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Abstract. The paper presents a numerical study of laser radiation interaction with cylindrical
plasma medium. The model has been described in detail. Non-equilibrium sodium ions were
chosen as the active medium and a CO?-laser as an external irradiator. The calculations used
the one-dimensional two-temperature single-fluid radiative-hydrodynamic approximation tak-
ing into account the non-equilibrium ionic composition and the radiation absorption by plasma
due to the inverse bremsstrahlung effect. In the calculations, the used laser pulse characteris-
tics belonged to the range well-studied experimentally; e.g. the intensity of the incident laser
radiation was about 100 TW/cm?. The performed calculations were aimed at the development
of research on the creation of active laser media based on the multicharged ions’ transitions
working in the extreme UV and soft X-ray bands.
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Annoramms. [IpoBeneHO YMCIIEHHOE MCCIe0BAHNE B3aMMOICHCTBUS JTA3€PHOTO M3JTyYEHUsI C
IUIa3MEHHOM cpefoil IIMHAPUIECKOl (hopMbI. B KauecTBe cpeabl pacCMOTpeHa Iia3Ma HaTpus, a
BHeuHero oony4arens — CO,-nasep. B pacyeTax npuMeEHIOCH OMHOMEPHOE ABYXTEMIIEPATYPHOE
OHOXXMIIKOCTHOE PaTUALIMOHHO-TUAPOANHAMUYECKE TPUOIVKEHNE, yIUTHIBAIOLIEE TOTJIOIIEHNE
JIa36pHOTO M3JTyYEHUs TUIA3MOM 3a CYET OOpPaTHOTO TOPMO3HOro 3(ddeKkTa W HEpaBHOBECHBIN
WOHHBII cOCTaB. VICIToMb30BaHHbIE XapaKTEPUCTUKM JIA3€PHOTO UMITYJIbCa OTHOCSITCS K TUaIla3oHy,
XOPOIIIO OCBOEHHOMY 3KCITEPUMEHTAIBHO; HallpUMep, €r0 MHTEHCUBHOCTH COCTaBJIsIa IIPUMEPHO
100 TBt/cMm?2. [lpoBemeHHBIE pacyeThl HAIIpaBJIeHBI HA Pa3BUTHE WCCIIEIOBAHUI 1O CO3IaHUIO
aKTUBHBIX Cpe/l JIa3epOB Ha MepexofaX MHOro3apsiiHbIX MOHOB, PA0OTAIOIIMX B 3KCTPEMaTbHO
YABTPA(PUOIETOBOM U MSTKOM PEHTIT€HOBCKOM CITEKTPATbHBIX THAIAa30HaX.
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o Introduction ) _
As advances are made in infrared, visible and ultraviolet lasers, more studies emerge on

devices generating in extreme ultraviolet and soft X-ray (EUV and SXR) ranges [1, 2]. Short-
wave radiation in the EUV and SXR spectral ranges has a number of important advantages
over radiation at longer wavelengths: it can be focused on a surface whose linear dimensions
are of the order of laser radiation wavelength; this makes it possible to achieve a greater con-
centration of energy at shorter wavelengths. This shows great promise for high energy physics.
In addition, EUV and SXR lasers offer high contrast and short pulse duration. Their bright-
ness exceeds that of X-ray tubes by more than an order of magnitude, and is comparable to
the brightness of synchrotron radiation. There are diverse applications for short-wave laser
radiation in many fields of physics (for example, solid state physics and dense plasma phys-
ics), chemistry, biology and medicine. In particular, visualization of different types of nano-
structures, e.g., cellular visualization [3—6] is especially interesting in the case of radiation at
wavelengths below 10 nm.

© Tummmuaa M. B., Kamuaun H. B., 2022. Wznpartens: CaHkt-IleTepOyprckuii mosmMtexHUYecKuii yHUBepcuteT [leTtpa
Benukoro.
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There are two fundamentally different approaches to constructing short-wave radiation sources.
The first one is based on converting (multiplying) the frequency of lasers generating in other
spectral ranges by methods of nonlinear optics [7]. The other approach is aimed at generating
radiation directly in the required short-wave range. Successful attempts have been made to con-
struct free-electron lasers [8], allowing to generate X-ray pulses with record-high characteristics
at unique large-scale facilities: the wavelengths can reach tenths of nanometers, and the radiation
intensities 10*° photons/(s-mm?-mrad?). Efforts are also underway to create efficient and more
compact short-wave lasers where the lasing medium is formed at the transitions of multicharged
ions in highly ionized non-equilibrium plasma [9, 10]. High-current Z-discharges and high-power
pulsed lasers are used to produce highly ionized plasma containing multicharged ions with the
required isoelectronic sequence [11, 12]. Pulsed lasers are the preferred type, as they are the most
powerful of the existing laboratory sources.

