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Abstract
Objectives. The paper aimed to  review and analyze the results of  works devoted to  numerical modeling 
of experiments on the interaction of high-power ultraviolet (UV) laser pulses with condensed targets. The experiments 
were carried out at GARPUN, the powerful KrF-laser facility at  the P.N. Lebedev Physical Institute of  the Russian 
Academy of Sciences (Moscow). The relevance of the research is related to the use of excimer UV lasers as a driver 
for a thermonuclear reactor. Physical aspects of laser–plasma interaction, including those related to the possibility 
of using two-sided cone target in a fission–fusion reactor, are discussed.
Methods. The research is based on physico-mathematical models, including Euler and Lagrange. 
Results. The mathematical modeling of three types of natural experiments is presented: (1) burning through different 
thicknesses of Al foils by high-power UV  laser; (2) studying hydrodynamic instability development at  the UV  laser 
acceleration of thin polymer films and features of turbulent zone formation; (3) interaction of high-power UV laser 
pulses with two-layer targets (Al + Plexiglas) and study of fine structures. Numerical modeling showed that a hybrid 
reactor with UV laser driver can use targets in the form of two-sided counter cones.
Conclusions. Physico-mathematical models are developed along with 2D codes in  Lagrangian and Eulerian 
coordinates as confirmed in  the results of natural experiments. The models can be used to describe the physics 
of high-power UV laser pulses interacting with various targets and forecast the results of reactor-scale experiments. 
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ОБЗОР

Численное моделирование экспериментов 
по взаимодействию мощных ультрафиолетовых 

лазерных импульсов с конденсированными мишенями

И.Г. Лебо @

МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: lebo@mirea.ru 

Резюме 
Цели. Цель исследования – обзор и анализ результатов работ, посвященных численному моделированию 
экспериментов по взаимодействию мощных ультрафиолетовых (УФ) лазерных импульсов с конденсирован-
ными мишенями. Натурные эксперименты были выполнены в Физическом институте им. П.Н. Лебедева РАН 
на мощном криптон-фтор (KrF) лазере «ГАРПУН». Актуальность исследований связана с тем, что эксимерные 
УФ-лазеры являются одним из основных претендентов на драйвер в термоядерном реакторе. Физика взаи-
модействия такого излучения с плазмой имеет свою специфику. Обсуждается возможность использования 
мишеней в виде встречных конусов в таком ядерно-термоядерном реакторе.
Методы. Для моделирования лазер-плазменных процессов используются физико-математические модели, 
лагранжевы и эйлеровы методики, двумерные программы в цилиндрических и сферических координатах.
Результаты. Представлены результаты численного моделирования трех типов экспериментов: а) прожигание 
УФ-лазером алюминиевых фольг различной толщины; б) изучение развития гидродинамической неустойчивости 
при ускорении тонких полимерных пленок мощным УФ-импульсом и особенностей формирования турбулентного 
слоя; в) взаимодействие мощных УФ-импульсов с двухслойными мишенями (алюминий + оргстекло) и исследо-
вание «тонких» структур, формирующихся в веществе. На основании численных расчетов показано, что в гибрид-
ном реакторе с УФ-лазерным драйвером могут применяться мишени в виде двухсторонних встречных конусов. 
Выводы. Развиты физико-математические модели и  апробированы двумерные программы в  эйлеровых 
и лагранжевых координатах на натурных экспериментах, позволяющие описывать физику взаимодействия 
мощных УФ-лазерных импульсов с мишенями различной конструкции. Это дает возможность прогнозиро-
вать эксперименты реакторного масштаба. 

Ключевые слова: численное моделирование, взаимодействие мощных УФ-лазеров с плазмой, гибридные 
реакторы с лазерным инициированием
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INTRODUCTION

Laser thermonuclear fusion (LTF) research has been 
conducted in Russia and abroad since the 1960s [1]. Using 
powerful laser pulses, targets containing a  deuterium-
tritium (DT) mixture are heated and compressed. As a 
result, fusion reactions occur in the compressed fuel (for 
more details on the physics of laser fusion, see [2, 3]). 

A  number of  important requirements are imposed 
on  the laser  (“driver”): the energy in  the pulse should 
be  equal to  a few megajoules; the radiation intensity 
on the target surface should be 1015–1016 W/cm2 in the 
visible or ultraviolet wavelength range; the laser pulse 
of  10–100  ns  duration should have a  given temporal 
intensity “profiling”; and the target must be  exposed 
to  good uniformity to  reduce instability during fuel 

mailto:lebo@mirea.ru


88

Russian Technological Journal. 2023;11(3):86–103

Ivan G. LeboMathematical modeling of experiments on the interaction  
of a high-power ultraviolet laser pulse with condensed targets

compression. To create a fusion reactor, along with high 
fusion flare efficiency  (gain factor G  =  Ef/Elas  >>  1, 
where Ef is released fusion energy and Elas is absorbed 
plasma energy of the laser pulse) requires that the driver 
can operate in  the frequency mode  (1–10  Hz) with 
a large resource and high efficiency (h ≈ 1–10%).

In Russia  [4] and abroad1  [5–11], powerful laser 
facilities are being built to  initiate thermonuclear 
microbursts and conduct research in  this field 
of  knowledge. The NIF  (National Ignition Facility, 
Lawrence Livermore National Laboratory, USA) 
laser facility built for LTF purposes has been 
in operation since 2012. A record fusion neutron yield  
Yn = (4–5) · 1017 corresponding to ≈0.7G was achieved 
at  this facility in  August 2021  [6]2. As  well as  NIF, 
facilities under construction (UFL-2M, Russian Federal 
Nuclear Center – All-Russian Research Institute 
of  Experimental Physics  (RFNC–VNIIEF), Russia; 
Laser Mégajoule3, France; Shen Guang4, China) are 
based on solid-state Nd lasers5, which currently appear 
to  be the most promising in  terms of  demonstrating 
single thermonuclear microbursts. However, this type 
of  laser has serious disadvantages in  terms of creating 
a driver for a thermonuclear reactor. While gas excimer 
lasers offer a number of advantages, such as functioning 
directly in  the ultraviolet wavelength range, the ability 
to operate with a pulse repetition rate greater than 1 Hz, 
as well as a wide generation frequency bandwidth, these 
types of lasers also have disadvantages.

