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A model of kinetic processes in the argon-xenon gas plasma with
the admixture of uranium nanoclusters is developed. This dusty
plasma seems to be perspective as an active laser medium in the
technologies of direct conversion of the nuclear energy into coher-
ent light. The process of formation of quasistationary states in
plasma and the influence of uranium nanoclusters are considered
in the developed mathematical model of the kinetic processes in
the argon-xenon gas excited by nuclear fission fragments. The
suggested system of equations allows one to describe the kinetic
processes in the plasma with presence of the uranium dust in a
self-consistent way. The model include the evolutionary equations
for the distribution function of electron velocities and for concen-
trations of a different components of plasma, including charged
uranium nanoclusters. The model takes 44 components of plasma
and 507 plasma-chemical processes into account. The method of
solution of such equations is suggested, and the program complex
realizing this method is developed. The influence of the dust con-
centration on the optical and neutronic properties of the plasma
media is studied in calculations. The calculation of the neutron
multiplication factor for the laser active infinite medium contain-
ing uranium dust particles is performed with the use of MCNP-
5 code. The neutron cross-sections needed for calculations were
taken from the ENDF/b-VI library. The attenuation of electro-
magnetic waves by uranium dust particles was calculated in the
frame of the Mie theory for various spherical particle sizes and
different wavelengths. Real and imaginary parts of the refraction
coefficient for uranium needed for this calculation were taken from
the experimental and theoretical works.

1. Introduction

In the present time, the nuclear excited dusty plasma
has been intensively investigated [1, 2], because this ac-
tive media seems promising for the direct nuclear en-
ergy conversion to optical radiation. This technology has
not been actually investigated due to the strict nuclear
safety requirements for radioactive aerosols and reason-
able technical difficulties.

Recently, the first theoretical investigation of the Ura-
nium Dusty Argon Xenon Medium (UDAXM) has con-

firmed the laser radiation gain for a wavelength of 1.73
µm [3].

This paper considers the laser active medium consist-
ing of a mixture of noble gas with fine particles of ura-
nium. As an example, we show the results of our inves-
tigation of UDAXM as an active laser medium for wave-
lengths of 2.03 and 2.65 µm. We simulated the kinetic
processes in UDAXM and studied the optical proper-
ties of such nuclear excited dusty plasma, as well as the
neutron multiplication factor.

The main goal of this work is to substantiate the nu-
clear excited dusty plasma of noble gas with uranium fine
particles as an efficient active laser medium for nuclear
pumped lasers.

2. Optical and Neutron Properties of Laser
Media

Important parameters of the laser active medium con-
taining uranium dust particles are the neutron multi-
plication factor and the extinction cross-section of the
medium. The first parameter describes the neutronic
property of the dusty gas medium. The ability of such
media for the neutron multiplication is expressed by the
neutron multiplication factor Keff . The multiplication of
neutrons in those media allows us to use a large-volume
laser active medium. The calculation of the neutron mul-
tiplication factor for the laser active medium containing
uranium dust particles is performed, by using MCNP-5
code [4]. The neutron cross-sections needed for calcula-
tions were taken from the ENDF/b-VI library [5]. The
calculation was performed for infinite UDAXM contain-
ing spherical uranium particles with a radius of 10 nm.
The isotope concentrations were 95% of U235 and 5%
of U238. The calculated neutron multiplication factor
for the infinite laser active media versus the dust parti-
cles concentration is presented in Fig. 1. Based on these
data, we can conclude that the laser active medium with
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Fig. 1. Neutron multiplication factor for the infinite UDAXM
versus the concentration of dust particles

the concentration of uranium particles more than 3·1011

cm−3 can multiply neutrons.
The second parameter describes the optical property

of the active medium. The attenuation of the electro-
magnetic wave by uranium dust particles is calculated
in the frame of the Mie theory for various spherical par-
ticle sizes and different wavelengths. Real and imaginary
parts of the refraction coefficient for uranium needed for
this calculation are taken from the experimental work
[6]. The fission fragment energy deposition into a laser
active medium directly depends on the fissile element
concentration. So it is convenient to use a volume ex-
tinction cross-section equal to the ratio of the extinction
cross-section to the particle volume V . The calculated
volume extinction cross-sections for wavelengths of 0.5,
1.0, and 2.03 µm versus the radius of uranium dust par-
ticles are presented in Fig. 2.