Description of the model

This paper specifically reports on modeling for the above approach to generating the gain
medium in non-equilibrium multicharged ion plasma. Gaseous sodium was selected as the gain
medium due to suitable electron transitions (<10 nm) for hydrogen and helium-like ions:

radiation wavelength is 5.4 nm at 3—2 Na*'” transitions,
15.4 nm at 4—3 Na''’ transitions,

6.6 nm at 3—2 Na™ transitions.

A CO, laser with a wavelength of 10.6 um was taken as an external irradiator. Laser radiation
fluxes to the lateral surface were limited to a level (comprehensively explored in experiments)
not exceeding 100 TW/cm?. The main mechanism of laser absorption in such fluxes is inverse
bremsstrahlung [13]; for this reason, only this (classical) mechanism was taken into account in
the model.

Several software packages are capable of simulating laser plasma of multicharged ions, for
example, RADEX/LASNEX, HEIGHTS, RZLINE, RALEF, Z* [14—16]. These packages are
intended for constructing laser-plasma point EUV radiation sources for microelectronics. It was
by no means our intention to compete with such packages. Our main motivation to use our own
program code was that we were thus capable of performing data-intensive computations for vari-
ous experimental conditions, in order to find the optimal scenarios for constructing a laser source
in the short-wave range.

We consider a cylindrically symmetric plasma target placed in vacuum, with a uniformly dis-
tributed flux of laser radiation falling on its surface. The physical processes evolving in the target
plasma absorbing laser radiation are described by the equations of radiative magnetic gas dynam-
ics (RMGD) in a two-temperature (27) one-dimensional (1.D) axisymmetric approximation.

The model takes into account the following physical phenomena:

non-stationary ionization,

energy exchange due to elastic collisions between electrons and heavy particles,

energy transfer due to thermal conductivity of electrons,

volumetric cooling of plasma by its self-emission in a continuous spectrum.

We consider laser radiation fluxes with an intensity QL < 100 TW/cm?, at which parametric
instabilities do not develop in the plasma so the role of radiation pressure can be neglected.

The corresponding system of 1D unsteady equations in terms of Lagrangian mass variables (1)
consists of the equations for conservation of mass (2), momentum (3), energy (4), (5); the system
takes the following form [17]:

d
d—:=u, (1)

d(1) o

afl)_o 2

dt(pj o (1) @)
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where ¢ is the time; r is the Eulerian coordinate; m is the Lagrangian mass coordinate (the time
derivatives are Lagrangian); u and p are the velocity and density of plasma; P is the artificial
viscosity; E, E, are the specific internal energies of electrons and ions, respectively; E, , P, P,
are the specific ionization energy, the pressure of the ion and electron components, respectwely
(P= P + P); Q,, is the energy exchange rate between ions and electrons during elastic inter-
action; W, is the heat flux due to electron thermal conductivity; W, is the laser radiation flux
1n01dent on the side surface of plasma bunch; n is the coefficient of laser radiation absorption by

the target plasma; Q,(?) is the function determining the time variation of the laser radiation flux

incident on the target; s is the instantaneous value of optical thickness, s = Indr S is the total
Rp (1)
optical thickness of the plasma bunch, S = j ndr (Rp,(t) is the radius of the moving
0
plasma/vacuum interface); Q . is the specific power of the plasma self-emission.
We should note that

P=NT,P=NT,N, =ZN, 9)

e e’

where N, N, T, T are the concentrations and temperatures of the ion and electron components,
respectively; z is the mean ionic charge.

Non-equilibrium ionization was considered within the kinetic model using approximating
interpolation coefficients of ionization and recombination. The equation determining the mean
plasma charge follows the expression

dz
dt (I/ton hr _Vph )Z’ (10)

where V. is the collisional ionization rate; V, is the triple recombination rate; V is the photo-
recombination rate [13, 18].

