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Abstract.  The evolution of the Rayleigh scattering signal from 
mixed Ar/Kr clusters with variation in the partial Kr concentration 
in the initial gas mixture is investigated. An addition of krypton in 
small amounts to argon is found to cause an anomalously rapid 
increase in the Rayleigh scattering signal amplitude, which is due to 
a sharp increase in the size of clusters as a result of their saturation 
with krypton atoms. At a partial krypton concentration above 25 % 
in the initial mixture, the scattering signal amplitude is stabilised 
because of the condensation saturation during the cluster forma-
tion.

Keywords: Rayleigh scattering, mixed clusters, Ar, Kr, nanoplasma, 
X-rays.

1. Introduction

Currently, the interest of researchers in mixed (i. e., consist-
ing  of  different  atoms  or  molecules)  nanoclusters  is  con-
stantly  increasing  [1].  Physical  and  chemical  properties  of 
clusters depend strongly on their structure and size. Mixed 
clusters  are  more  promising  and  interesting  objects  than 
homogeneous ones from the point of view of controlling clus-
ter para meters, because they provide an additional possibil-
ity for varying the composition, concentration, and segrega-
tion components. This circumstance explains the wide range 
of  experimental  studies  of  their  structure  [2, 3],  which  are 
maintained by simulation of the formation of mixed clusters 
of different compositions and sizes  (see,  e. g.,  [4, 5]). There 
are some fundamental problems, related to the excitation of 
mixed  clusters  by  electromagnetic  radiation:  interatomic 
electron  relaxation  [6],  fragmentation  under  IR  and  UV 
laser  irradiation  [7],  generation  of  nanoplasma  by  high-

intensity  laser beams, etc.  In addition,  these  structures are 
interesting from the applied point of view, for example, for 
generating X-ray and neutron beams [8] and for atmospheric 
chemistry studies [9].

Mixed clusters are conventionally obtained using the tech-
nique  based  on  supersonic  gas  expansion  through  a  nozzle 
into vacuum. The formation of these clusters has a number of 
specific  features,  which  have  been  studied  much  less  thor-
oughly than the details of the formation of noble-gas homo-
geneous  clusters.  The  general  tendency  in  the  formation  of 
mixed  clusters  is  as  follows:  first,  nanoparticles  are  formed 
from a heavier  element with a higher binding energy under 
appropriate conditions. These particles become clusterisation 
centres for a lighter gas. As a result, segregation (i. e., separa-
tion of components) occurs to some extent in mixed clusters 
[10]. In addition, mixed clusters are formed in some narrow 
concentration range of mixtures used [11, 12].

The  experimental  methods  that  are  used  to  reveal  the 
presence of mixed clusters and determine  their composition 
and structure include such complex methods as photoelectron 
X-ray  spectroscopy  [3, 10]  and  electron  diffraction  [12, 13]. 
Generally, diagnostics of mixed clusters is performed using a 
cooled gas mixture under a pressure up to 5 atm. At the same 
time, in the problems related to the interaction of high-inten-
sity  femtosecond  laser  radiation  with  clusters,  to  obtain  a 
high energy absorption efficiency, it is necessary to form large 
clusters, consisting of 106 particles or even more. To this end, 
one must use gas mixtures under high pressure (above 20 atm) 
[14]. In this context,  the search for simple methods of diag-
nostics of large mixed clusters and establishment of their for-
mation conditions is an urgent problem.

In  [15],  we  showed  for  the  first  time  by  an  example  of 
a  Freon – argon  gas  mixture  under  a  high  pressure  (about 
25 atm) that mixed clusters can be diagnosed by analysing the 
spectrum  of  X-rays  generated  by  these  clusters  exposed  to 
femtosecond  laser  radiation  of  subrelativistic  intensity. 
Caracteristic  X-ray K-lines  of  both  components  forming  a 
mixed  clus ter  (chlorine  and  argon)  indicate  the  presence  of 
mixed clus ters. Recently we have analysed the domain of exis-
tence of mixed Ar/Kr clusters [16]. Here, a question of appli-
cability  of  the  simple  diagnostics  of  the  existence  of mixed 
clusters based on Rayleigh scattering data arises. One might 
expect that, in the case of binary mixtures containing compo-
nents with significantly different scattering cross sections, an 
increase in the Rayleigh signal should indicate the occurrence 
of a component with a  larger scattering cross section  in the 
cluster. The argon – krypton mixture belongs to the mixtures 
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that satisfy this condition and are promising for the forma-
tion of mixed clusters.