Due to  the high cost  (in the region of  $10  bn), 
systematic research is  required to  support the right 
decisions when deciding to  build the driver for 
a  fission reactor. The GARPUN facility hosted at  the 
P.N. Lebedev Physical Institute of the Russian Academy 
of  Sciences  (FIAN) serves to  produce a  hot dense 
plasma. This is  based on  an excimer KrF-laser with 
pulse energy EL ≈ 100 J, pulse duration τ = 100 ns, and 
wavelength λ = 0.248 μm. For interpreting experimental 
data, physico-mathematical models and programs have 
been developed to solve problems involved in interaction 
of  powerful laser pulses with condensed and gaseous 
targets, as  well as  predicting new LTF target designs. 
Below is  the review of  studies on  the mathematical 

1  Kritcher A. and HIBRYD-E ICF team. Initial results from 
HYBRID-E DT experiment N210808 with >1.3 MJ yield. IFSA 
Virtual Meeting. September 2021. LLNL-PRES-826367. P. 16. 
https://www.aps.org/units/maspg/meetings/upload/obenschain- 
11172021.pdf. Accessed February 07, 2023.

2  In  December 2022, reports appeared on  the Internet that 
G ≈ 1.5 was obtained at the NIF facility in the United States!

3  https://www-lmj.cea.fr/. Accessed February 07, 2023.
4  https://lssf.cas.cn/en/facilities-view.jsp?id=ff8080814ff565

99014ff5a31abb004a. Accessed February 07, 2023.
5  The Nd-laser generates radiation in  the infrared range  

λ  = 1.06  µm, and expensive complex devices are required 
to convert to 2nd and 3rd harmonics.

modeling of three series of experiments performed at the 
GARPUN facility, as well as the study of targets in the 
form of counter cones being promising for LTS purposes.

BRIEF DESCRIPTION 
OF THE PHYSICO-MATHEMATICAL MODELS 

AND TWO-DIMENSIONAL PROGRAMS ATLANT 
AND NUTCY

The Atlant software package  [12] consists 
of  programs simulating the dynamics and energy 
transfer in laser plasma in spherical (Atlant_Sp version: 
coordinates ř is radius-vector module; q, t is time) and 
cylindrical (Atlant_C version: coordinates r, z, t is time) 
geometries.

The equations describing the evolution of  the 
laser target in  the two-temperature approximation may 
be written as follows: 
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εe = εe(ρ, Te), εi = εi(ρ, Ti),

	 Rself = Rself(ρ, Te), P = Pi + Pe,� (11)

æe = æe(ρ, Te), æi = æi(ρ, Ti), K = K(ρ, Te), Q0 = Q0(ρ, Te),

where Pe, Pi, Te, Ti are electron and ion pressures and 
temperatures; r is matter density; u  is the hydrodynamic 
velocity vector; P is the total pressure; Pe, Pi are electron 
and ion pressures; ee, ei  are electron and ion specific 
internal energies; æe, æi  are electron and ion thermal 

https://www.aps.org/units/maspg/meetings/upload/obenschain-11172021.pdf
https://www.aps.org/units/maspg/meetings/upload/obenschain-11172021.pdf
https://www-lmj.cea.fr/
https://lssf.cas.cn/en/facilities-view.jsp?id=ff8080814ff56599014ff5a31abb004a
https://lssf.cas.cn/en/facilities-view.jsp?id=ff8080814ff56599014ff5a31abb004a
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conductivity coefficients; ϑϑ  is  the laser radiation flux; 
K is the absorption coefficient; Q is the exchange term; 
Rself is the energy sink due to the plasma self-radiation; 
Zi is the ion charge average in the Lagrangian cell; φi, φr, 
φfr are rates of ternary ionization, ternary recombination, 
and photorecombination. 

The pressure and zero heat flux are set at  the 
outer boundary, while heat fluxes and zero velocity 
components in  the direction normal to  the boundary 
are set on  the axis of  rotation  (q = 0  in  the spherical 
coordinate system, r = 0 in the cylindrical one) and zero 
symmetry planes. The initial conditions can be arbitrary.

The solution of  equations  (1)–(11) is  performed 
numerically using additive accounting schemes for 
physical processes.

The Atlant program suite, which has been developed 
during the last four decades, consists of several programs 
with the following features:  (1) the physical model 
is  based on  the dense high-temperature laser plasma; 
(2)  a  two-dimensional Lagrangian coordinate system 
is used; (3) the modular principle of program writing; 
(4)  all programs are written in  FORTRAN language. 
More detailed information on  the Atlant software 
package can be found in [12, 13].

The NUTCY software  [12] allows solving 
numerically gas dynamics equations in two-dimensional 
cylindrical  (r, z, t  is  time) geometry in  Eulerian 
coordinates [12]:
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Here, ρ is density; p is pressure; Vr = u, Vz = ω are 

components of  the velocity vector V; e � �
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is the total energy; qT = −æe grad T is the flux of electronic 
heat conductivity; qL is the flux of laser radiation.