3. Kinetic Model

The formerly developed model [3] of the kinetic pro-
cesses in argon-xenon gas plasma has to be completed
by the processes of interaction of electrons and ions with
charged dust particles. This additional processes are de-
scribed schematically by following equations:

e+ D → D(−); (1)

e+ D(n−)→ D((n+ 1)−); (2)

I(+) + D(n−)→ D((n− 1)−); (3)

I(+) + D → D(+), (4)

Fig. 2. Volume extinction cross-sections for wavelengths of 0.5,
1.0, and 2.03 µm as a function of the radius of dust particles

where e is an electron, D, D(n−), D(+) are neutral, neg-
ative, and positive charged dust particles, respectively, n
is the dust charge number (in the electron charge units),
I(+) is any positive charged atomic or molecular ion.
The kinetic model of the processes in UDAXM includes
44 components of plasma and takes 505 reactions into
account. It is important to note that, due to a rela-
tively low value of dust particles charges, we should take
the charge discreteness into account in the mathematical
simulation of the charge transfer to dust particles.

Neglecting a space non-uniformity and, as a corollary,
the influence of an electrical field, we consider the pro-
cess of dust plasma creation by fission fragments. Then,
assuming the slightly ionized plasma and the charge of
dust particles to be negative, we describe the plasma
evolution by the system of equations

∂ f0(v, t)
∂ t

= S0(f0, {Nk}) + jFF(t)Na
dσi(v)
dv

−

−
∑
i

πr20γevY (i)θ(Y (i))Ndust(i)f0(v, t); (5)

∂ Nk(t)
∂ t

=
∑
m

Rkm +
∑
i

f ion
dust,k,iNdust(i)+

+jFF(t)Naσk +
∑
k′

Akk′Nk′ −
∑
k′

Ak′kNk′ ; (6)

∂Ndust(i)
∂t

=
∑
k

f ion
dust,k,i+1Ndust(i+ 1)−G(i), (7)
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Fig. 3. Light linear gain α of the gas medium and the extinction
β for uranium particles versus the dust particle concentration

Y (i) = 1− ie2

r0ε
, (8)

G(i) = F1(i)− F1(i+ 1), (9)

F1 = γe

∞∫
0

4π2v3r20Y (i)θ (Y (i))Ndust(i)f0(v, t)dv. (10)

Here, t is the time, v is an electron velocity, f0(v, t)
is a symmetric part of the distribution function of elec-
tron velocities, S0(f0, {Nk}) is a collision integral includ-
ing both inelastic and elastic collisions of electrons with
heavy particles and electron-electron collisions [7], the
quantity {Nk(t)} indicates a combination of variables
determining the density of all considered particles, Ne(t)
is the electron density, Nk(t) is the density of the k-kind
particles (atoms, molecules, ions, etc., in the ground or
excited state), Ndust(i) is the density of dust particles
with the charge z = −ie, r0 is the dust grain radius,
ε = mv2/2 is the electron kinetic energy, e and m are the
elementary charge and the electron mass, γe is the prob-
ability that an electron falling on the surface of a dust
grain transfers the charge to it, jFF(t) is the flux density
of fission fragments, dσi(v)

dv is the differential cross-section
of electron emission with velocity v by an atom in the
interaction with a fission fragment, NA is the density
of gas atoms, σk is the cross-section of the formation of
k-kind particles in the interaction of fission fragments
with atoms, Akk′ is the Einstein first factor, θ(x) is the
Heaviside theta-function,

Rkm = kfkm

∏
k

N
βk(m)
k − kbkm

∏
k

N
αk(m)
k (11)

Fig. 4. Light linear gain by the laser active medium versus the
concentration of uranium dust particles

is the m-type reaction rate, βk (m), αk (m) are stoichio-
metric factors of the m-type reaction, and kfkm and kbkm
are the rate constants of the direct and reverse reactions,
respectively.

The function f ion
dust,k,i represents the charge transfer

rate from the k-type ion to a dust particle with the
charge z = −ie. For this function, we used the approxi-
mation suggested in [7].

