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in the beam. We mentioned a higher absorbed dose on 
0.4% for the measurements with detector inside the beam. 

Conclusions. Advantages of MMD allow to create a 
reliable radiation monitoring systems for radiation therapy 
applications. Their implementation will improve beam 
delivery to tumor tissue, fast imaging and evaluation of 
data, optimization of treatment regimes. Commercially 
available read-out systems can be applied to build high 
efficient monitoring system for hadron radiation therapy. 
MMD has shown reliable performance for online beam 
profile monitoring. Once calibrated, the detector could also 
be used for dose monitoring in real time. This is one of the 
main tasks for the further measurements.  
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SELF-PHASE MODULATION OF LASER PULSE IN STRATIFIED SELF-FOCUSING MEDIUM 

 
Self-phase modulation at quasi-stationary self-focusing in stratified Kerr liquid that is divided by an optically homogenous (non-

scattering) layer has been considered. Instantaneous frequency of the laser radiation pulse at transition of the self-focusing area through a 
thin transparent layer is calculated. In addition, absorption of the light in the layer is taken into account. 

The transition radiation on the layer (a glass partition or a similar structure), located in the self-focusing medium, has analogous 
characteristics with the radiation at the exit border of the medium. The frequency shift of the transition radiation, originated on the layer, is 
smaller than the shift of the laser radiation at the exit border of the medium. However, considering that the number of layers can be more than 
one, it could be concluded that introduction of the layers simplifies the experimental observation of the transition radiation and its usage. 

Keywords: laser, self-focusing, phase self-modulation, transition effect 
 

Introduction. Combination of Stimulated Raman 
Scattering (SRS) as an effective method of laser radiation 
frequency tuning [5], and self-focusing (SF) as a method of 

spatial scanning by powerful pulses of electromagnetic field 
at a velocity close to the speed of light [4], allows 
transforming the initial pulse of laser radiation into a 
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random sequence of sub-pulses with a controlled duration 
and frequency of each sub-pulse [3]. To achieve this, the 
laser pulse has to be guided through a sample made of 
transverse layers of different SRS-active self-focusing 
materials with a specified thickness. However, 
implementation of this idea faces major physical challenges 
related with the effect of phase modulation on the laser 
radiation. This paper is dedicated to analyzing these 
physical challenges. 

Phase self-modulation in self-focusing cell divided 
by a transparent layer. Let’s consider the case of a thin 
non-absorbing layer, which is located in a self-focusing 
medium. We assume that this layer does not have a light 
field induced shift �n  and the value 0n  of its linear 
refractive index is approximately equal to the refractive 
index of SRS-active medium. Such situation can be 
achieved in a cell filled with self-focusing (Kerr) liquid, 
which contains thin optically transparent glass partition. 
Under such conditions, SF in Kerr medium occurs without 
dissipation of laser radiation in the layer. 

The model proposed in [1] can be used to calculate the 
phase shift ��  of Gaussian pulse, with duration � =1 ns 

and normalized power ��
crP P P  ( crP  is a critical power of 

SF), at the exit from the medium with length L . This model 
takes into account alteration in time t , which occurs in the 
focal area position, and its geometrical dimensions 
depending on the radiation intensity. Self-induced phase 
shift was calculated using expression: 

� ��
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where � � 
0 02k , 
0  is a wave length of the excitation 

pulse in vacuum, �L  is a distance between the entrance 
border of the cell and the thin layer of linear optical 
medium with thickness � , za  is a radius of the laser 
beam at longitudinal coordinate z . When calculating 
using expression (1), it is assumed that the beam 
propagates linearly across the thin layer of non-active 
medium, thus �  has to be adequate with a confocal 
parameter of the focal area. With initial radius of the entry 
beam 0a =113 μm, minimum radius of the beam at the 

focal area fa =5 μm, and 
0 =0.69 μm, the focal area size 

changes from 14 mm to 0.7 mm, if �P  varies in the range 
from ��

min 1.3P  to ��
max 3.6P . 