A one-temperature approximation is used, i.e., it is 
assumed that the relaxation time between the electronic 
and ionic components is short compared to  the typical 
time of change in  the basic thermodynamic quantities. 
The system of  equations  (12) is  supplemented by  the 
equation of state p = (γ − 1)ρε, where ε  is  the specific 
internal energy, γ is the adiabatic index, and the continuity 
equation for each gas component (n components in total):

	
�
�

� �
�

�i
it

div V 0,  where i n� �1 1, . � (13)

If the gas contains two components, it  would 
be convenient to solve the continuity equation for the 
mixture  (the upper equation of  the system  (12)) and 
then the equation for one of the components (13). Then, 
the first component concentration C  is  determined, 
while the second component concentration is  equal 
to (1 − C).

This program also uses the modular  (block) 
principle for writing the program using the FORTRAN 
programming language.

For solving equations  (12),  (13), total variation 
diminishing differential schemes of  increased 
approximation order (gas dynamics block) and implicit 
schemes for taking into account electronic thermal 
conductivity are used  [13]. Methods for solving 
such problems have been developed at  the Institute 
of  Mathematical Modeling and the Keldysh Institute 
of  Applied Mathematics of  the Russian Academy 
of  Sciences  [12, 14, and 15] with direct participation 
of the author.

MODELING EXPERIMENTS ON BURNING FOIL 

Experiments on  burning through aluminum foils 
were carried out at  the GARPUN facility  [16]. The 
intensity of  the radiation incident on  the target was  
I  ≈ 6  ·  1012  W/cm2, while the plasma interaction 
efficiency parameter (I · λ2) ≈ 3.4 · 1013 (W/cm2)·μm2.

At fixed parameters of  incident laser flux on  the 
aluminum foil  (target), the thickness of  this foil 
is varied. After placing a screen behind the foil, the time 
delay between the appearance of glow on the screen and 
the time of the appearance of plasma glow on the front 
surface of the target is measured (Fig. 1).

In the experiments, burning through aluminum 
foils down to 300 μm is observed during the laser pulse 
duration.

Figure 2a shows the temporal shape of the laser pulse 
and compares the results of  numerical calculations 
performed using the NUTCY program (solid curves) with 
experimental data  (vertical red bars). The yellow curve 
shows quasi-dimensional calculations  (when the 
distribution of  radiation intensity in  the transverse 
direction is set as a constant value). The blue line shows 
the results of  fully two-dimensional calculations where 
the intensity is set in the following way: I(r, t) = I1(t) · Ir(r)  
with the transverse intensity distribution having the form 
Ir = C0/exp(r/Rf)

2. Here, C0 is the normalization constant 

such that 2 1
0

0� I rdrr
R
� � , R0  is  the transverse radius 

of the calculated region, Rf = 49 μm. In both variants, the 
laser intensity averaged over the focusing spot is  the 
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same. I1 is time dependence of the laser pulse, which has 
a trapezoid shape with time moments at tops t1 = 0 ns, 

t2 = 20 ns, t3 = 80 ns, and t4 = 100 ns. I t dt E10
( ) �

�
� las  is absorbed laser energy.

The foil density isolines are shown in Fig. 2b. In this 
calculation, the initial thickness of  the aluminum foil 
is 200 μm (initial density ρ = 2.7 g/cm3). 

Figure 2a shows good agreement between two-
dimensional calculations and the experimental data 
on the “penetration time”, but a significant discrepancy 
with the results of one-dimensional calculations. Along 
with the evaporation of outer layers towards the incident 
radiation  (directly connected with the burning-through 
process), the most likely explanation for this is  the 
effect of  diverging cone-shaped shock waves  (SWs) 
formed near the crater apex, which plays an  important 
role in  such foil “drilling”. These “move apart” cold 
dense layers to  increase the penetration depth of  laser 
radiation [16].

In this case, the distance LSW that the SW travels 
during the laser pulse duration (SW velocity VSW ~ 5 km/s, 
t ~ 100 ns, then LSW ~ 500 μm) is much larger than the 
focus spot size (2Rf ≈ 100 μm).

MODELING EXPERIMENTS ON TURBULENT 
LAYER DEVELOPMENT DURING LASER 

ACCELERATION OF THIN FILMS

The Richtmyer–Meshkov instability that develops 
when SWs pass through the contact surfaces of  two 
gases or plasma results in the rapid evolution of initially 
small perturbations of  interface surface of  two media 
to  the formation and the development of  a turbulent 
layer  [17, 18]. Studying the laws of  turbulence 
development in  the physics of  extreme state of matter 
is an extremely important task in inertial thermonuclear 
fusion in cosmology and astrophysics [2].

Using powerful laser pulses, it  is possible 
to  accelerate dense unevaporated layers to  velocities 
of  ~10–100  km/s. It  has been proposed to  accelerate 
such layers in special transparent cells filled with a gas 
or two gases separated by a thin film. The development 
features of  hydrodynamic instabilities of  the contact 
boundary perturbations and transition into the turbulent 
state may be studied in such “laser shock tubes” [19].

In the second series of experiments, the development 
of  the turbulent layer during laser acceleration of  thin 
Lavsan™ films with a  thickness of  1–50  μm  is studied 
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at  the GARPUN facility. The targets are placed inside 
a  vacuum chamber filled with air or  argon with initial 
pressure of  0.0002–1.0  bar. Laser radiation is  focused 
into the 7 × 7 mm2 square spot using a prism raster, thus 
ensuring irradiation uniformity not worse than 1–2%. The 
intensity of laser radiation on the target surface is varied  
I = 0.1–1.0 GW/cm2 by attenuating the power of the incident 
light beam. The slit of  the electron photochronograph 
is  parallel to  the film surface and is  located at  different 
distances behind it. The “registograms” of  a film with 
initial thickness d = 5 µm irradiated by laser with intensity 
I = 0.55–0.65 GW/cm2 in the air at atmospheric pressure are 
shown in Figs. 3a and 3b. The slit is placed at the distance 
of 3.5 mm behind the initial position of the film. In Fig. 3a, 
homogeneous radiation falls on  the target surface, while 
in  Fig. 3b, the radiation passes through the wire mesh 
with a mesh size of 0.7 × 0.7 mm2 placed in front of the 
film at the distance of ~1 cm. This provides a given scale 
of  the intensity nonuniformity. In  the second case, the 
thickness of the dense layer flying past the slit is 3–4 times 
greater than in the first case. The density profiles obtained 
in numerical calculations at time moments t = 50 ns and 
t = 1150 ns are shown in Fig. 3c. The density maxima are 
combined in one point for easy comparison. The vertical 
dashed line is the shock front at time moment t = 1150 ns.

