet diameter 2 mm. Such a nozzle
geometry was chosen on the base of numerical modelling
for argon at initial pressure 60 bar. Although initially there
were no direct measurement of the cluster sizes, in Fukuda
et al. (2004a) a good correlation was observed between the
X-ray intensity measured in the experiment and the mean
cluster size obtained from the modelling.
The submicron size of the clusters allowed to apply Mie

scattering technique instead of usual Rayleigh scattering one
(Jinno et al., 2013a, b). In these works, the binary mixtures
He(90%) + CO2(10%) and H2(70%) + CO2(30%) at initial
pressure 60 bar were used. For the above described three-
staged nozzle, the computations gave the mean cluster size
0.360 and 0.588 μm respectively, and the standard deviation
was 0.072 and 0.090 μm for these two gas mixtures, respec-
tively. By applying Mie scattering technique, the experimen-
tal measurements of the average cluster size were performed,
and they gave 0.26± 0.04 μm (S.D. 0.08± 0.01 μm) and
0.28± 0.03 μm (S.D. 0.13± 0.02 μm), respectively. So,
there is about twofold discrepancy between experimental
and numerical results. It should be noted that a twofold
difference in cluster diameter corresponds to the difference
of an order of magnitude with respect to the volume and,
respectively, the number of atoms (molecules).
A systematic comparison of the clusters parameters ob-

tained from the numerical modelling with ones given from
the experiment have recently been performed in Tao et al.
(2016). The authors of that paper explored the mathematical
models of clusters formation very similar to (3)–(11), but
with more reliable thermodynamic completion. In the
frames of the model, some questions arise, like, for instance,
what temperature should be ascribed to a cluster nucleus
which appears in the supercooled gas – the temperature of
the surrounding gas or the saturation temperature at the
given pressure. Depending on the answer to this and other

similar questions, one obtains different variations of the
model, whose results dramatically differ from each other.
In fact, there are no comprehensive and definite answers to
that questions, since they are based on the supposition of ap-
plicability of the thermodynamical approach to the arising
clusters nuclei.
On the base of comparison of numerical data and the exper-

imental results, in Tao et al. (2016) a single (referred to as
baseline) model variation have been chosen, for which the re-
sults were the most close to the experiment. For this model, a
discrepancy was still of an order of magnitude, that is similar
to one observed in Jinno et al. (2013a, b). It should be noted
that in Tao et al. (2016) some other experimental conditions
were considered, they used argon as aworking gas and another
nozzle shape. Under these conditions, therewere not expected
large clusters, so, the usual experimental technique based on
interferometry along with Rayleigh scattering was applied.
The missing third parameter was taken from the numerical
modeling – it was noticed that the dryness degree β, in contrast
with the clusters size, does not depend on the model varia-
tions. That conclusion could be expected, since the dryness
degree is a characteristics of the thermodynamical equilibrium
state, it must not depend on the kinetic processes of clusters
nuclei origination, which affect such parameters as clusters
size and concentration.
In order to compare our model (3)–(11) with the baseline

model proposed in Tao et al. (2016), we performed modeling
of the variants considered in Tao et al. (2016) with our
model. According to Tao et al. (2016), the planar nozzle
with throat width of 0.22 mm, total length of 10 mm and
half-angle of divergence of 14° was taken, the working gas
was argon. Two series of variants were computed, in the
pressure series the temperature was 293 K while the pressure
varied from 10 to 100 bar. In the temperature series the pres-
sure was constant and equal to 50 bar, while temperature
varied from 200 to 350 K. A particular variant in pressure
or temperature series may be characterized by its pressure
or temperature value P0 or T0, but in Tao et al. (2016) the var-
iants were characterized by the Hagena parameter Γ∗ (2),
which is a function of P0 and T0. In fact, Γ∗ is not used in
our model and in the models described in Tao et al.
(2016), so, there is no physical sense in such a characteriza-
tion, it is merely a question of representation of the results.
Moreover, the parameter Γ∗ was introduced for conical noz-
zles, while the paper (Tao et al., 2016) considers the planar
ones. But we keep this characterization for our computational
results in order to compare them with ones from Tao et al.
(2016). Besides, arranging the results in the form of depen-
dence on Γ∗ allows us to represent the results of both
series, pressure and temperature, on the same plot, see
Figures 1–3. But it could be easily seen that the pressure
and temperature series show different dependence of the
computed parameters on Γ∗; that demonstrates once more
that the parameter Γ∗ seems not to have a physical relevance,
and it cannot, in general, be considered as the only parameter,
which defines entirely the clusterization process.
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At Figures 1–3 the results of the 1D computations are pre-
sented. The blue and red lines and hollow symbols are taken
from Tao et al. (2016) and correspond to the results of the
baseline model, pressure, and temperature series, respective-
ly. The results of our model (3)–(11) are depicted as green
(the pressure series) and purple (the temperature series)
solid squares. Besides, the experimental results (Tao et al.,

2016) are represented at Figure 3 as solid black circles and
error bars.

