54 Miocaysiecokutl 30ipnux « HAYKOBI HOTATKHy. Jhyyok, 2022, Ne74

VJK: 621.373.826 DOI 10.36910/775.24153966.2022.74.8

10.10. Kurynu', B.JI. Pyas’
JIBH3 «Yorceopoocwkuil nayionansuuii ynisepcumem»'
JIyybKutl HayionanbHuti mexuiunuii ynisepcumem’

MOJEJIb MEXAHI3MY I'AJIBMIBHOT'O ITIOI'JIMHAHHA JIASEPHOI'O
BUITPOMIHIOBAHHA

Ilposedena meopemuuna i ekcnepumenmanvbHa podoma 3 6CMAHOGIEHHA RAPAMEMPie NIAMU NPU HAHOCEKYHOHII
mpueanocmi 1a3epHozo iMnynscy ma ymMosi iCHy8aHHs PO3GUHYIMO20 2a300UHAMIYHO20 PYXy niaazmu. Aemopamu ompumano
P036°a30K 3a0ayi 3 ONUCY NO2TUHAHHA J1A3€PHO20 GUNPOMIHIOBAHHA 6 WINLHOMY wiapi 2apavoi naazmu. Aemopamu
6CIMAHO6/IEHO AHANIMUYHI 3a1e)HCHOCI, AKI 00CUMb 000pe 6i0N08iOaIoMy PeanbHUM YMOGAM i GUSHAUAIOMb 2EOMEMPUYUHY |
ananimuuny mosewjunu naazmu. Ii pezynomamu cnienadarome 3 cmpozum po3e'azkom 2a300UHAMIYHUX PIGHAHbL 014
npouecy eunapogyeanua y "‘camoyszodrcenomy” pexcumi. B peanvnux ymosax npu (poxycysanni eunpominioeanua cuibHe
00K06e PO3ULUPERHA NAA3MU RPU3GOOUMb 00 K6A3iChepUyHO20 XAPAKMepy pO3Nbomy i 2yCMUHA NAAZMU 3MEHULYEMbCA
3HAYHO Wieuoule, HiXic 6 0OHOGUMIPDHOMY BUNAOKY. Aemopu nopiguANU eupazu 01A 6HYmMPIWIHbLOI eHepii naasmu i oyiHuIu
yac nepexody niockoi meuii ¢ 0eéoeumipny. Lle 0ano 3mozy euasumu, w0 AK 'y 6UnAOKy Na0CKoOi meuii, maxk i y 6unaoxy
0806UMIPHOT meuii GHymPIWHA eHep2ia NAAIMU 3POCIAE 34 CXOHCUMU 3AKOHAMU.

Knrouosi cnosa: nnasma, pesxcum nnazmu, Gokycyeanus, unpOMIHIOBAHH S, SYCMUHA NAA3MU, OOHOMIPHA Ma 080MIpHA
meuii nnazmu.
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MODEL OF MECHANISM OF BRAKING LASER RADIATION ABSORPTION

Theoretical and experimental work was carried out on establishing the parameters of the plasma with a nanosecond
duration of the laser pulse and the condition of the existence of the developed gas-dynamic movement of the plasma. The
authors obtained a solution to the problem of describing the absorption of laser radiation in a dense layer of hot plasma. The
authors have established analytical dependencies that correspond quite well to real conditions and determine the geometric
and analytical thickness of the plasma. These results cooperate with the rigorous solution of the gas-dynamic equations for
the evaporation process in the "self-consistent" regime. In real conditions, when the radiation is focused, the strong lateral
expansion of the plasma leads to the quasi-spherical nature of the spread and the plasma density decreases much faster than
in the one-dimensional case. The authors compared the expressions for the internal energy and estimated the transition time
of a planar flow into a two-dimensional one. This made it possible to discover that both in the case of a planar flow and in the
case of a two-dimensional flow, the internal energy of the plasma grows according to similar laws.

Keywords: plasma, plasma regime, focusing, radiation, plasma density, one-dimensional and two-dimensional plasma
flow.

Introduction. The unique properties of laser radiation: coherence, high pulse power, and small
angular divergence make it relatively easy to focus optical systems while obtaining extremely high power
densities. The first studies of the effect of such a laser on the surface gave an unexpected result - the
kinetic energy of the emitted components at a laser power of up to 10° W was hundreds of electron volts.
Most laser-plasma parameters depend nonlinearly on the power density of laser radiation. On the other
hand, the idea of heating a substance to thermonuclear temperatures by laser radiation [1-4] stimulated a
number of analytical studies of plasma associated with high-intensity irradiation of condensed substances
[5-11].

The aim of the study. Develop analytical dependencies to establish the main plasma parameters
(density, thickness, and others), and compare them with those calculated by the rigorous solution of gas-
dynamic equations and with practical data. Assess the adequacy and appropriateness of the developed
analytical dependencies.

Formulation of the problem. In modern plasma physics, the problem of estimating the main
plasma parameters occupies an important place. Therefore, the study of a simplified method of their
definition acquires relevant and significant importance. The results of this problem can be used in the
laser deposition of films to obtain soft X-ray mirrors and gratings.