The process of  laser acceleration of  the film 
is simulated using the cylindrical version of  the Atlant 
software package. It is shown that numerical calculations 
accurately reproduce the dynamics of  the film flight. 
The velocity is  ~3–4  km/s at  the moment when the 
dense layer flies past the slit.6 The initial density 

6  By the time t = 50 ns, the boundary of the air–CH layer accelerated 
to 4–5 m/s. Then the dense layer moved by inertia, gradually expanding 
and transferring part of the energy to the environment.

Fig. 3. Schematic of experiments (left) and images of the accelerated layer obtained with slit sweep in the case 
of uniform (a) and nonuniform (b) irradiation, ∅ is a side of a square-shaped laser beam; numerical calculation results 

of the density distribution along the OZ axis at time moments t = 50 ns and t = 1150 ns (c) [20]
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of  the film is 1 g/cm3. During flight, the layer density 
should be  noted to  decrease with time due to  thermal 
expansion, as  well as  due to  the purely geometrical 
factor of  increasing the surface of  the layer boundary. 
By  the moment t  = 1150  ns  (when the layer reaches 
a  distance of  3.5  mm  from the initial position), the 
density maximum is 0.1 g/cm3. By this point, the width 
of the dense layer has increased compared to the initial 
one  (Fig. 3c). The development of  turbulent mixing 
during laser acceleration and braking of the layer by the 
surrounding air results in an additional increase in  the 
film thickness. Thus, at a layer flight velocity of ~3 km/s 
and time of flight past the slit of ~0.5 μs, the layer width 
is 1.5 mm, while in  the calculation with no allowance 
for turbulent mixing, it  is an  order of  magnitude 
smaller (Fig. 3c). In the experiments with the perturbed 
laser flux  (Fig.  3b), the layer thickness is  3–5  times 
greater.

For modeling turbulence, the turbulent mixing 
model described in [21, 22] is used. In this model it is 
assumed that the turbulent layer develops according 
to the laws of diffusion, but with empirical coefficients 
obtained from natural experiments. Thus, the turbulent 
diffusion equation may be written as follows: 
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where ρ  is  density and Dm  is the turbulent mixing 
coefficient,

	 D l
z

P
zm t t� �

�
�

� �
�
�

�

�
�

�

�
��� �

�
�

2

0 5
1

,
ln

.

.

� (15)



92

Russian Technological Journal. 2023;11(3):86–103

Ivan G. LeboMathematical modeling of experiments on the interaction  
of a high-power ultraviolet laser pulse with condensed targets

Here, wt is the increment of hydrodynamic instability 

development derived in [22], L
z�
�

�
�
�

1
ln

 is the density 
gradient scale, and lp(xl) is the turbulent pulsation size 
and depends on the width of the turbulence zone xl. 

The authors of [21] suggest that

	 lp = αLmix,� (16)

where Lmix is the current size of the turbulent zone (Lmix ≈ xl  
in the experiment in Fig. 3a), while the value of α should 
be given a priori.

A program has been written that allows equation (14), 
(15) to be solved making allowance for (16). 

The averaged values of  layer acceleration 

g P
z

� � �
�
�

1
�

and Lρ  are taken from the numerical 

calculation results using the Atlant_C software.
It should be  noted that the estimate Lmix  ≈  

≈ α4ln(ρ1/ρ2)gt2 is made in [21] for the case of contact 
between two incompressible media (ρ1 and ρ2) in the field 
of  constant acceleration g  (the acceleration is  directed 
from the less dense medium toward the more dense one).

There are two stages of  film acceleration:  (1) when 
exposed to  a laser pulse, the layer is  accelerated due 
to reactive and thermal pressure from the vaporized plasma 
side, g = +(3–4) · 1012 cm/c2 on the front side; (2) the layer 
is decelerated in  the atmosphere, g = −(1–2)  · 1011 cm/c2  
on  the back side of  the layer. The data are taken from 
numerical calculations in the Atlant_C software.

In numerical calculations, the value of  α  (alfa) 
is  varied so  that by  the time the dense layer is  flying 
past the slit, its width DL (delta_L) is equal to the value 
measured in the experiment [20].

The “broadening” due to  turbulent mixing of  the 
layers accelerated by the laser pulse in the case of the first 
and second types of film irradiation is shown in Fig. 4. 
The time moment t = 1150 ns when the layer is “seen” 
through the slit is given.

Time = 1150 ns
1. alfa = 0.27, delta_L = 1.15 mm
2. xl = 0.7 mm, delta_L = 6.25 mm

1

2
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Fig. 4. Density of the accelerated layers obtained 
in calculations: 1—film is irradiated by a laser flux without 
flux perturbation, 2—introducing flux perturbation by dint 

of the grid, xl is a grid cell size, lp = xl [20]

MODELING EXPERIMENTS ON IRRADIATION 
OF TWO-LAYER TARGETS AND FORMATION 

OF FINE STRUCTURES

In the third series of experiments, two-layer targets 
are irradiated in the form of a 100 µm aluminum layer 
followed by a ~5 mm plexiglass layer. The laser beam 
is incident on the aluminum side. The focus spot radius 
on  the target surface is  50–70  µm. In  the plexiglass, 
extended craters about 1 mm long are observed, while 
one or two narrow channels over 100–600 µm long are 
formed near its top (Fig. 5) [16, 23]. 