The parameters na and β, which are shown in Figures 1 and
2, are defined by gasdynamic and thermodynamical process-
es, they are not affected by the kinetic processes of the clus-
ters origination. In Tao et al. (2016) these parameters
practically do not depend on the model variation. Neverthe-
less, difference in the thermodynamic completion of the
models [our (3)–(11) and (Tao et al., 2016)] leads to some
considerable discrepancy in these values.

As for the values influenced by kinetic processes, like av-
erage cluster size, the difference between the baseline model
(Tao et al., 2016) results and ones of our model (3)–(11) is
more noticeable, see Figure 3. As it was mentioned in Tao
et al. (2016), there is an inverse dependence of cluster size
on the Hagena parameter Γ∗ for our model (3)–(11). For
some variants (and range of Γ∗) the results of the model
(3)–(11) correspond to the data obtained from the baseline
model (Tao et al., 2016) and to the experimental data,
within their divergence of an order of value.

Results of the comparison of the numerical and experi-
mental data, presented in Figure 3, shows that both models,
our one (3)–(11) and the baseline one from Tao et al.
(2016), give an error of an order of magnitude for 〈N〉
value. As it is mentioned above, that was the case also for
our model applied to experimental variants (Jinno et al.,
2013a, b). By now, numerical models do not give higher ac-
curacy in the cluster size prediction. That may be explained
by the above mentioned principal drawback of the clusteriza-
tion models – they apply the thermodynamic approach to
metastable states of the gas and to very tiny objects like the

Fig. 1. Total atom number density na as a function of the Hagena parameter
Γ∗ at the exit of the nozzle. The hollow symbols and lines correspond to the
results of Tao et al. (2016), the blue ones are for the pressure series (the ini-
tial pressure P0 varies from 10 to 100 bar at the constant initial temperature
T0= 293K), the red ones are for the temperature series (the initial tempera-
ture T0 varies from 200 to 350 K at the constant initial pressure P0= 50 bar).
Green and purple solid squares are the results of our model (3)–(11), pressure
and temperature series, respectively. A good agreement between both theo-
ries is clearly seen.

Fig. 2. Liquid mass fraction 1− β as a function of the Hagena parameter Γ∗

at the exit of the nozzle. The hollow circles and lines correspond to the results
of Tao et al. (2016), the blue ones are for the pressure series (the initial pres-
sure P0 varies from 10 to 100 bar at the constant initial temperature T0=
293K), the red ones are for the temperature series (the initial temperature
T0 varies from 200 to 350 K at the constant initial pressure P0= 50 bar).
Green and purple solid squares are the results of our model (3)–(11), pressure
and temperature series, respectively. A good agreement between both theo-
ries is clearly seen.

Fig. 3. Average number of atoms per cluster 〈N〉 as a function of the Hagena
parameter Γ∗ at the exit of the nozzle. The hollow circles and lines corre-
spond to the results of Tao et al. (2016), the blue ones are for the pressure
series (the initial pressure P0 varies from 10 to 100 bar at the constant initial
temperature T0= 293K), the red ones are for the temperature series (the ini-
tial temperature T0 varies from 200 to 350 K at the constant initial pressure
P0= 50 bar). Green and purple solid squares are the results of our model
(3)–(11), pressure and temperature series respectively. The black circles rep-
resent the experimental data of Tao et al. (2016) obtained for various pres-
sures at the initial temperature T0= 293K.
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clusterization nuclei, which should be adequately described
on the molecular level. On the other hand, we cannot rely
completely on the accuracy of the experimental techniques
of the cluster size measurement. There may be other possible
reasons why such a discrepancy exists between modeling and
experimentally obtained data. One of them connected with
the fact that it is impossible to produce nozzle with ideal
shape and ideally smoothed surface without any roughness.
It means that even in the case of absolutely correct modeling
of cluster media some discrepancy should exist. Additional-
ly, in femtosecond laser-cluster experiments nozzle is
strongly influenced by the X-ray radiation and various parti-
cles and eventually it starts to have a rough surface, which
should also cause additional discrepancy between experi-
mentally measured sizes of clusters and modeled ones.

4. SOME RECENT COMPUTATIONS WITH THE
MODEL

4.1. Micronozzles

The submillimeter-sized nozzles with the gas at very high
pressures (about 100–200 bar) were investigated. Approxi-
mate parameters of these nozzles were taken from Sylla
et al. (2012). Although in that article there are no detailed

descriptions of the nozzle geometry, it was very interesting
to check our model by variants with very high pressures,
since we have never performed the modelling for high pres-
sure values and small nozzle sizes.
The conical nozzles with diameters 300–400 and

100–400 μm, and the length 1 or 2 mm were taken, with
CO2 gas at total pressure 40 bar and argon at 100 and
200 bar. The Figures 4 and 5 represent the distributions of
some values along the nozzle obtained in the computations.
The modelling gives very low (about 0.02 μm) average

cluster size for this type of nozzle. That may be expected,
taking into account high divergence angle. Also one can see
that the longer nozzle (L= 2 mm) gives bigger clusters than
the shorter one (L= 1 mm), but the fraction of clusterized
medium 1− β is the same for both nozzles. That confirms
the above statement that na and β are defined only by gasdy-
namical and thermodynamical processes, and consequently
depend only on the total expansion of the nozzle, while the
cluster size is influenced by kinetic processes, and, the less
is the expansion rate, the higher is the cluster size.

