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ELECTRICITY AND MAGNETISM

UDC 533.09
A STUDY OF A LONG SLIDING SPARK

. Novosibirsk ZHURNAL PRIKLADNOY MEKHANIKY I TEKHNICHESKOY FIZIKI in Russian
No 1, Jan-Feb 80 pp 111-115 manuscript received 14 Dec 78

[Paper by S.I. Andreyev, Ye.A. Zobov, A.N. Sidorov and V.D. Kostousov,
Leningrad]

[Text] The flashover characteristics of sliding sparks up to
2,5 m long are studied for various gases at different pressures.
Studies of sliding sparks in air at atmospheric pressure are
described in the literature [1, 2]. The studies in this work

- were carried out in argon, neon, helfum and afr at pressures
of from 10 to 1,600 mm Hg, The sliding discharge took place
at the surface of a dfelectric film which was enveloped by a
metal tube connected to one of the electrodes (the so-called
"initfator"). The dlameter of the initfator was 40 mm. The

- film thickness was 0.4 to 4 mm, The length of the discharge
gap varied from 0.25 to 2.5 m, The discharge was realized in
a dielectric chamber 450 mm in diameter which was evacuated
and then filled with various gases.,

A cable transformer served as the voltage source [1, 2], The
voltage across the secondary winding had the form of a decaying
cosinusoid at a frequency of from 30 to 120 KHz, The logarithmic
decrement of the attenuation was 10-2.

- The experimental results. The breakdown voltage level, Upr, was studied in
all of the experiments. This quantity was defined as the lowest amplitude
at which the sliding spark bridges the discharge gap.

The influence of the dielectric film thickness, A {in mm), can be expressed
in terms of the specific film capacitance, Cyq = 0.88 /A, of which the

- breakdown voltage is a unique functionm,

The function Upr (Cud) is shown in Figure 1 for argon, neon, helium and air
(curves 1 - 4 respectively), plotted for gap length of 7 = 1 m at
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Figure 1. : Figure 2,

Key: A, Upy [breakdown voltage] , KV;  Key: A. Breakdown voltage, KV.
B. Cyuq [specific capacitance],
picofarads/cm®,

atmospheric pressure. It can be seen that with an increase in Cyq, Upr
falls off rapidly at first. But starting at Cygq = 2 to 5 de/cmg, the
change in Upr becomes minor. It is physically possible to explain this by
the fact that the increase in C.q initially leads to a rise in the capaci-
tive current, and consequently, {n the overall current through the uncom-
pleted discharge channel. The wxise in the current leads to a reduction in
the channel resistance and the effective transfer of the high voltage elec-
trode potential (from which the sliding discharge develops) to the head of
the uncompleted leader chamnel. This potential provides for the occurrence
of ionization processes at the head and the development of the leader,

With a sufficiently high value of Cyd, the growth in the potential at the
head experiences saturation.

It can alse-be seen from the data of Figure 1 that the ratio of the break-
down voltages for the various gases depends slightly on the quantity Cuq at
rather high values of Cyq. This can likewise be explained by the decisive
influence of ionization processes at the head of the uncompleted leader
channel. The processes are basically determined by the area in front of the
head, in which the multiplication of the electron avalanches and streamers
takes place. Upy is shown in Fdgure 2 as a function of the length of the
discharge gap 7 for argon (1 and 1'), neon (2 and 2') and helium (3 and 3')
for values of Cyg of 1.6 (curves 1 - 3) and 3.0 pFd/cm? (1' = 3%).

As was noted earlier, an inflection point was observed in the curve for
Upr(l) for the case of air [2]. For values of 1 2> loys the voltage increas-
es practically lineavly as a function of I (the field intensity in the sec~-
tion of the channel from l., to I remains constant). It turned out that the
point of inflection (Z¢r,Ucr) is determined (at least in the range studied
here) only by the quantity Cyd and the kind of gas (at an initial pressure
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of p > 200 mm Hg) and does not depend

] on p:
<6
01 o b Uu_ = AC—O'S, KV; 7 _ = Bc-g's, m.
1¢a) , cr ud cr u
60 — The constants are A = 80 and B = 1.15
"] 5 for helium; A = 54 and B = 0,75 for
. ///__—:: 2’ neon; A = 17.2, B = 0.75 for argon.
204 /‘_‘_1 A ! The values of the constant field in-
] - ’ tensities in the region above oy are
- T as follows: Epr = 14.5 KV/m for heliwm
} 0 200 400 1200 ' 1400 ' 1600

8.3 KV/m for neon and 4.5 KV/m for

Ppr MM PT.CL. (_B) argon

When I > loy, the breakdown voltage
can be determined from the formula:

(1) Upr = llnl[Ucr + Epr(z - ZCI')]’ Kv.