The degree to which the bunch is heated by the laser depends on the radiation flux incident
on its surface.
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The distribution of laser radiation fluxes propagating in the plasma towards the plasma bunch
axis W, (with a plus sign) and in the opposite direction W,_ (with a minus sign) in the axisym-
metric case is determined by the equation

P 7, (11)
om pr

where 1 is the absorption coefficient of laser radiation.
These fluxes satisfy the symmetry conditions on the bunch axis; they are equal to the given
laser radiation flux on its outer surface, so the function Q, has the following form:

1 W, +W,

o, :2_7:T_n' (12)

In general, the absorption coefficient is a function of laser radiation intensity and the pa-
rameters characterizing the physical state of the plasma. The absorption coefficient for the
laser radiation intensity Q, < 100 TW/cm? is determined mainly by the parameters of the
plasma state. The absorption of laser radiation was described in the given model in a sim-
plified approximation only accounting for the inverse bremsstrahlung mechanism. The part
of the laser radiation that reaches the critical surface (where the laser radiation frequency is
equal to the Langmuir frequency, i.e., ® = o,) is completely absorbed in this Lagrangian cell
in this approximation.

In this case, the absorption coefficient of laser radiation is determined by the formula

A NZP

3/2 13
N -

where G is the Gaunt factor; A, cm, is the laser radiation wavelength; 7', K, is the electron tem-
perature; B = o/, (0, = \/47:N ¢*/m is the Langmuir frequency); the condltlon B = 1 determines
the critical value of the electron concentration N,=N,.

The critical density of plasma was found by the formula

n=1.98.10"G

A
=1.88-107 ,
pcr Z}\,Z

(14)

where A, amu, is the atomic mass of the ion; A, um, is the laser radiation wavelength.

If a critical concentration of electrons is obtained during propagation of laser radiation over a
certain surface, the condition for complete absorption of laser radiation is imposed at this point,
which means that there is no radiation flux W,_ in the opposite direction.

The system of equations was solved in the regions 0 < r< R, (), 0 <m < M, ¢ > 0. The boundary
conditions were imposed in the following form: or

on the axis of the bunch, in view of the symmetry conditions, with m = 0, u(0,f) =

o ..

=0.

on its outer surface, with » = R,(1), m = M, P(M,r) = 0,

The model was tested with the data given in [19, 20], reporting on similar computations for
laser plasma and providing the variation patterns for the plasma characteristics; these data were
used as benchmark.

A carbon plasma filament is modeled in [19] with an initial concentration N, = 10* cm™, a
temperature 7,) = T, = 50 €V and a radius R, = 20 um. The pulse of a neodymlum laser has a
trapezoid shape with rise/fall times of 80 ps, pulse duration of 240 ps, input energy of 34 J/cm.
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4 Simulation of Physical Processes

A cylindrical sodium plasma bunch with an initial concentration of heavy particles N, = 10* cm,
a temperature 7,) = T, = 1 ¢V and a radius R, = 0.1 mm was exposed in [20] to a CO, laser with
a Gaussian pulse shape, an energy input of 6 J/cm and a characteristic time of 1 ns. In the first
case, a maximum electron temperature of about 400 eV is reached in the first 100 ns, and the
maximum compression is 1.1. In the second case, the equilibrium charge reaches its maximum
possible value in 0.4 ns; the maximum electron temperatures are about 300 eV, and the maximum
ion temperatures are about 150 eV.

Qualitatively speaking, the spatial temperature profiles in our computations appear to be more
uniform. Nevertheless, the agreement between the results yielded by our code and those given in
the figures in [19, 20] can be considered satisfactory.

Computational results and discussion

We have already used the model described above in our earlier computations (see [21]). We
consider the results of the code for the following conditions: a cylindrical plasma bunch of so-
dium gas with an initial concentration of heavy particles N, = 510" c¢m™ (this corresponds to
B, = 4.9) and an initial radius of 0.01 cm is uniformly irradiated from the sides with a CO, laser;
the initial temperature of sodium ions and electrons is 3 eV, the initial mean charge is defined by
the Saha model.
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Fig. 1. Spatiotemporal distributions of density (a), electron temperature (b)

and mean non-equilibrium charge (c) of plasma; Q, = 50 J/cm, B, = 4.9
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Fig. 2. Radial (over the radius of the bunch) distributions of normalized values of electron (/)
and ion (2) temperature, electron concentration (3), and velocity (4) of plasma irradiated
by a CO, laser 0.20 ns (a), 0.45 ns (b) and 0.70 ns (c) from the start of the exposure;
0,=50J)/cm, B, =49, T,=20eV, T,=10eV, N, = 10 cm™, v, = 20 km/s
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The following parameters of the laser were used:
Gaussian shape of the pulse, i.e.,

p

o) =0, Bl exp(— Bo (__1) );

0,=50J)/em,t=1ns, =0.38,B, =2.1

(the parameters B,, B, were selected from the conditions described in [20]).

