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Theoretical studies and optimization of the parameters of a krypton and F-
mixture plasma flow for its composition, density, and temperature have been done

to maximize the output of the excimer KrFy* molecules.

We have found that the

main contribution to the production of excimers near the throat of a nozzle comes
from ion-ion recombination. An optimal stagnation temperature exists at which the
output of the excimer molecules peaks regardless of the initial densities of gas
flows. The following initial parameters of the Kr + Fy plasma: Ny, > 1018 ¢cm™3,
To>1.5 104 K, and NF2 > 1016 cm™3 yield Np+ > 1014 em™3,

In recent years many theoretical and experimental
papers'™ have appeared that consider a possibility of
laser generation in a recombining plasma flow. The
first data on the implementation of the idea of a
plasma-dynamic laser (PDL) were published in
Refs. 5-8. The excimer PDLs based on halides of inert
gases are no less interesting and promising but scantily
known. Until the present time we have found only the
data of investigations of the excimer production
efficiency in plasma flows.9~12

In this paper, a theoretical model of creating an
active medium for an excimer KrF* plasma-dynamic
laser is considered that involves the description of a
krypton plasma flow along a supersonic nozzle, plasma
cooling due to its expansion, and then mixing with F,
at a certain distance from the throat of a nozzle. The
model provides knowledge of the basic krypton plasma
parameters upon entering a mixing region such as the
concentration and temperature of the plasma species
and the plasma flow velocity. In addition, it displays
kinetics of processes in the mixing region producing the
KrF* excimer molecules.

One-dimensional krypton plasma flow along a
supersonic nozzle was considered. Plasma had many
species and consisted of electrons, neutral atoms, and
ions of different charge multiplicity in ground and
excited states. All species have the Maxwell velocity
distribution. Influence of viscosity, thermal
conductivity, and diffusion was neglected. External
electric and magnetic fields were absent.

Because of different types of the dependence of
ionization and recombination rates on temperature, we
may divide the entire flow into the following zones:
a) equilibrium (in which the ionization rate is equal to
the recombination one), b) kinetic (the ionization rate is
much less than the recombination one), and c) frozen
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(both rates vanish). Zonal boundaries were determined
by the relation between characteristic gas-dynamic 14 and
recombination t, times. As gas-dynamic time, we took the
transit time of the plasma having the velocity V across
the throat H: ,=H/V. Characteristic recombination
time t,=1,/PNZ, where N, is the electron concentration
and B is the recombination coefficient of the multiply
charged ion. To calculate B, the expression derived in the
diffusion approximation3 was used.

Our calculations have shown that the region of
transition from equilibrium flow to frozen one is very
narrow for a wide range of variations of the plasma
stagnation parameters. This allowed us to use a model of
instantaneous freezing!3 in which the plasma flow is
divided into two zones, namely, equilibrium and frozen
ones. Transition occurs in “freezing points” and their
location is determined from the equation

Tg= Tr. )

Solution of this equation gives the temperature T; at
which the degree of ionization becomes frozen. For the
given nozzle, working gas, and plasma stagnation
parameters, Ty is constant. It determines the boundary
between equilibrium and frozen zones of the plasma flow.

Results of numerical solution of Eq. (1) for the
krypton plasma are shown in Fig. 1 as variations of the
normalized freezing temperature (Qf =T¢/Ty) vs. the
stagnation parameters: temperature Ty and concentration
of heavy particles Ny. At low temperatures T, the flow
may be considered frozen along the entire length of the
nozzle, i. e., freezing occurs immediately after the start of
plasma motion. At Ty > 8000 K the freezing point shifts
down along the nozzle and the equilibrium flow zone
appears.  Its length increases with increasing initial
temperature and plasma concentration.
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FIG. 1 Normalized freezing temperature of the Kr

plasma flow as a function of the stagnation parameters
for a nozzle with height of throat H = 0.25 cm and
Ng, = 1018(1), 1019 (2), and 1020 cm™3 (3).

Equations of plasma dynamics were solved for each
zone of plasma independently and then joined in the
freezing point. Gas dynamics and ion species of plasma
in the equilibrium zone were described by the system of
equations derived in Ref. 4 and completed by the Saha
equation

p VA=p, V,=const, pVdV =-dP,

h+V2/2=hy, P=kT (Ng+N,),

_2kT N, L dN,
Jz2m[1+NJ+mz§Ngzz, )

N Nt 20, [mc kTT”eX [_ _Iz_j|
27 Ne Goq | 2nh Pl 7 kT )

where A =S5/S* is the relative nozzle cross section,
P is the pressure, m, and m are the electron and
krypton atom masses, respectively, ¢ is the statistical
weight of the ground state of the Z-multiply charged
ions, £ is the enthalpy, I, is the ionization potential, N,
is the concentration of the Z-multiply charged ions, p*
and V* are the density and velocity of the flow in the
throat of the nozzle.

In the frozen zone of flow, the plasma composition
remained unchanged and the plasma parameters in the
nozzle were determined by the well-known gas-dynamic
functions for isentropic flow*
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pVA=p, V,=const, p=p¢l[T/Ts32,

h+V2/2=hy, P=kT Ng+ kTN,

_3k Nl Lt d N,
h_2m|:T+TeN§j-’—mzz1 Nglz’

Ng = Ngtp/pt, Ne=Netp/pts N, =N;tp/ps,
T,=T + AT(T,., N,), 3

where AT, is determined from a balance between the
electron energy losses due to elastic collisions and
recombination heating and is connected with the plasma
parameters by the equation?