Figure 3.

Key. A. Breakdown voltage, KV;
B, py, mm Hg.

The given values for Ucy, ler and Ej,. make it possible to determine Upr
using (1) with an error of around 10%, Upr is shown in Figure 3 as a func-
tion of the gas pressure. In contrast to the Paschen curves, the pressure
does not influence Upy in a wide range [of pressures]. Curves 1 and 1°'
were obtained for argon, 2 and 2% were obtafned for neon, 3 and 3' for hel-
ium; curves 1 - 3 apply to the case of a film thickness of A = 2 mm (Cyd =
= 1.6 pFd/cm?) for a length of [ = 2 m, while 1' - 3! are for A = 0,5 mm
(Cyq = 3 pFd/cm?) for a length of 0.5 m.

The fact that the gas pressure does not Influence the development of a
leader in a wide range of pressures is evidence that in the case consfdered
here, the quantity E/p (E is the field intensity at the head), which deter~

- mines the inténsity of the ionization processes at a given point in the
gas, does not exert any substantfal influence on the development of a
leader. At the same time, the influence of Cyq is manifest when the press-
ure p changes (see Figure 3), It can be concluded as a result that the de-
velopment of a leader is primarily determined by the overall current which
flows into its head, while this quantity is in turn determined by the area
over which the.ionization processes take place, The intensity of these pro-
cesses practically remains constant, since in the electrical field region
at the head, there exists a large overvoltage and a change in E/p with a
change in p under the conditions considered here does not increase the cur-
rent feeding the leader head, while the area with the effective fonfzation
does not change in this case (it s determined by the geometry of the uni-
que capacitor formed by the conducting rod lying above the conducting
plane).

In the range of comparatively low pressures, a leader apparently develops
without substantial overvoltages at the head. TFor this reason, a change in

p leads to a change in the intensity of the fonization processes and to a
change in the current collecting surface in front of the head.
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It is interesting that in such an electronegative gas as air, in contrast
to the inert gases, the influence of pressure is marked throughout the en-
tire range investigated from 37 to 800 mm Hg (Figure 4), if I > IZ.r (curves
1 and 2 apply to a discharge gap length of I = 1.9 m where Z¢y = 1.08 m and
0.79 m respectively). In the case of a short discharge gap, [ < ler ( cur-
ves 3 and 4 were obtained where 7 = 0.35 m and with the same values of lcp),
the influence of pressure falls off.
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Figure 4, Figure 5.

Key: A. Breakdown voltage, KV;
B. po, mm Hg.

We will note that in the case of air where I > Z.p, the rise in the break-
down voltage with a rise in the pressure takes place linearly with a cons- r
tant of 0.014 XKV/mm Hg where p > 200 mm Hg. The dynamics of the process of .
8lip discharge development [1] should also be brought into play to explain
the data of Figure 4, which show the differing influence of p for short, !
1< Zcr, and 10ng, A ; lcr, gaps, :

Studies have shown that the breakdown in argon differs from the breakdown :
in other gases with a fast rate of leader channel development in the

discharge gap; the breakdown n all of the cases studied here occurred

over the time of the voltage rise.

In the case of helium, neon and air, the average rate of leader channel
development is slower than in argon, and when 2 > lers the development

of the flahsover encompasses a region of voltage which changes sharply
with time., In this case, the development takes place in a nonuniform
fashion [1], Characteristic stoppages and even Mextimction" of the channel
ociur during the development, where these are determined both by the
absolute level of the instantaneous voltage and its tfme derivative, This
explains the multiplicity of flashover characteristics of a sliding spark
which are found in the literature [3 -~ 8],

4
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The conclusion can be drawn from an .analysis of the timewise structure of
the development of a sliding spark that the characteristic of the break-
down which depends on the gap length (on the breakdown time) is character-
ized by a range of flashover voltages falling between two maximum cases
(Figure 5, air, 1 atm). Curve 1 applies to the case of breakdown with a
single ("nonextinguishing") leader, which moves from one electrode to
the other without stopping. Curve 2, which occurs with lower values of
the breakdown voltages, corresponds to leader development with stoppages.
- The number of such stoppages exceded under our conditions. In this case,
the flashover occurs at a minimum value of the voltage.