Laser 
beam

Crater

Narrow 
channel

Shock 
wave

1 mm

Fig. 5. Two-layer target after laser irradiation. 
The incident laser beam is shown on the left [23]

Calculations of  the interacting laser pulses with 
targets are performed using the NUTCY software. In the 
calculated area, laser beams propagate strictly along 
the OZ axis, while refraction and self-focusing of light 
beams are not considered. The problem statement for 
modeling experiments is shown in Fig. 6.

The following parameters are used: focus spot radius 
Rf = 50 µm at Gaussian intensity distribution in the spot; 
the absorbed laser pulse energy 40  J; aluminum foil 
100 µm thick and having initial density 2.7 g/cm3 with 
plexiglass having initial density 1.19  g/cm3  behind it; 
calculation area is a cylinder having radius R0 = 0.5 mm 
and length OZ = 1.5 cm.

The two-dimensional distributions of  density and 
temperature of  the matter obtained in  calculations in  the 
NUTCY software are shown in  Fig. 7. The length scale 
(R and Z) is given in units of 10−2 cm. The temperature scale 
is given in units of 100 eV. The corresponding density and 
temperature intervals are shown in the tables on the right and 
are represented as tonality in the figure (white–gray–black).

The plasma density and temperature distribution 
along the OZ  axis as  well as  the density distribution 
along the radius at Z0 = 1 cm (the initial position of the 
condensed matter–plasma boundary) is shown in Fig. 8.

Calculations in the NUTCY software allow modeling 
processes of  forming the flaring plasma and extended 
crater in  the condensed target. However, additional 
considerations and the development of  a physical 
and mathematical model are required to  explain the 
appearance of narrow channels in plexiglass.

The primary reason for the formation of  narrow 
channels in  plexiglass is  the development of  self-
focusing of  the laser beam in  the plasma due to  the 
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Fig. 6. Problem statement: temporal shape of the laser pulse (a); target parameters (b) [23]
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Fig. 7. Density ρ(R, Z), g/cm3 (a) and temperature T(R, Z), 102 eV (b) fields calculated  
for time moment t = 30 ns [23]

Fig. 8. Distribution of density ρ and temperature T in the plasma along the axis OO1 (R = 0)  
at time moment t = 37 ns (a); dependence of density ρ on radius R at this moment at Z0 = 1 cm (b) [23]
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thermal mechanism. In  the presence of  the extended 
plasma, due to  small perturbations of  the laser beam 
intensity near the axis, the region of high temperature 
arises, thus resulting in “squeezing” of the plasma in the 
transverse direction. Due to  refraction, beams gather 
toward the axis, in  turn resulting in  further formation 
of the low-density channel in the plasma. In case of small 
perturbations, an estimate of the threshold intensity Ith 
for the thermal mechanism  (in units of  1014  W/cm2) 
is given in [24], as follows: 

	 I T
Z Lth cr

i pl

� �2 105 3
5 2

2 2
( ) .� �

�
� (17)

Here, temperature T is given in keV units (~11.6 mln 
degrees), the plasma longitudinal channel scale Lpl and 
emission wavelength λ are given in μm, while Zi  is the 
average ion charge. The typical plasma parameters for 
conditions of the discussed experiments are the following: 
Zi = 4–6, Lpl = 1000 μm, T = 0.1 keV and l = 0.25 μm, 
whence Ith ≥ 2 · 1010 W/cm2.

It is also possible to use a strictional (ponderomotive) 
mechanism of  self-focusing, where the channel 
of  reduced density is  formed due to  the action 
of ponderomotive force in  the plasma in which beams 
are focused. However, the intensity perturbation 
threshold in this case is two orders of magnitude greater 
than in the case of thermal self-focusing.
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In order to more accurately account for the above-
mentioned effects in nonuniform plasma, it is necessary 
to  use mathematical modeling methods involving the 
development of new programs to  calculate the plasma 
dynamics equations together with nonlinear Maxwell 
equations7.

The results of  numerical modeling of  laser beam 
self-focusing according to the simplified model of laser 
beam evolution in  the conducting medium are given 
in  [26]. This model implies the Gaussian distribution 
of  radiation intensity in  cylindrical beam 

E r z E r
a z
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�
�  where E  is  electric 

intensity in  the laser beam, a(z) is  effective radius 
changing as the radiation propagates along the OZ axis.

Assuming that the permittivity depends on  the 
law (paraxial approximation): 
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the following equation for describing the dimensionless 

beam radius f
a z
a

=
( )

0

 may be  written as  (see more 

details in [27, 28]): 
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The first term on the right in equation (19) describes 
beam diffraction, while the second term describes self-
focusing. 

In case of strictional (or ponderomotive) mechanism: 
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In case of a thermal mechanism: 
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7  The numerical modeling results of  thermal self-focusing 
of  the laser beam in  plasma at  the 3rd harmonic of  Nd-laser  
(λ = 0.35  μm) are given in  [25] where the geometric optics 
model is used for describing the propagation of laser beams in a 
weakly heterogeneous medium  (λ << Lρ), but without paraxial 
approximation and hypothesis of the beam quasi-stationarity.

where σ  is  high-frequency electrical conductivity;  
νei is the effective frequency of electron-ion collisions.

Equations  (18)–(21) are solved numerically 
on  the given density profiles ρ(z) and the fixed value 
of electronic temperature T(z).

The laser radiation and plasma parameters are taken 
from  [23]: I  = 5  ·  1012  W/cm2, ρcr = 0.1354  g/cm3,  
T(z) = 0.1  keV, ion charge Zi  = 6, and plasma length  
0 ≤ z ≤ 0.1 cm. The exponential density profile is given: 
ρ = ρcr ∙ exp(−B(0.1 – z)), B = 40 cm−1.