In this paper, we report the results of studying the evolu-
tionary features of the Rayleigh scattering from mixed Ar/Kr 
clusters  formed as  a  result  of  gas-dynamic  expansion of  an 
Ar – Kr mixture  located near  a nozzle  at  room  temperature 
under a pressure of 25 atm, with a varied partial krypton con-
centration in the initial gas mixture.

2. Experimental

Clusters were formed during adiabatic expansion of gas (or a 
binary gas mixture) emerging  through a conical nozzle  into 
vacuum. The diameters of the critical and output nozzle cross 
sections were 0.75 and 4 mm, respectively, and the half-angle 
at the cone vertex was 5 °. More details concerning the param-
eters of  the  cluster beam generator  can be  found  in  [17]. A 
Rayleigh scattering signal was detected using a photoelectron 
multiplier, which was oriented normally  to  the propagation 
direction of the 445-nm probe radiation of a linearly polarised 
diode laser with a power of about 10 mW.

The Rayleigh scattering intensity IR from a single cluster 
depends  quadratically  on  the  polarisability  b  of  scattering 
centres and the number of atoms per cluster, N: IR = N 2C b2I0, 
where C is a constant and I0 is the incident radiation intensity 
[18]. The quadratic dependence on N is due to the fact that the 
cluster size is much smaller than the laser wavelength, due to 
which the atoms or molecules forming a cluster scatter radia-
tion in phase. The total power of scattered radiation is n times 
higher (n is the number of clusters per unit volume); it is deter-
mined by the quantity nN 2. This yields the well-known cubic 
dependence of scattered signal on the gas pressure. The polar-
isability of krypton atoms exceeds that of argon atoms by a 
factor of about 1.5; therefore, the scattering cross section in 
the case of krypton increases by a factor of about 2.3 [19]. To 
study  the  specific  features  of  a  Rayleigh  scattering  signal, 
which can be caused by the formation of mixed clusters, we 

measured the dependence of the Rayleigh signal amplitude on 
the  krypton  concentration CK  in  the  initial  Ar – Kr  binary 
mixture and performed comparative methodical experiments 
aimed at recording a scattering signal from the clusters formed 
by pure krypton (Fig. 1). In the absence of krypton (CKr = 0), 
the Rayleigh  signal  amplitude  from argon  clusters  is  small, 
whereas for pure krypton (CKr = 100 %) it increases by about 
an  order  of  magnitude.  This  difference  in  amplitudes  was 
revealed in [14]; it is related to the difference in the scattering 
cross sections and sizes of argon and krypton clusters.

The cluster size in two limiting cases (pure argon or pure 
krypton) under our experimental conditions can easily be esti-
mated from the known Hagena empirical formulas [20]. The 
conditions for the clusterisation onset in gas jets, which de pend 
on the gas pressure, temperature, and nozzle parameters, are 
determined by the dimensionless (Hagena) parameter G:
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where k  is an empirical constant, which depends on the gas 
type (k = 2890 for Kr and 1650 for Ar); d is the critical diam-
eter of the nozzle cross section (in mm); a is the nozzle half-
angle;  p0  is  the  pressure  in  the  high-pressure  chamber  (in 
10–3 atm); and T0 is the gas temperature in the high-pressure 
chamber (in K). The number of particles q  in  large clus-
ters (G > 1000) is determined by the Hagena parameter: q = 
100(G /1000)1.8  [18].  Under  our  experimental  conditions,  an 
argon  cluster  consists  of  1.3 ́  106  atoms,  while  a  krypton 
cluster consists of 3.6 ́  106 atoms. The number of atoms  in 
mixed Ar/Kr clusters probably ranges between these limiting 
values.

We  found  the  Rayleigh  signal  amplitude  to  sharply 
increase with an increase  in CKr for a binary mixture  in the 
range of low krypton concentrations (CKr < 25 %). However, 
this pattern is not observed at similar pressures of pure kryp-
ton  (see Fig. 1). The scattering  from krypton clusters  is approxi-
mated by a cubic power-law function, which is in agreement 
with the results of previous studies (see, for example, [14]). A 
sharp  increase  in  the  signal  as  a  result  of  adding  a  small 
amount of krypton to the mixture is indicative of an increase 
in  the  size  and  number  of  clusters  due  to  their  cooling  by 
argon monomers with a corresponding decrease in the argon 
concentration in clusters, up to its complete replacement with 
krypton. All these factors should manifest themselves in the 
Rayleigh  signal  amplitude  because  of  the  larger  scattering 
cross section of krypton and its higher weight concentration 
in clusters [21].