In the first case, the average rate of leader travel is not too much
different from the instantaneous value and amounts to 5 - 8 » 108 cm/sec,
and in the second case, it is one to two orders of magnitude lower (from
5+ 100 to 7 * 107 cm/sec). Thus, formula (1) determines the lower flash-
over characteristic for the case of helium, neon and air, and the upper
one in the case of argon.

We will note that to obtain a dense system of parallel discharges, the
upper breakdown characteristic should be used.

The hypothesis can be put forward,. In returning to the data of Figure 4,
that a reduction in the influence of the pressure with a decrease in the
length of the discharge gap is related to the transition ffom multistage
. breakdown to a single-pass flashover, In the case of a single-pass flash-
over in air, the excess voltage of the field at the head is rather high
and the change in E/p with a change in p does not influence the flash-
over development process. In heljum and neon, this influence is also not
observed in the case of multipath breakdown.

The analysis of the set of data cited here from the point of view of the
elementary processes makes it possible to explain the specific features
of flashover in argon by the presence of more powerful fonizing radiation
than in helium and neon. The specific features of breakdown in air are
related to its electronegativity and large thermal capacity, which leads
to a lower temperature and conductance (as compared to the Inert gases),

The authors would like to express their gratitude to V.P. Sidorova for
assisting in the work.
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UDC 537.523

HIGH-CURRENT COAXIAL DISCHARGE IN THE AIR STABILIZED BY
A DIELECTRIC WALL

Moscow RADIOTEKHNIKA I ELEKTRONIKA in Russian Vol 25, No 6,
1980 pp 1218-1221

[Article by A. F. Aleksandrov, A. T. Savichev, 0. I. Surov,
I. B, Timofeyev, and A. R. Emil']

[Text] A continous emitting coaxial plasma sheath is produced

by the electrical explosion of a vaporized metal coating depos-

ited on a dielectric cylinder. Under certain expérimental

conditions the radiation of this discharge is close to equilib-
- rium with the temperature of the emitting surface 2 ev,

In recent years, high-current emitting discharges in atmospher-
- ic elements and in air produced by electrical explosions of
- thin metal wires have been investigated intensively [1] in re-
gard to their use as high-intensity radiation sources in the
visible and ultraviolet regions. At the present time, emitting
diseharges in the classical z pinch geometry [1] have been
studied most thoroughly. However, linear discharges in spite of
certain advantages, mostly in regard to the simple construction
of such sources, have a small emitting surface and a relatively
- low resistance to the development of superheating (transparent

discharges) and power (opague discharges) instabilities.

Discharges with a return current [2] are more promising in this
respect, especially since the emitting surface of such dischar-
ges can theoretically be as large as needed, and the duration
of the steady state can be increased by a factor of R/rp (R
is the equilibrium radius of a discharge with a return®cur-.
rent, and r, is the radius of a linear z pinch). However, the
- generation gf a.dense émitting plasma with such a configuration
presents some well-known difficulties. Thus, the formation of
such discharges by a simultaneous explosion of many wires [2],
in air for example, generally does not produce a single plasma
sheath, but a discharge in the form of individual plasma chan-
nels.

7
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A continuous emitting plasma sheath with a fairly large surface
can prcbably be produced by an electrical ~xplosion of thin me-
tal foil or vaporized metal deposited on a dielectric of arbi-
trary shape (see [3] in this regard). Working with foil is
difficult for purely technical reasons (it is difficult to con-
struct a cylinder from thin foil with the correct shape). The
use of a metal deposited on a dielectric cylinder to induce a
reverse pinch is technologically advanced and presents certain
advantages for a stationary inverse pinch, since the pressure
of the inner plasma boundary is balanced by the dielectric
wall. The so-called H-pinch discharge is formed, and the ra-
dius of the plasma sheath in it can be strictly controlled. In
the present paper we investigate this type of discharge.

(kV) TU.KE gy

L |

Fig. 1. Typical traces of the discharge current and voltage
across the discharge gap (Uo=30 kv and 1=20 cm).

The experiments were performed on a Photon device with a capac-
itor bank of =500 uF and a voltage of 30 kV.