AT, =0.57 - 10 % (W Z/A) (E* N./T?). (4)

Here, E* is the effective recombination energy,4 p is
the molecular weight, A is the Coulomb logarithm,

M
S 72N, (5)

is the average multiplicity of ionization. The subscript
f refers to the parameters in the freezing point.

For this model we calculated the parameters of the
Kr plasma flow in a planar supersonic wedge-shaped
nozzle for different equilibrium conditions in a
prenozzle camera and different nozzle geometry. The
electron concentration and temperature distributions as
well as the density and temperature of heavy species
along the nozzle at constant initial density and
different initial temperatures are shown in Figs. 2
and 3.
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FIG. 2. Distribution of the Kr plasma density and the
electron concentration along a nozzle with height of
throat H = 0.25 cm at Ng,=1018 cm™3 and T¢=5000 (1
and 1), 10000 (2 and 2’), and 21000K (3 and 37).
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FIG. 3. Distribution of the electron temperature and
heavy species of the Kr plasma along a nozzle with
height H=0.25cm at Ng,=108cm™3  and
Ty = 5000 (1 and 1), 10000 (2 and 27), and 21000 K
(3 and 3").

First of all, we call attention to the weak
dependence of the plasma density along the nozzle on
the initial conditions. The density profile for all
calculated variants remained practically unchanged (see
Fig. 2). The freezing efficiency of nozzle decreases
with the increase of initial temperature Ty and N,/ N
decreases sharply. At low initial temperatures
(Ty <5000 K), Qf is close to unity and the ratio
N¢/Ngy is closely correlated with the profile of the
plasma density (p/pg) along the nozzle. Influence of
recombination on the temperature is insignificant
because of small ionization degree (o= 107°) and we
observe coincidence of Q and Q. at the input of the
nozzle (see Fig. 3, curves 7 and 7). A small
discrepancy in temperatures Q and Q. with the further
expansion in the nozzle is due to the increasing
recombination rate upon cooling and decreasing elastic
energy exchange.

The increase of the stagnation temperature up to
10000 K leads to higher degree of plasma
nonisothermicity due to recombination heating (see
Fig. 3, curves 2 and 2) although the temperature
profiles of heavy species in variants 7, 1, 2 and 2 are
close.

The further increase of the initial temperature (see
Fig. 3, curves 3 and 3 ) leads to the decrease of the
temperature nonequilibrium and deterioration of the
cooling efficiency of the nozzle ( cf. curves 2, 2, 3,
and 3).

Processes in the mixing zone were described by the
system of the velocity equations

de/dt = Z Nm kmm’ Nm’ ’ (6)

m'#Em

where N,, and N, are the concentrations of interacting
species of the mixture of Kr, Kr*, Kr', KrF*(”), KrF}

(), KtF(X), Fy, F, e, ho. In calculations we
considered the upper vibrational levels of the
KrFy*(” ) molecule (v=4-w) to be populated by ion-ion
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recombination and harpoon reaction as well as by
energy transfer from different species of the medium. A
group of lower vibrational levels (v=0-3) of the
KrFy*(”) molecule, from which lasing occurs, is
populated as a result of vibrational relaxation allowing
for quenching collisions. The radiative decomposition
of the KrF*(”) and KrFg*(”) molecules occurs as a
result of spontaneous and induced transitions to the
KrF(X) state with subsequent decomposition of the
molecule into atoms. We also considered the
absorption of emitted photons by the KrF(X) molecule
and other species of mixture.

The results of calculation of the KrFy*(”)
population vs. the stagnation temperature of the Kr
plasma flow and halogen (F,) concentration in the zone
of mixing of two flows are shown in Fig. 4. The
numbers adjacent to curves indicate log (KrFp*, cm™3).
In calculations the Kr concentration in the prenozzle
camera was Nk, = 1019 cm™3. Mixing was carried out
at a distance of 3 mm from the throat of the planar
wedge-shaped nozzle with a half-angle of 70 at its apex.
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FIG. 4. Dependence of the output of the Kr excimer
molecules on the Kr stagnation temperature and the F,
concentration in the mixing region.

As is seen from Fig. 4, the output of the excimer
molecules first increases with the increase of the
stagnation temperature, reaches its maximum, and then
decreases. The increase of the excimer concentration
with the temperature increase is primarily due to the
increase of Kr ion and electron concentration. The
maximum output is followed by the decrease of the
efficiency of production of the KrFy* molecules caused
by quenching processes, primarily, by the electrons.

The optimal ratio of the Krt(Ne) ion to halogen
(Fy) concentration is close to unity. As temperatures
increase up to the values at which the maximum
concentration of the KrFy*(”) molecules occurs, the
electron contribution to quenching of the excimer
molecules becomes insignificant because the electron
concentration  becomes small due to intensive
attachment of electrons to the Fy molecules and
production of the stable negative ion F~. The further
increase in the temperature at constant Fy concentration
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leads to a surplus of the electron concentration
resulting in the decrease of the KrFy*(”)
concentration. Dominating contribution to the
production of the excimer molecules comes from ion-ion
recombination.

In Fig. 4 the range of variations of the initial
parameters promising for obtaining laser generation in
the plasma flow is hatched.
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