These conditions were taken as reference in our study. Fig. 1 shows the spatiotemporal evo-
lution of the plasma compression ratio (the ratio of its instantaneous density to the initial one),
the electron temperature and the mean plasma charge. Fig. 2 also shows spatial distributions of
electron and ion temperatures, electron concentrations, and plasma velocities for different times
since the start of laser irradiation. Evidently, a significant part of the laser energy is absorbed in
the outer layers of the bunch, so they consequently become heated strongly and expand. The
plasma density at the interface with vacuum decreases during expansion, and laser radiation starts
to penetrate deeper layers of the bunch, so the electron temperatures are uniformly distributed
along the radius of this bunch. The electron temperature considerably deviates from the ion tem-
perature in the cases considered, so it is reasonable to use the two-temperature approximation.
The self-emission of plasma is low compared to laser radiation, and does not play any significant
role in the energy transfer process.

Similar cases were observed for lower values of B, ., specifically, B, = 1.9 and 0.8 (in the sec-
ond case, the density is below critical). The key computational results are given in the table: the
maximum temperature, compression ratio and mean charge achievable during irradiation with
the laser pulse. Interestingly, a local peak is observed on the dependence of the maximum mean
charge on the initial plasma density. Fig. 3 shows the spatiotemporal distributions of the mean
non-equilibrium plasma charge for the cases of B, = 1.9 and 0.8. Apparently, virtually no outer
layers with higher characteristics appear to evolve at B, < 1, these layers are concentrated towards
the bunch axis (their presence can also be seen in Fig. 1)

Aside from varying the initial concentration, the energy input was also varied in the range of
50—80 J/cm for the reference case B, = 4.9 (see Table). We established that an energy input
of 70 J/cm is sufficient to achieve nearly complete ionization of the plasma bunch under these
initial conditions. Similarly, the minimum energy inputs necessary to obtain a particular plasma
composition can be found for outer initial/external conditions.

mm q‘ '

.'u*'o'

\ A
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Fig. 3. Spatiotemporal distributions of the average non-equilibrium plasma charge
for the initial concentrations of heavy particles , = 1.9 and 0.8
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Table

Calculated maximum values of the key plasma parameters
achievable during the laser pulse

Edlem | B | Zo | (T)pe eV | (P/Py) 1
49 | 9.85 455 2.79
50 1.9 | 11.00 953 1.49
0.8 9.85 811 1.01
60 10.00 530 2.59
70 49 | 11.00 606 2.47
80 11.00 676 2.38

Notations: E is the energy input, B, is the initial
concentration of heavy particles, Z_ is the mean ion charge,
(T),.. is the temperature of electrons, (p/p,),,,. is the plasma
compression ratio

max

Conclusion

Effective amplification of short-wave radiation in multicharged ion plasma can be achieved
through obtaining a specific charge composition of the plasma (even though this is a necessary but
insufficient condition). We present the calculations confirming that the most favorable conditions
for obtaining a certain plasma charge can be established.

The electromagnetic fluxes of the CO, laser used in the calculations, irradiating the lateral
surface of the medium, lie in the range that is well mastered experimentally: the laser genera-
tion intensity W does not exceed 100 TW/*m2. The dynamics of plasma behavior is illustrated by
spatiotemporal graphs constructed for the main characteristics of cylindrical plasma bunches.
Cases with different initial densities are considered; we found that there is a local peak on the
dependence of the maximum mean charge reached on the initial plasma density. We particularly
focused on the average plasma charge in the calculations. The cases when the average charge
reaches (9—11)x1.6-107" C are considered, making it possible to generate plasma consisting of
hydrogen and helium-like ions of the medium with electron transitions at wavelengths A < 10 nm.

We plan to apply the code developed to analyzing the time profiling of laser pulses and the
initial non-uniform distribution of plasma density to subsequently solve the problems related to
generating plasma with the necessary non-equilibrium ionic composition.
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