The discharge chamber was formed by two massive brass elec-
trodes, with a dielectric cylinder 40 cm long pressed between

them, A vaporized aluminum coating 300 - 500 thick was de-
posited on the cylinder surface. The cylinder diameters were

8
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11 cm. To reduce the inductance of the discharge chamber, the
upper electrode was connected to the "ground" of the device
through eight brass rods placed uniformly about a circle with
a diameter =50 cm.

In this paper, we used traditional methods of recording the ba-
sic discharge parameters - the shape and dimensions were
obtained from end-on and side-on streak photographs, the
current-voltage characteristics were recorded by Rogowski loops
and ohmic voltage dividers, a time scan of the spectrum was
provided by a rotating disk with slits (absolute calibration
was by means of a Podmoshenskiy etalon), and the total radia-
tion yield was obtained on an IKT-1M calorimeter (4]. The en-
ergy deposited in the discharge and the electrical conductivity
of the plasma were determined from the current-voltage charac-
teristics in the usual manner.

The experiments were performed for two values of the voltage
across the capacitor bank: 25 and 30 kV. The stored energy
amounted to =155 and 225 kJ in this case.

Figure 1 give typical traces of the discharge current and the
voltage across the discharge gap. It is clear from these
traces that the changes both in the discharge current and the
voltage are close to periodic. The current period for the

case Uy=30 kV and 1=20 cm (where U is the initial voltage in
the capacitor bank and 1 is the length of the discharge gap)
equaled 70 usec, and the amplitude at the first peak reached
625 kA. The maximum voltage drop across the electrode gap in
this case was 25 kV. In the first half-period of the discharge
current the energy deposited in the discharge equaled 46 kJ.

Figure 2 shows a typical side-on streak photograph of the de-

- velopment of the discharge. It is clear from the photograph
that separate, brightly glowing and strongly branching channels
(streamers) are observed in the initial stage of the discharge.
As the discharge current increases, these channels expand and
merge, and a single plasma layer with a fairly homogeneous

9
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Fig. 2. Side~on streak photograph of Fig. 3. End-on streak photograph of
the development of the discharge. the development of the discharge.
The frames pass every 1 psec.

10
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glowing surface is formed approximately around 13 - 15 usec.
This feature is also confirmed by the end-on streak photograph
of the discharge shown in Fig. 3. It is clear from the photo-
graphs that, as assumed, the inner dimension of the plasma
sheath is strictly controlled by the position of the dielectric
substrate to which the plasma is pressed by the magnetic pres-
sure of the discharge current. Note that with small values of
the initial voltage, the discharge channel during the entire
lifetime of the discharge consists of separate glowing fila-
ments =1 - 2 mm in diameter that undergo almost no expansion
over time.

-
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Fig. 4. Time dependence of the thickness of the plasma sheath
X5 (L - Uy=30 kv, 1=20 cm; 2 - Uy=25 kV, 1=20 cm).
Figure 4 gives the time dependence of the thickness of the
plasma layer x_ for the first quarter of the discharge current
period with twg values of Uy (25 and 30 kV), and the dependence
was obtained by analyzing the end-on streak photographs. It is
clear that in _the first 12 usec the discharge channel expands
at a rate =10° cm/sec, and a well-defined magnetic confinement
stage is observed at times corresponding to v12 - 16 usec (the
maximum value of the power of the discharge current corresponds
to V1l psec). At subsequent times the expansion of the plasma
continues due to a drop in the power of the discharge current.

Figure 5 shows a segment of the time scan of the radiation
spectrum of the discharge. In the first half-period a contin-
uous spectrum is observed, and its intensity increases with the
increase in the power of the discharge current; the intensity
maximum corresponds to the current maximum, and at later times

11
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the discharge has a line spectrum.

The brightness temperature was determined over the continuous
spectrum of the discharge. The radiation near the current max-
imum corresponds to absolute black-body ragiation (the bright-
ness temperatures for wavelengths A;=2800 A, A,=3000 R, and
A,=3600 coincided within the experimental error and equalled
ag the time of the current maximum T=24,000 K and 19,000
K for an initial voltage of 30 and 25 kV, respectively). The

- change in T over time was similar in nature to the change in
the power of the discharge current, as is evident from Fig. 6.
The triangles in it represent the discharge temperature calcu-
lated from the conductivity in the usual manner with the use of
the Spitzer equation. Clearly, it has a fairly good agreement
with the brightness temperatu

t,marex (H8) i :
A ool SN

I,

25

p Uil st

Y \ 1 . :
A J7e0 3600 J200 3100
-~ - .
Fig. 5. spectrum.
- 7. IUJ"K
4t

1

1 ! i H 1
b6 8 10 12 1 16t mrcex (us)

Fig. 6. Time dependence of the discharge current (1 - U,=25 kV,
1=20 cm; 2 - U,y=30 kv, 1=20 cm; 3 - temperature calculated ac-
cording to the conductivity).