Self-phase modulation induces the corresponding 
frequency shift of the laser pulse. Instantaneous frequency 
shift (in inverse centimeters) equals: 

� �	� � 	 � � �� �
1( ) 2 ( )t c t ,                       (2) 

where c  is the speed of light in vacuum (in cm/sec). 
The paper [2] states that when the self-focusing focal 

point crosses the border of two mediums (in [2] it is a 
"medium-vacuum" border), there the transition radiation 
appears at the frequency, which is shifted ( �� 140 cm-1) 
relative to the excitation pulse of laser radiation. However, 
the transition radiation has a low (~0.5 %) spectral density in 
comparison with the spectral density of the initial pulse. 
Bigger spectral density of the transition radiation can be 
achieved at the moments of time, which correspond to the 
highest instantaneous power of the laser pulse. Therefore, 
the layer must be located near a stop point of the focal area. 

Self-induced phase shift and instantaneous frequency 
shift, which appear during self-modulation of the laser 
pulse in toluene-filled cell with length L =30 cm and a thin 

transparent layer of non-active medium ( � =3 mm, 

�L =7 cm) near the stop point 
minfz �6 cm (minimal 

distance of the self-focusing focal area at ��
max 3.6P ), are 

shown in Fig. 1 and Fig. 2. 
Self-induced phase shift (Fig. 1) has two local 

minimums near � 0t , which correspond to the moment 
when the focal area crosses the thin layer of non-active 
medium. When the layer thickness �  and distance �L  
increase, the width and the depth of the minimums also 
increase. Other parts of the plot shown in Fig. 1 look 
identical to the phase shift, which occurs under SF in the 
homogenous (without a partition) medium [1]. 
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Fig. 1. The self-induced phase shift  
of the laser pulse at the exit of a toluene-filled cell divided  

by the transparent partition  
( L =30 cm; �L =7 cm; � =3 mm; � =1 ns; �

maxP =3.6) 

 
The transparent layer induces additional instantaneous 

frequency shift. The frequency shift is presented in Fig. 2. 
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Fig. 2. The instantaneous frequency shift  
of the laser pulse at the exit of a toluene-filled cell divided  

by the transparent partition  
( L =30 cm; �L =7 cm; � =3 mm; � =1 ns; �

maxP =3.6) 
 
Phase self-modulation in self-focusing cell divided 

by an absorption layer. Presume that the self-focusing 
medium contain an infinitely thin absorbing partition with a 
dissipation factor k . When the beams pass through the 
partition under SF, the laser pulse loses a part of its energy 

� �� 	 �
� �1 ( ) ( )k P t P t , where � ( )P t  and �

� ( )P t  are the power 

of laser pulse at a front and behind the partition. 
The laser pulse passes the partition with different in 

time convergence angles and loses part of its energy. 
Therefore, the laser beam focuses at another point than 
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without the absorbing partition. With usage of [1, 6], the 
dependence of the beam radius za  from the coordinate z  
after the partition can be approximately expressed as: 

�
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where �a  is the beam radius at the partition, � � � �
z z Lda dz  

is derivative at the partition, fa  is the minimum beam 

radius at the center of the focal area, ��  and ��  are 

parameters depended on the instantaneous power �
� ( )P t : 

� �� �� � 	 	� �
� �

� �
�

0.52

0 00.367 0.852 0.0219n k P ,      (4) 

	 	� � � �� � �
� �0.5 12.9 1P P ,                       (5) 

Dependencies in Fig. 3 and Fig. 4 present the self-
induced phase shift of the laser pulse and the 
instantaneous frequency, respectively, when the partition is 
located at distance �L =7 cm from the entrance of the cell 
and has the dissipation factor k =0.73. 
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Fig. 3. The self-induced phase shift  
of the laser pulse at the exit of a toluene-filled cell divided  

by the thin absorbing partition  
( L =30 cm; �L =7 cm; k = 0.73; � =1 ns; �

maxP =3.6) 
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Fig. 4. The instantaneous frequency shift  
of the laser pulse at the exit of a toluene-filled cell divided  

by the thin absorbing partition  
( L =30 cm; �L =7 cm; k = 0.73; � =1 ns; �

maxP =3.6) 

 
The self-induced phase shift in Fig. 3 has two distinct 

maximums and minimums (the minimum at t =0 is almost 
unnoticeable). 

A movement of the focal area behind the thin absorbing 
partition causes addition instantaneous frequency shift of 
laser pulse. Obviously, the plots in Fig. 2 and Fig. 4 have 
distinctive features. 

In addition, it is possible to consider a local 
inhomogeneity of the "bubble" type, which in the simplest 
case is located on the axis of the laser beam path and 
has a radius, adequate with the geometrical dimensions 
of the focal area, but is smaller than the radius of the 
beam at the entrance of the medium. The beam appears 
"bubble" and dissipates during its intersection. The 
dissipation is as higher, as close the focal area is to the 
inhomogeneity. There comes a moment, when the 
inhomogeneity appears in a focal area. At that moment, 
when the focal area disappears for a short period, 
instantaneous frequency shift of laser pulse will be the 
same as at the exit of the cell. 