The evolution of the dimensionless radius of beam 
fth along the OZ  axis for initial beam a0 = 35  (1) and 
100  μm  (2) is  shown in  Fig. 9a. In  both cases, self-
focusing of light beams is observed due to the thermal 
mechanism. The strictional mechanism does not 
appear (fstr > 1).

The beam having initial radius 100 μm has decreased 
to dimensions f < 10−3. The calculation is discontinued. 
The beam with initial radius 35 μm begins to  increase 
in  cross section after reaching the minimum value 
of f = 2 ∙ 10−3. The first focus occurs at plasma density 
r = 0.00243 g/cm3, i.e., ρ/ρcr ≈ 0.2.

The development of  thermal self-focusing of  the 
laser beam in the crater plasma formed during irradiation 
of the condensed target by the high-power laser results 
in  increasing intensity by  2–3  orders of  magnitude. 
Further, the strictional mechanism near the critical 
surface may already dominate.

The beam evolution in  the case of  the 
ponderomotive  (strictional) self-focusing development  
is  shown in  Fig. 9b. The initial beam radius a0  =  
= 10 µm, I = 5 · 1016 W/cm2. In this calculation series, 
ρcr = 0.0677  g/cm3; T(z) = 1  keV; and ion charge 
Zi  = 12. In  this case, it  can be  seen that the self-
focusing increases much faster due to  the strictional 
mechanism  (red line) than due to  the thermal 
mechanism (blue line).

When condition I ∙ λ2 > 1014 (W/cm2)·μm2 is fulfilled, 
“hot spots” arise near the critical surface where fluxes 
of  above-thermal electrons are formed  [2, 3]. These 
electrons penetrate deep into the cold condensed matter 
whose trace is  observed in  the discussed experiments 
near the crater top (Fig. 5).

The physico-mathematical models and numerical 
programs described above, which have been tested 
in experiments carried out using the powerful KrF-laser 
facility at  GARPUN, reproduce the experimental data 
at a good level of accuracy with different types of targets 
and under various conditions of  natural experiments. 
These circumstances allow the predictive mathematical 
modeling results of planned large-scale experiments (at 
the level of absorbed laser energy ~1 MJ) to be treated 
with confidence.
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(а) (b)

Fig. 9. Changing dimensionless beam radius on exponential plasma density profile: blue lines denote thermal 
mechanism; red line denotes strictional mechanism; and black line denotes density profile.  

(а) I = 5 · 1012 W/cm2, (b) I = 5 · 1016 W/cm2 [26]
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ON POSSIBLE TARGET DESIGN  
IN THE FORM OF A DOUBLE-SIDED CONE  

FOR AN EXCIMER DRIVER

It is conditionally possible to distinguish four main 
directions of  promising applications of  thermonuclear 
microbursts initiated by  laser pulses. These are: 
(1) modeling substance behavior in laboratory conditions 
at  very high energy concentrations and consequences 
of  nuclear explosions, testing of  corresponding 
numerical programs, as  well as  other applied tasks; 
(2) nuclear power engineering and development of new 
reactor types;  (3) modeling astrophysical phenomena; 
and (4) development of rocket engines for interplanetary 
flights [2]. Generally speaking, the driver requirements 
for each of these directions can differ significantly. In the 
present paper, only the second direction is discussed.

It was stated in the introduction that, to date, no final 
choice has been made regarding the type of driver for 
the laser fusion reactor. At  the first stage, the reactor 
function according to a hybrid scheme when the main 
energy is  apparently obtained through the fission 
of  heavy element nuclei  (uranium), with this process 
being controlled by neutron fluxes from thermonuclear 
microbursts initiated by laser flares [29, 30]. This type 
of  reactor is  safer than those based on  nuclear fission 
reactions only, since its “assemblies” are subcritical; 
moreover, the frequency of  laser shots can decrease 
as  fissile elements accumulate in  blankets. The fuel 
of  such reactors does not require pre-enrichment 
of uranium, since its power cycle can start with natural 
uranium U238. Since the driver itself can be placed in an 
adjacent building at  the distance of  about 10  m  from 
the reactor, the fission chain reactions can be  quickly 
silenced by turning off the laser. It is possible to organize 
the fissile element production regime in such a way that 
the retrieval of the reactions would be an extremely rare 

procedure carried out directly on the plant premises or in 
another specially equipped location. In  this way, the 
probability of terrorist takeover of these resources would 
be  minimized, and the rooms where the radioactive 
elements are stored would be  reliably protected from 
potential bomb blasts.

Nuclear reactions produce unique elementary 
particles including neutrinos and positrons. External 
magnetic fields allow the selection of charged particles 
and their temporary storage [2].

As mentioned above, the solid-state Nd-laser 
is  planned to  achieve high gain factors in  a single 
thermonuclear microburst  (G >> 1  is  “ignition”). 
To  achieve large values of  G, it  is necessary 
to  compress the fuel to  densities 1000  times 
greater than the density of  the liquid DT  mixture 
in  order to  initiate the fusion combustion wave. 
Due to  development of  hydrodynamic instability 
and mixing  [2], such conditions have not yet been 
achieved in  inertial thermonuclear fusion targets. 
On the other hand, achieving G ~ 1 is an independent 
goal of  practical importance. Indeed, Fig. 10  shows 
a schematic of the nuclear-thermonuclear power plant 
with laser excitation of fusion microbursts [30]. Here, 
η is the laser efficiency; β is the conversion efficiency 
of  thermal energy into electrical energy; ϕ  is  the 
fraction of energy providing reactor operation; f is the 
frequency of laser shots; EL is the energy in the laser 
pulse; Wt = fKEL is the thermal power generated in the 
reactor; Wn is the power, which a consumer gets (netto-
power); K = (0.2 + 0.8M)G is the reactor energy gain 
factor; M  is  the energy multiplication factor in  the 
reactor uranium blanket;  (1/η − 1)fEL is  the laser 
pumping energy loss. In  order to  “close” the energy 
cycle, the following inequality should be fulfilled: 