4. Results of Mathematical Simulation of
Kinetic Processes

The simulation of kinetic processes in dusty plasma al-
lows us to calculate the concentration of any plasma
component. Consequently, we can obtain the light lin-
ear gain by the laser medium. The starting values of gas
pressure and temperature were equal to 1 at and 300
K. It was adopted that the specific energy deposition
power of fission fragments was increasing linearly dur-
ing 1 µs from zero up to Wmax and became permanent
after that. The calculation was performed for UDAXM
containing spherical uranium particles with a radius of
10 nm.

The typical results of calculations of the light linear
gain α by the gas phase and the extinction by ura-
nium particles β are shown in Fig. 3. The calcula-
tions were performed for a wavelength of 1.73 µm and
the power deposition maxima Wmax = 115 W/cm3 and
Wmax = 230 W/cm3 for different concentrations of dust
particles.

The light linear gains by the laser active medium
considering the extinction of particles for wavelengths
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of 1.73, 2.03, and 2.65 µm versus the concentration of
dust particles for Wmax = 115 W/cm3 are shown in
Fig. 4.

5. Conclusion

A new theoretical model of the kinetic, optical and neu-
tron processes in UDAXM is developed. It is shown
that UDAXM seems a promising medium in the tech-
nologies of the direct conversion of the nuclear energy
into coherent light if we will use uranium nanoclus-
ters.
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МОДЕЛЮВАННЯ КIНЕТИЧНИХ ПРОЦЕСIВ
ТА ОПТИЧНИХ I НЕЙТРОННИХ ВЛАСТИВОСТЕЙ
ЗАПИЛЕНОЇ ПЛАЗМИ БЛАГОРОДНИХ ГАЗIВ
ПРИ ЗБУДЖЕННI ПРОДУКТАМИ ПОДIЛУ ЯДЕР

А.П. Будник, Л.В. Депутатова, В.Е. Фортов,
В.П. Лунєв, В.I. Владимиров

Р е з ю м е

Розроблено модель кiнетичних процесiв у ядерно-збуджуючiй
плазмi iнертних газiв, що має нанокластери урану. Таку пило-
ву плазму подано найбiльш перспективним активним лазерним
середовищем у технологiї прямого перетворення ядерної енер-
гiї у когерентне електромагнiтне випромiнювання.

Розглянуто процес формування квазiстацiонарних станiв
плазми, запиленої нанокластерами урану. За допомогою роз-
робленої математичної моделi кiнетичних процесiв в аргон-
ксеноновiй плазмi, що збуджується осколками подiлу урану,
вивчено вплив нанокластерiв урану на генерацiйнi характери-
стики цього середовища.

Кiнетична модель складається з еволюцiйних рiвнянь для
функцiї розподiлу електронiв за швидкостями i для концентра-
цiй рiзних компонентiв плазми, враховуючи пиловi частинки
урану з рiзними зарядами. У моделi аргон-ксенонової плазми
враховується 44 компоненти плазми та 507 плазмохiмiчних ре-
акцiй.

Розроблено метод числового обчислення i створено ком-
плекс програм для моделювання кiнетичних процесiв у ядерно-
збуджуючiй плазмi iнертних газiв з урахуванням впливу на
цi процеси нанокластерiв. Проведено самоузгоджене математи-
чне моделювання кiнетичних процесiв у газi, що збуджується
осколками подiлу урану з урахуванням впливу на цi процеси
пилових частинок.

Задачу взаємозв’язку нейтронного випромiнювання з газо-
вим середовищем, що має частинки урану, розв’язували ме-
тодом Монте-Карло за допомогою програми MCNP-5. Перерi-
зи нейтронних реакцiй, необхiднi для проведення розрахункiв,
взято iз бiблiотеки нейтронних даних ENDF/b-VI. Послаблен-
ня електромагнiтного випромiнювання урановими частинками
обчислено за теорiєю Мi для рiзної довжини хвилi i частинок
рiзних розмiрiв. Комплекснi коефiцiєнти заломлення металi-
чного урану виявляли згiдно з експериментальними даними i
теоретичними оцiнками.
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