If the time dependence of the discharge temperature is known,
the balance equation H2/87=(l+z)nkT can be used to estimate the
charged particle density at the times corresponding to the mag-
netic confinement stage. For the time corresponding to the
peak of the discharge current, such an estimate gives n=2x10%8
em~3, but with a coating thickness of =500 & the number of

12
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particles is n=3%1017 em~3. These results indicate that am—
bient air with a density of =0.1 is drawn from the atmosphere
into the discharge channel.

An estimate of the energy balance in the discharge indicates
that the main contribution to the balance is made by the radi-
atign and the ionization energy. For a density of n=2x10

cm™3 the ionization energy is "7 kJ and the escaping radiation
is ~25 kJ.

Thus, the explosion of aluminum deposited on a dielectric cyl-
inder has been used to produce a stationary inverse pinch (the
H-pinch cylindrical discharge), whose characteristics are close
to those of a discharge produced by the explosion of many wires
but whose radiation is more uniform over the surface.
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FLUID DYNAMICS

ABSTRACTS ON INHOMOGENEOUS FLUID DYNAMICS

Novosibirsk DINAMIKA NEODNORODNOY ZHIDKOSTI (Dinamika Sploshnoy Sredi 42)
(Dynamics of Inhomogeneous Fluids (Continuum Dynamics 42) in Russian 1979
signed to press 18 Oct 79

[Abstracts from collection by Institute of Hydrodynamics, Siberian Affiliate
of the USSR Academy of Sciences, 500 copies]

UDC 532,501.32
PERIODIC SOLUTIONS OF THE PROBLEM OF WAVES OVER A LEVEL BOTTOM
LOGINOV, B. V.

[Text] The problem of the potential fluid flow in a three-dimensional
layer with a free upper boundary is considered with allowance for surface
tension. Corresponding asymptotes of sets of periodic solutions in the
neighborhoods of bifurcation points, representing fourfold eigenvalues
of the linearized system are constructed. Methods of the theory of the
branching of solutions of nonlinear equations under conditions of group
invariance are used (Ref. Zh. Mat., 1971, 8B696, 10B698). The invariance
of the problem with respect to a biparametric group of displacements
serves to reduce the four-dimensional branching equation to its two-
dimensional counterpart.

UDC 539.3
APPROXIMATE CALCULATION OF CAVERN DEPTH IN A SEMIINFINITE PARTITION
MERZHNEVSKIY, L. A. and RESNYANSKIY, A. D.

[Text] On the basis of a model of incompressible ideally plastic solids,
the depth of the caverns forming upon the impact of spherical particles
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against a semiinfinite obstacle are calculated. The findings are compared
with experimental data. The range of applicability of the proposed approxi-
mation techniques is determined.

UDC 532.516
INTERACTION BETWEEN A LINEAR VORTEX AND A FREE SURFACE
NIKULIN, V. V.

- [Text] An eddy filament in a viscous fluid is considered, with one end
of the filament resting against the free surface of the fluid. It is
assumed that the flow is symmetrical relative to the axis coinciding with
the filament, and that the free surface is cone-shaped. The force of

gravity is absent. The structure of solutions of Navier-Stokes equations is
investigated. The existence theorem is demonstrated.

UDC 622.241.8
TEMPERATURE REGIME OF GAS WELLS
PAVLOV, N. N.
[Text] A simplified mathematical model of the motion of real gas in a well
is examined as a function of the operating mode of the well. The unsteady-

state heat transfer coefficient is derived to allow for unsteady-state
heat exchange with ambient rocks. Sample calculations are presented.

UDC 517.946+551.51
EXISTENCE OF A GENERALIZED SOLUTION OF EQUATIONS OF ATMOSPHERIC DYNAMICS
SUKHONOSOV, V. I.
[Text] The existence and uniqueness theorem is demonstrated as a whole
with respect to the time of the smooth solution of the initial boundary-

value problem of the system of equations of atmosptheric dynamics in case of
plane-parallel motion.
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UDC 539.374
VISCOSITY OF CYLINDRICAL SHELLS COMPRESSED BY PRODUCTS OF DETONATION
TRUNOV, V. L.