	 (1 – ϕ)β(0.2 + 0.8M)G > 1/η.� (22)
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Wn = (1 − ϕ) ∙ β ∙ Wt − f ∙ EL ≥ 0

(1/η − 1) ∙ f ∙ EL ϕ ∙ β ∙ Wt

Laser Reactor Generator

f ∙ EL/ η Wt = (0.2 + 0.8 M) ∙ G ∙ f ∙ EL

Fig. 10. Structural diagram of the hybrid  
nuclear-thermonuclear station [32, 33]

It follows from (22) that the gain factor should be  
G ≥ 1 at ϕ = 0.2, β = 0.4, h = 0.05, and M = 60. The use 
of  a conical target and KrF-laser as  the hybrid reactor 
driver is proposed in [31]. The laser pulse would consist 
of two long parts (accelerating) pulse with τ1 ≈ 100 ns and 
a series of short pulses with τ2 ≈ 0.01–0.1 ns. Due to the 
deformation of cone walls by strong SWs formed near its 
apex, it  is virtually impossible to  achieve compression 
of the fuel to densities significantly exceeding the normal 
wall density (i.e., 10–20 g/cm3) in such a target design; 
however, this is not required for achieving gain factors 
G ~ 1. Short laser pulses injected through special holes 
near the cone apex would carry out local retention and 
additional heating of the compressed fuel.

The schematic of  the two-sided conical target and 
its irradiation with laser beams taken from  [32, 33] 
is  shown in Fig. 11. The upper part of Fig. 11a shows 
an axial section of the target. The trigger (outer radius R0) 
consists of  polymer material 2  and a  low-density 
substance (foam, aerogel) 3 required for “smoothing out” 
ablative pressure disturbances at  the initial stage of  the 
trigger acceleration. The low-density layer reduces the 
impact of small-scale disturbances of the laser flux, which 
can develop in the extended plasma due to self-focusing 
and forced Brillouin–Mandelstam scattering  (BLS) 
and affect the stability of the flight. Next is a thin layer 
of gold 4, followed by vacuum 5 and 6 comprising a layer 
of condensed DT fuel. The thin gold layer in the trigger 
increases the fuel compression ratio (in one-dimensional 
calculations). Using cryogenic DT  fuel also allows the 
compression ratio to be increased8. 

The general scheme of  the target in  the form 
of counter cones is shown in Fig. 11b, while its central 
part is shown separately in Fig. 11c. The layer of low-
density substance  (foam in  Fig. 11c) for “smoothing 
out” perturbations of  ablative pressure of  short pulses 
is located at the cone apex between the thin inner gold 
layer and the target outer chamber.

To achieve the level G ~ 1, it is sufficient to compress 
the condensed fuel by  30–50  times compared to  the 
density of the liquid DT mixture. The entire compression 
process occurs mainly on the incident and reflected SW; 

8  The impact of  the development of  self-focusing 
and hydrodynamic instabilities is  not considered directly 
in calculations.

under these conditions, it may be expected that mixing 
would not result in  a catastrophic situation  (i.e., in  a 
decrease in  the neutron yield by  orders of  magnitude 
compared to the results of one-dimensional calculations).

The calculation results performed in  the spherical 
version of  the Atlant_Sp software are given in  [32], 
while those carried out in  SND program developed at  
RFNC–VNIIEF  [34, 35] are given in  [33]. It  should 
be  noted that the comparative calculations carried out 
earlier using the Atlant_Sp and SND programs show close 
results at the same formulation of physical problems [36].

Numerical calculations show that thermonuclear 
yield G ~ 1 can be achieved in such a target design using 
pulses in the “long + short” mode at the level of absorbed 
laser energy ~1 MJ.
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Fig. 11. Scheme of the two-sided conical target (a) 
and its irradiation by long + short laser pulses, 

O1O2 is the symmetry axis (b); (c) central part of 
the conical target. 1 is laser beams (long pulses) 

accelerating the trigger, 2 is the trigger dense layer, 
3 is the foam layer, 4 is the thin gold layer, 5 is the 

vacuum gap, 6 is the cryogenic DT fuel layer, 7 is short 
laser pulses, 8 is the shell–trigger, 9 is holes for short 
pulses, 10 is the thermonuclear microburst, 11 is the 

gold target chamber with conical channels along 
the O1O2 axis, and O3O4 is the axis passing through 

target center in the plane perpendicular to symmetry 
axis O1O2 [32, 33]
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The calculations assume that cone walls are 
absolutely elastic and heat-resistant. The formation of the 
“shell–wall” boundary layer is not considered there. The 
problem has perfect symmetry with respect to  the top 
of the truncated cone (the O3O4 axis through which the 
symmetry plane perpendicular to  the O1O2 axis passes 
is shown in Fig. 11c). The process of compression and 
initiation of  thermonuclear reactions in  such targets 
may be conventionally divided into two stages. At  the 
first stage, a long laser pulse accelerates the trigger that 
moves to the top of the cone and compresses the DT fuel. 
When the SW reaches the apex of the truncated cone and 
is reflected there, a series of short pulses (total duration 
about ~0.1  ns, total energy ~10% of  the main heating 
pulse) is injected through the holes into the target in the 
plane perpendicular to  the O1O2  axis. The purpose 
of these pulses is to ensure the dynamic retention of the 
compressed fuel and its additional heating  (second 
stage).