Conclusions. In general practice, the layers combine 
properties of both described structures. This complicates the 
calculation of the laser pulse spectra. Nevertheless, the self-
induced frequency shift of the laser pulse at the layers or 
local inhomogeneities in the self-focusing medium can be 
described by combining the two models described above. 

There is small difference between the physical 
mechanisms related with the generation of the transition 
radiation in the transparent non-self-focusing layers, with 
definite width, and in the infinitely thin absorbing layers. In 
the first case, the radiation is generated due to the focal area 
entering and exiting the self-focusing medium near the layer. 
The second case takes place due to the change of the focal 
area length, when it crosses the absorbing thin layer.  

The frequency shifts of the laser pulse originated at 
the layers are lower than the frequency shifts of the 
transition radiation originated from the border of the 
medium. However, there’s observed a general trend of 
the radiation energy increase, which is almost inversed to 
the value of the frequency shift. Taking into account that 
the number of layers can be rather high, it could be 
considered that introduction of the layers greatly 
facilitates the experimental observation of the transition 
radiation. To some extent this can be compared with the 
transition radiation in the "foam" structures, which are 
used to increase the power of the transition and 
Cherenkov radiation in the applicable particle counters. 

The stand-alone group of inhomogeneities, which lead 
to the generation of the intense transition radiation due to 
phase modulation, is inhomogeneities as scattering or 
absorbing "bubble", which size �1 μm is close to the focal 
area diameter. Such inhomogeneities can occur naturally 
in medium. Despite the relatively small size of the 
inhomogeneities (this provides sufficient optical quality of 
the medium and makes possible the self-focusing in 
general) their role in the generation of the transition 
radiation can be exceptional. This is result of short-term 
collapse in formation of the focal area, similar to the 
intersection of the medium borders by the focal area. 
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STATISTICAL THEORY OF ELECTRO-DIFFUSION PROCESSES  

OF IONS INTERCALATION IN "ELECTROLYTE – ELECTRODE" SYSTEM 
 

A statistical theory of classical-quantum description of electro-diffusion processes of intercalation in "electrolyte-electrode" system is 
proposed. Using the nonequilibrium statistical operator method the generalized transport equations of Nernst-Planck type for ions and 
electrons in the "electrolyte-electrode" system are obtained. These equations take into account time memory effects and spatial 
heterogeneity. A one-dimensional simplified model of intercalation of ions into the electrode structure with taking the dielectric polarization 
into account is proposed. 

Keywords: electrolyte, electrode, intercalation, nonequilibrium statistical operator . 
 

1. Introduction. Theoretical studies of electro-diffusion 
transport processes of ions and electrons in the "electrode-
electrolyte" systems remain actual nowadays [6, 16, 19]. 
They are linked with a need to describe nonequilibrium 
processes of intercalation as well as to develop a theory 
suitable for practical application to predicting and 
controlling these processes. The difficulties in describing 
processes at electrode are first of all related with surface 
phenomena at electrolyte-electrode interface In this region, 
complicated processes of adsorption and diffusion take 
place which are connected with a problem of charge 
accumulation at battery electrodes. In the system 
"electrode (anode)-electrolyte-electrode (cathode)", the 
anode plays role of the source of both electrons, which 
move to cathode by the corresponding electric circle, and 
lithium ions in electrolyte. A cathode is typically a metallic 

system (nickel, for example) covered with active material 
containing carbon and in which lithium ions intercalate from 
the solution. Herewith, an important issue is the following 
one. The electrochemical processes in electrolyte solution 
can be described using methods of classical statistical 
mechanics, whereas in the region near the electrolyte-
electrode interface and inside the electrodes, description of 
diffusion and intercalation processes should be 
implemented by means of the modern methods of quantum 
statistical physics. In this field, the electrochemical 
impendance studies [4, 1, 8] of electro-diffusion transport 
processes in Li-ion batteries [18, 9, 10] were carried out 
and intercalation/deintercalation processes were 
investigated using nonequilibrium thermodynamics [19, 9, 
2, 17] The theoretical and experimental studies of chemical 
diffusion coefficient for lithium ions in intercalation 
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