[Text] The effect of viscosity on the compression of cylindrical shells

of revolution by the products of the detonation of an explosive is investi-
gated. A numerical solution of the problem of the motion of a rotating ring
of an imcompressible viscous fluid and the tagged-line method are used to
measure the viscosity coefficients of copper, riobium, and aluminum. It

is shown that viscosity affects markedly the motlon of metal shells over a
broad range of input data.

UDC 57.9+532.5
- PERIODIC VISCOUS GAS FLOW
SHELUKHIN, V. V.

[Text] Two boundary-value problems with periodic data are considered. The
first pertains to the barotropic viscous gas model and the second, to the
heat-conducting viscous gas model. It is shown that only the first of these
two problems displays periodic solutions. The class of periodic solutions
applicable to the uniqueness theorem is isolated.

UDC 523.5274532.517

STABILITY OF THE FLOW OF IDEAL INCOMPRESSIBLE FLUIDS WITH CIRCULAR STREAM
LINES

VLADIMIROV, V. A.

[Text] The behavior of pertubations with specified input data is considered.
It is shown that flow of this type is always unstable with respect to per-
turbations belonging in a continuous spectrum. Solutins with singularities
are investigated for perturbations having the form of normal waves. The
form of the solution in the neighborhood of the critical point is derived.
The rule for selecting the solution branch is formulated on the basis of
the solution of the problem with specified input data. An analytic repre-
sentation of the Reynolds stress distribution of the perturbation is ob-
tained. Certain flow classes for which solutions with singularities do
not exist are isolated. The applicability of the Rayleigh stability
criterion is discussed.
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UDC 517.53:517.947.42
SEQUENTIAL ROTATION OF QUASICONFORMAL PLANE MAPPINGS ONTO RI
KUD'YAVIN, V. S.

[Text] A method for finding linear coefficients of quasiconformality

for pairs of regions in n-dimensional Moebius space R®, n>2, based on the
- sequential rotation of plare quasiconformal mappings, is considered. The

method is used to derive the linear coefficients of quasiconformality of

certain pairs of n~dimensional, n=3, annular regions, as well as to obtain

n-dimensional analogues of the corresponding theorems of distortion in the

presence of g~quasiconformal mappings of a 3-dimensional sphere onto itself.

UDC 517.946

THE DARBOUX PROBLEM AND A NONLINEAR HYPERBOLIC-PARABOLIC SYSTEM OF
EQUATIONS IN A PLANE

ORAZOV, L.

[Text] The existence of a general solution of the Darboux problem for a
system of nonlinear hyperbolic-parabolic equations is demonstrated.

UDC 532.031

A CASE OF CONVERGENCE OF THE ITERATIVE METHOD AND ITS APPLICATION TO THE
THEORY OF JETS

PYKHTEYEV, G. N.

[Text] A case in which the nonlinear operator A(u) of the equation u =
AA(u) (Ais a constant parameter), determined in Banach space, satisfies

the Lipschitz condition in the sphere 0!5”11”Sr is considered. Here the
Lipschitz constant is a function of the radius of the sphere and tends

toward infinity. Conditions for convergence of the iterative method in
this case are established. The findings are used to determine two classes of
streamline flow of incompressible fluids.

COPYRIGHT: Institut gidrodinamiki SO AN SSSR, 1979
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LASERS AND MASERS

UDC 621.373.826.038.823

ACTIVE MEDIA OF EXCIPLEX LASERS (SURVEY)

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 7, No 4(94), Apr 80
pp 677-719

[Article by I. S. Lakoba and S. I. Yakovlenko]

[Text] In recent years, intense research in laser physics has centered
around attainment of lasing on electronic transitions of diatomic mole-
cules, which are called exciplexes in photochemistry [Ref. 1]. Exci-
plexes [from excited complexes] are chemical compounds (complexes) of a
certain stoichiometric composition that are stable in electronically
excited states and are easily dissociated in the ground state unless they
are stabilized by externmal forces [Ref. 2]. An excimer is an exciplex
that consists of identical atoms or atomic groups [Ref. 1, 2]. Following
the suggestion of Ref. 3, it is natural to call lasers based on transi-
tions of exciplexes and excimers "exciplex lasers."