The following two series of calculations of the target 
compression by  a long pulse of  KrF-laser of  various 
time shapes are performed: (1) in the form of a triangle 
with time moments at  tops t1  = 0, t2  = 100  ns, and  
t3 = 101 ns; (2) in the form of a curved trapezoid with 
the tightened front smoothly rising (t2 – t1 = 12 ns) and 
with a  subsequent rectangular pulse  (t3  – t2  = 10  ns). 
The targets have the form of truncated cones with aspect 
ratios R0/Rmin = 10–20 (Fig. 11a). The gain factor G > 1.

Thus, using UV  laser pulses with energies 
of ≈2 MJ and targets in  the form of  counter truncated 
cones allows providing the “thermonuclear flare”9.

DISCUSSION OF RESULTS  
AND CONCLUSIONS

The main elements of  the scheme discussed in  the 
paper are individually tested in small-scale natural and 
numerical experiments.

Experiments with conical laser targets performed 
at  the Prokhorov General Physics Institute of  the RAS 
on  a solid-state infrared laser are described in  the 
review [37].

The amplification of  picosecond pulses generated 
by  the Ti:sapphire laser together with long UV  pulse 
is  tested at  the GARPUN-MTV facility  (FIAN, 
Russia) [38, 39].

The impact of  hydrodynamic instability and 
interaction with the wall during laser acceleration of the 
trigger in  the conical channel remain insufficiently 
studied; this is  also the case with the development 
of  self-focusing and BLS in  the extended plasma. 
Semiempirical physico-mathematical models and 
software packages are developed based on  numerical 
calculations and natural experiments carried out 

9  We shall mean G = 2–3 by “flash.”

on  various laboratory benches  [40–44]. Direct 
mathematical modeling of these phenomena requires the 
use of  high-performance supercomputers and parallel 
computing algorithms. Such work is being carried out, 
in  particular, at  the MIREA – Russian Technological 
University [45].

In the USA, the ELECTRA program for constructing 
a powerful KrF-laser-based LTF research facility operating 
in frequency mode has been announced [46–51].

The physico-mathematical models and programs, 
which adequately describe the model data from 
experiments performed at  the GARPUN laser facility, 
provide a basis for target designs for future large-scale 
reactor-scale experiments.

Figure 12  shows the proposed scenario for the 
development of laser fusion research as applied to the 
creation of  a power plant: the first stage is  research 
and development  (R&D), while the second stage 
is  the experimental and technological development 
(ETD), the third stage is  the development of  a pilot 
and experimental reactor (DPER), and the fourth stage 
is the development of a commercial reactor (DCR). The 
abscissa axis shows the estimated costs of overcoming 
these stages.

Q ≤ 1

n ~ 103

f ~ 1 Hz f > 1 Hz n > 108

f > 1 Hz
K ≥ 0

K(G) ≥ 1

n > 104
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(1 − ϕ) ∙ β ∙ K − 1/η ≥ 0

R&D ETD DPER DCR

Fig. 12. Assumed scenario for the development 
of inertial fusion research (drawn by the Author).  

n—resource, f—frequency of microbursts, *N$—capital 
expenditure, N = 1—expenditure of R&D stage (footstep), 
EDr—driver energy, and EL—laser pulse energy. EDr = EL

There are several criteria for characterizing fusion 
efficiency: 

1)	 Q = Ef/EDT = 1 is the “physical threshold of fusion 
reactions,” when the released fusion energy Ef equals 
the energy invested in the DT plasma from the third-
party source ET;

2)	 G = Ef/EDr, “gain” is gain or “flash criterion.” As a 
rule, this coefficient is an order of magnitude smaller 
than Q at the same Ef, since a significant part of the 
energy is  “lost” with the vaporized inert material 
of  the target and does not get into the compressed 
fuel;

3)	 K =  (0.2  +  0.8M)·G is  the reactor gain factor 
allowing also for the energy gain M due to fission 
reactions;



98

Russian Technological Journal. 2023;11(3):86–103

Ivan G. LeboMathematical modeling of experiments on the interaction  
of a high-power ultraviolet laser pulse with condensed targets

4)	 CE = (1 – ϕ)βK – 1/η is the “plant energy efficiency” 
parameter.
At the R&D stage, the main challenge is the physical 

threshold of thermonuclear reactions. American scientists 
have managed to achieve this10 [7] to approach the value 
G ~ 1 at the NIF facility. On this basis, it can be said that 
they are ready to move to the second stage, i.e., ETD.

Overcoming this stage requires a repetition frequency 
of laser pulses at the level of f ~ 1 Hz and the consequent 
feeding of  targets into the focus of  laser beams at  the 
same frequency, as well as providing “resource n,” i.e., 
uninterrupted operation of the entire system at least for 
an hour (n ~ 103).

At the ETD stage, it is necessary to provide K(G) ≥ 1,  
i.e., to check the possibility of  the blanket functioning 
in  the frequency mode of  loads, as  well as  “some 

10  Kritcher A. and HIBRYD-E ICF team. Initial results from 
HYBRID-E DT experiment N210808 with >1.3 MJ yield. IFSA 
Virtual Meeting. September 2021. LLNL-PRES-826367. P. 16. 
https://www.aps.org/units/maspg/meetings/upload/obenschain- 
11172021.pdf. Accessed February 07, 2023.

resource” n ~ 103, i.e., ensuring the functioning of  the 
whole reactor for a  certain period of  time without 
stopping or interrupting operations.

At the DPER stage, it  is necessary to  reach the 
level of  “closing” the reactor power cycle  (CE > 0) 
and ensuring resource n  > 104, i.e., the uninterrupted 
operation of  such an  experimental reactor for several 
hours (possibly even days).

The final stage is the development of a commercial 
reactor. Such a reactor could operate non-stop for several 
decades and would be  economically viable compared 
to other sources of energy.
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