Theoretical and practical studies. Consider the case when the vaporized substance is ionized to a
large extent. At the same time, the steam begins to intensively absorb laser radiation, which leads to an
increase in the temperature of the substance and significantly affects the dynamics of the entire process.
Since, in the considered case, the times for establishing thermodynamic equilibrium in a dense hot plasma
are significantly shorter than the characteristic duration of a laser pulse, the radiation absorption
coefficient can be calculated on the basis of the equilibrium theory in a highly ionized absorption gas.
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That is, it is mainly determined by transitions in the continuous energy spectrum of electrons with their
simultaneous scattering in the Coulomb field of ions. Absorption occurs both due to free-free and due to
free-bound transitions (bremsstrahlung and photoeffect). The problem is solved entirely by the quantum
mechanical method only for a water-like system. Assuming a Maxwellian distribution of electrons
according to velocities with temperature T, it is possible to obtain an expression for the bremsstrahlung

absorption coefficient [12] (Kramer-Heisenberg’s formula):
1
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where Z is the nuclear charge of the hydrogen-like system.
Taking forced reradiation into account, relation (1) takes the form:
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where Nj is the initial density of atoms, and Z is the average charge of plasma ions.

The value 7V at h7 KT can serve as an estimate of the share of the contribution to the absorption
kT
coefficient of free-bound transitions in relation to free-free ones. In this case, the absorption coefficient
will look like this:
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For a weakly ionized gas, the interaction of an electron with radiation is mainly carried out in the

field of a neutral atom or molecule. In this case, the absorption coefficient will be expressed
K, = 3,2 — 107%°(, mkm)? - (kt, eV)% “Ng ' N, “4)
With a nanosecond duration of the laser pulse, the condition for the existence of developed gas-
dynamic plasma motion is fulfilled. The characteristic time of its acceleration during evaporation from the
surface is 107"’ s, and formally the problem can be described by the system of gas-dynamic equations (5)-

(8) [11]:
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Consider the behaviour of the integral under the sign of the exponent of the system equation (9):
I=[TK( t) dz". ©)

In this formulation of the problem, expression (3) describes the absorption of laser radiation in a
dense layer of hot plasma. Let the initial optical thickness of the layer be small and a significant part of
the light flux reaches the surface. At the same time, as a result of intensive evaporation, the vapor density
increases. Therefore, according to (5), the optical thickness also increases. Conversely, if the initial
optical thickness is large, the evaporation rate will decrease and the energy of the laser radiation will be
spent on heating the plasma, and this, together with the gas-dynamic expansion, will lead to a decrease in
the optical thickness and a subsequent increase in the evaporation rate. Thus, there must be some optimal
optical thickness of the plasma heated by laser radiation. This indicates the existence of a stable
asymptotic behavior of the plasma generated by laser radiation near the surface of a dense substance, i.e.
the so-called "self-consistent regime". In this mode, the value:

I=["K(z)dz =1. (10)
Though that the system (5)-(9) in the general case, taking into account the absorption in pairs, can
be solved only by numerical methods, under the above assumptions it is possible to obtain an analytical

solution that corresponds quite well to real conditions. Let's write the absorption coefficient (3) in a
slightly different form:

© I0.1O. JKueyy, B.J. Pyos



56 Miocaysiecokutl 30ipnux « HAYKOBI HOTATKHy. Jhyyok, 2022, Ne74

K = Kop“cF, (11)
where p is the density, c is the internal energy, proportional to T.
The geometric thickness of the plasma is equal to the speed of sound multiplied by time t.

The geometric thickness of the plasma is equal to the speed of sound ¢ =[E— 17>~
multiplied by time t. For the optical thickness, we get the ratio:

Kp®cP~12t =1, (12)
from the law of conservation of energy we obtain
M (c+ v?/2) = qot, (13)
Considering A1 = ¢2pr, from (12) and (13), it follows:
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In the case of fully ionized gas a=2, p=-2/2:
1/4 1/2
¢ = ky'*qq” "t ", (1)
M = kA0, (19)

These results, obtained by relatively simple considerations, coincide with the strict solution of gas-
dynamic equations (5)-(8) for the evaporation process in the "self-consistent" regime.

However, from simple physical markings, it is clear that in real conditions when radiation is
focused, the strong lateral expansion of the plasma leads to a quasi-spherical spread, as a result of which
the plasma density decreases much faster than in the one-dimensional case. The outer region of the
plasma clot will be transparent to radiation, which will be absorbed only in a surface layer of the order of
the focusing spot size, where the motion will be close to one-dimensional. In general, the problem is two-
dimensional and its solution presents significant mathematical difficulties. Therefore, a one-dimensional
spherical model was investigated in [13], which corresponds well to evaporation when radiation is
focused on the surface. In this case, there is also a self-consistent mode of evaporation. However, the
constancy of the optical thickness refers already to a layer of fixed thickness ry:

K(pe)r,=1, (20)

The solution of the system of gas-dynamic equations (5)-(8) within the one-dimensional spherical
model for a fully ionized gas has the following form:

t=0, 45f<2f’9 g1, (21)
p=0,53K" 1,103, (22)
M = 1,1K; *9 2”305”1:, (23)

where Q is the total radiation flux.

By comparing the expressions for internal energy in formulas (5)-(8), it is possible to estimate the
time t' of the transition of a planar flow into a two-dimensional flow:

£ —K —-1/9 S’QQOZ/QJ (24)

As can be seen from (5)-(8), both in the case of a planar flow and in the case of a two-dimensional
flow, the internal energy of the plasma increases according to similar laws of c~q"* and c~q"’. However,
in the case of a two-dimensional flow, the internal energy also depends on the focusing conditions.

Conclusions. The authors obtained a solution to the problem of describing the absorption of laser
radiation in a dense layer of hot plasma in the form of analytical dependencies and determining the
geometric and analytical thickness of the plasma. These results coincide with the rigorous solution of the
gas-dynamic equations for the evaporation process in the "self-consistent”" regime. The authors compared
the expressions for the internal energy and estimated the transition time of the planar flow to the two-
dimensional flow. This made it possible to discover that both for the planar flow and for the two-
dimensional flow the internal energy of the plasma increases according to similar laws.
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