The promising outiook of exciplex lasers, which is due primarily to

their high specific energy characteristics, has led to a great deal of
experimental research devoted to studying them. By now, effective ampli-
fication has been achieved on transitions of dimers R} of heavy inert
gases (R=Xe, Kr, Ar) and mercury Hg} to the ground state, on transitions
between electronically excited states of the helium dimer Hep and monox-
ides of inert gases, and also on transitions to the ground state of the
polyhalides of inert gases RX* (X=F, Cl, Br)! and mercury HgX* (X=Cl,
Br, I)2. Preliminary systematization of rather disconnected information

lExcept ArBr*. A report on lasing in XeI* [Ref. 4] is apparently
due to a misunderstanding.

2The classification of HgX, XeF and possibly XeO as exciplexes
requires an explanation. According to available data [Ref. 5-7], the
energy of dissociation of the ground state of these compounds is much
greater than the average energy of thermal motion under ordinary con-
ditions. The instability of HgX and similar molecules is due to the fact
that they are free radicals, and therefore quite reactive. However, with
respect to structure and properties of excited states, they have much in
common with the other exciplexes mentioned here.
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relating to the properties of exciplex molecules and laser media based
on them has been attempted in survey articles [Ref. 8-18] as experimental
material has accumulated. At the present pace of development of new
results in this field, the actual material presented in these surveys

has become noticeably out of date within one or two years. Besides,

most of these surveys deal with either specific exciplex systems or a
limited number of general problems of amplification on exciplexes. At
present the survey of Ref. 16 might be considered the most extensive in
scope, but it contains considerable errors.

The main peculiarity of the active media of exciplex lasers is that a
stage of chemical conversion with the participation of electronically
excited particles and ion. is necessarily a part of the process of
molecule formation in the upper working state. In the general case, the
relaxation kinetics of exciplex media (with comsideration of plasma-
chemical and radiation processes) 1s very complicated, which makes it
difficult to analyze the problem of amplification on exciplexes. The
solution of this problem requires construction of a sequential theory
that gives joint consideration to the electronic state of exciplexes,
the plasma chemistry of active media, and the behavior of the amplified
emission. As the raw material for this theory we should take the most
important experimental facts, which must be singled out, grouped, syste-
matized and preanalyzed at least in general outline. This is the goal
followed by our survey.

1. Molecular Terms. Optical Characteristics of Laser Transitions

Among the enumerated exciplexes, the helium dimer is the only one for
which the structure of the terms has been established fairly completely
with high experimental reliability [Ref. 19, p 198]. By now, quantum
mechanical calculations of potential curves have been done for Xe; [Ref.
201, Ar, [Ref. 21}, RO [Ref. 22], RF [Ref. 23], XeX [Ref. 24, 25], HgCl
and HgBr [Ref. 26]. A qualitative form of the energy spectrum of mercury
compounds is given for example in Ref. 27 (Hgy) and Ref. 28 (HgX). The
potential curves of some exciplexes are shown in Fig. 1. Here we note
the low energy level of nucleonic terms for the halides RX* and HgX* due
to the fact that the energy of electron affinity of the X atoms is con-
siderable [Ref. 5], while atoms of R* and Hg* are close to the atoms of
alkali metals in their capacity to donate electrons!. The localization

_ of ionic states is unknown for monoxide molecules RO (according to Ref.
34, emission bands of 150 [ArO*], 180 [KrO*] and 237 nm [Xe0] that have
been observed correspond to radiative decay of these states). In contrast
to the halides, between the ionic F and ground X states of RO there are

= terms that correlate with excited levels of the oxygen atom. All states
are covalent for the dimers He¥, R3 and Hgs (the electron affinity energy

lyith this analogy, the authors of Ref. 33 were able to give a good
estimate of the emission wavelength of RX* on transitions from the lower
ionic state to the ground state, including for molecules with lumines-
cence first observed in Ref. 33 and subsequently by other researchers.
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Fig. 1. Potential curves of some exciplexes:

& RA

a--terms of argon dimer

according to Ref. 21, 29, 30 (dimers of xenon, krypton and helium have

analogous structure); b--states of mercury dimer according to Ref. 27;
c--lower states of the molecule KrF according to calculations of Ref.

23, 24 (XeBr, KrCl, KrBr, ArF and ArCl belong to this type); d--terms of

XeF according to Ref. 31 (analogs are XeCl and HgX); e-~R-O system based

on the example of XeO; solid curves from Ref. 32, broken curves -- Ref. 22
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for atoms of R and Hg is close to zero, and possibly even negative [Ref.
5}). The structure of the potential energy curves of the exciplexes de-
termines the characteristic values of possible laser transitions; if we
know this structure, we can also get a better idea of the mechanisms and
kinetics of relaxation of the corresponding active media.