4.2. Cooled hydrogen

The aim of this modelling was to evaluate the clusters parame-
ters in the experiment with cooled molecular hydrogen and the

Fig. 4. Computed distributions of some values along the micronozzles for argon.
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Fig. 5. Computed distributions of some values along the micronozzles for CO2.

Fig. 6. The nozzle used in experiments.

Numerical modelling of the cluster targets for their optimization in femtosecond-laser-cluster-driven experiments 403

https://doi.org/10.1017/S0263034617000350 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034617000350


90° nozzle is shown in Figure 6. With the molecular hydrogen
at initial pressure 60 bar and temperatures 25, 35, and 45 K,Mie
scattering measurements have shown the presence of compara-
tively large (∼0.2 μm diameter) clusters, see Figure 7.
According to the thermodynamical properties of hydrogen

(which are available, for example, at the site http://webbook.
nist.gov/chemistry/fluid/), the hydrogen at 60 bar and 25 K
is liquid, and it seemed to be very doubtful that this was the
exact initial parameters of the gas. As for the temperatures 35
and 45 K, the state of the hydrogen is marked as “supercrit-
ical”, but the isentropic lines starting from these points [i.e.,
(60 bar, 35 K) and (60 bar, 45 K)] do not intersect the

saturation line. They enter the liquid area higher than the crit-
ical point. So, the expansion of the hydrogen in a nozzle
cannot lead to the phase transition. That may mean that
the clusterization in that case takes place because of some
other processes – for example, inhomogeneous expansion
of initially dense fluid medium.
More probable thing is that the temperature values 25, 35,

and 45 K do not correspond to actual gas temperature. In the
experimental setup, the valve was cooled (till the given tem-
peratures), but the temperature of the gas remained unknown.
So, it was decided to perform the modeling for the initial
temperatures in the range 50–180 K.

Fig. 7. Experimental size distribution of H2 clusters obtained by Mie scattering measurements (different scales on the left and right plots).

Fig. 8. Computed spatial distributions of clusters parameters at the distances 1 and 3.8 mm from the nozzle outlet.
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Because of high expansion angle of the nozzle, the mod-
elling was performed in the 2D formulation. There were
taken 11 variants with different temperatures. No clusteriza-
tion was observed, except for the variant for initial tempera-
ture 50 K. The results for 60 bar and 50 K are shown in
Figure 8.
Some oscillations of the curve corresponding to the far

section (3.8 mm from the nozzle) can be explained by the in-
teraction of the highly-expanded gas jet with the “back-
ground” gas, which was taken only for the computations. It
was possible to decrease the density of that “background”
gas, and the oscillations in that case can be eliminated, but
we still have the reliable parameters distribution in the vicin-
ity of the nozzle’s axis.
The results of numerical modelling show very high

clusterization degree (the mass fraction of the clusterized
gas) of 50%, which never has been achieved for the pure
gases. But the average cluster size is very low – this result
is expected because of very high divergence angle of
the nozzle, but do not correspond to the experimental
data (Fig. 7).

5. CONCLUSIONS

The numerical modelling became an important source of in-
formation about the cluster target parameters. The model
(3)–(11) usually gave a qualitative correspondence with ex-
perimental data and allowed to understand what one can
expect in performing experiments with a particular configu-
ration (nozzle geometry, working gas, and its initial parame-
ters). The results obtained with such a nozzle allowed to
provide optimization of nozzles for generation of intensive
quantum beams in femtosecond laser-cluster driven experi-
ments [see results obtained in (Rusek et al., 2000; Abdallah
et al., 2001, 2003; Blasco et al., 2001; Boldarev et al., 2001;
Junkel-Vives et al., 2002b; Skobelev et al., 2002a, b; Fukuda
et al., 2003, 2004a, 2008, 2009, 2013; Sherrill et al., 2006;
Colgan et al., 2008, 2011; Faenov et al., 2008, 2009, 2012,
2013, 2016b; Berkelbach et al., 2009; Pikuz et al., 2009;
Hayashi et al., 2010, 2011; Bussolino et al., 2013; Oks
et al., 2014, 2015; Koester et al., 2015)]. In last years,
when the experimental technique of clusters parameters mea-
surement has been developed (Jinno et al., 2013a, b), it
became clear that further development of the numerical
models are required in order to obtain more precise quantita-
tive correspondence.
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