To make sure that mixed binary clusters are formed at low 
krypton concentrations  in  the mixture, we  implemented  the 
diagnostic  technique  proposed  by  us  in  [15];  it  is  based  on 
recording X-rays  generated  in  the  cluster  nanoplasma. The 
excitation of the K  transition in krypton atoms and genera-
tion of X-rays  in  the  range Е »  12.7 keV occurred when a 
gas-cluster  jet was  exposed  to Ti:sapphire  laser  pulses with 
energy up  to  50 mJ and  focal  peak  intensity of  about  5 ́   
1017 W cm–2. The presence of mixed clusters in the mixture at 
low krypton concentrations is confirmed by the X-ray spec-
trum of irradiated gas-cluster jet from a binary Ar – Kr mix-
ture with CKr = 10 %  (Fig.  2a). This  spectrum exhibits  two 
characteristic  lines,  which  are  due  to  the  K  transitions  in 
argon (Е » 3.1 keV) and krypton (Е » 12.7 keV) ions; this 
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Figure 1. Dependences of  the amplitude Y of  the Rayleigh  scattering 
signal from the clusters formed as a result of the expansion of (   ) pure 
krypton and (   ) Ar – Kr binary gas mixture on the krypton pressure P 
in pure gas and on the krypton concentration CKr in the binary mixture.
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pattern is associated with the existence of mixed clusters, con-
taining both these components. In addition, there is a higher 
energy (about 4 keV) satellite near the argon line. Its occur-
rence was related in [22] to the excitation of exotic Rydberg 
states  in helium-like argon  ions;  the n1P1 ® 11S0  transitions 
correspond to these states at n > 5.

Our study revealed that the efficiency of laser energy con-
version into the krypton X-ray line (the ratio of the energy in 
the  line  to  the  laser  pulse  energy)  depends  on  the  relative 
krypton  concentration  in  the  mixture  (Fig.  2b)  [16]  in  the 
same way as the Rayleigh scattering signal (see Fig. 1). At the  
same time, the X-ray output for homogeneous clusters incre- 
ases much more slowly. This behaviour of  the  intensities of 
X-ray  emission and Rayleigh  scattering  (both processes de-
pend on the size and concentration of clusters) confirms the 

saturation of clusters with krypton, which manifests itself in 
the Rayleigh scattering signal.

3. Conclusions

Addition of a small amount of krypton to a clusterised argon 
gas at room temperature and a pressure of 25 atm was found 
to lead to an anomalously fast rise of the Rayleigh scattering 
signal, which is related to a sharp increase in the size of clus-
ters  saturated with  krypton  atoms.  The  scattering  signal  is 
stabilised when the partial krypton concentration in the initial 
mixture exceeds 25 %, which is indicative of the saturation of 
condensation and stabilisation of the cluster formation.

The dependence of Rayleigh signal on  the krypton con-
centration in the mixture was found to be similar to the de-
pendence of the generation efficiency of X-ray krypton line, 
excited  in  a  gas-cluster  jet  irradiated  by  femtosecond  laser 
pulses with subrelativistic intensity of ~5 ́  1017 W cm–2; the 
reason is that both these processes are determined by the size 
and concentration of clusters. This observation confirms that 
mixed clusters are indeed saturated with krypton.

The  proposed  diagnostic  technique  for  mixed  clusters, 
which  is  based  on  analysing  the Rayleigh  scattering  signal, 
can be used  to detect  clusterisation of heavy  component  in 
different binary cluster-forming mixtures of atomic/molecu-
lar gases.
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Figure 2. ( a ) X-ray spectrum of cluster nanoplasma formed as a result 
of laser irradiation of a gas-cluster jet produced by the expansion of a 
binary Ar – Kr mixture with a krypton concentration of 10 % and ( b ) 
dependences of  the generation efficiency hKr of X-ray krypton  line  in 
the spectra of (   ) clusters formed by the expansion of pure krypton and 
(   ) Ar – Kr binary gas mixture on the krypton pressure P in pure gas 
and on the krypton concentration CKr in the binary mixture.
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