The gain on molecular electronic transition b +a can be written as

U= Wy A_— Ky, ”*=.“—"(GE/E+) lo.M,, &

where G4 is the cross section of the working phototransition; P is the
cross section of absorption of a light quantum on a transition from the
upper working state to one lying above it (for example as a result of
photoionization)l; M, is the population of the upper working state;

k. is the coefficient of absorption on the transition reverse to the
working tramsition; k., is the coefficient of absorption by impurities
and other components of the active medium.

The expressions for 64 and k_ differ considerably in the case of bound-
bound and bound-free transitions [Ref., 35, §8§1, 22]. For photodisso-
ciative and the reverse (photoassociative) transitions, we have [Ref.
35, 36}

5, =(A/4)A Qo (2

where Ag is the wavelength of the amplified emission; A is the proba-
bility of spontaneous transition; Q, is the Franck-Condon factor, i. e.
the square of the integral of overlap of the nuclear wave functions
(here the wave function of the continuous spectrum is normalized to the
§~function of frequency w, so that Q, has dimensioms of time);

#_=0,N \Ng@n g HpT)h £ @I+1) exp [—(En—po T}, (3

where Np, N are the concentrations of atoms A and B that form exciplex
AB; u is the reduced mass of the molecule; T is gas temperature; 7, A
are the vibrational and rotational quantum numbers, Ey7 is the energy of
excitation of the exciplex tc the vibrationmal-rotational state, reckoned
from the electronic ground state of the atoms; hwp is the energy of a
quantum of the working radiation.

The Franck-Condon factor can usually be evaluated from the formula

QulAwpn, (%)

ljust such a possibility of absorption of auwplified emission by the
upper working state is typical of electronic transitions of molecules,
since they have broad absorption bands. As a rule, this effect does not
inhere in atomic and vibrational-rotational transitionms.
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where the effective half-width of the line Awggyj, is obtained by pro-
jecting the points of reversal of the vibrational level of the bound .
state onto the dispersion term, and from there onto the energy axis.
Comparison with experimental data shows that Q;l and the observed half-
width of the spontaneous emission band are close in order of magnitude.

For bound-bound transitions, only the superposed components of the
vibrational-rotational structure are added:

%y = 2{ oY (0) My 0. M,; (5a)
n,
®— =Z Oﬂi ((D)Ma,:ﬂ.z B_Mq, (Sb)
n, I ’
E-i-gb =E-gm (5¢)

where the subscripts b and a denote combining electron states; gp and g,
are their statistical weights; 4, G_ are the effectively averaged cross
sections. The cross section of the phototransition is written analo-
gously to (2):

- "2°A 1
U+~ T _——A‘%b . (23)

but the effective half-width of the strongest line in band Awp, is much
less than A“’paan'

The shape of the spontaneous emission spectra depends on the dipole
moment of the transition and the relative location of the combining terms.
If a photodissociative transition takes place to a steep ection of the
repulsion term and the energy of a vibrational quantum hwj,, of the upper
working state is less than the dispersion energy for the atoms =

Egg ~hwg, then the smooth curve for the distribution of spectral inten-
sity is unimodal and asymmetric. This is typical for example of R¥. On
the other hand if h HonZE , then, as shown in Ref. 37, oscillations of
intensity may show up in tﬁe spectrum that are experimentally observed
(in particular for KrF [Ref. 33] and ArCl [Ref. 34]). In either case,
continuous tuning of the lasing wavelength is possible. The spectra of
bound-bound transitions always have a more or less complicated structure,
and amplification is frequently attained simultaneously in.several
vibronic bands.

While the absolute values of the cross sections of the induced radiation
for bound-bound transitions as a rule are greater than on photodissocia-
tive transitions, amplification is not always attained more easily. Table
1 summarizes values of A and G4 for exciplex transitlons on which lasing
is realized. It should be noted that these numerical characteristics are
rough approximations.
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TABLYE 1

Molecule) Transition nm |, - _ \
Modnexyaa . Mepexon ,A..‘ M R Oy Cl
Xe, | (Of L)-x0f | 172 ()3![39.1)—5[39, 401) X ()22{31_1177 {42
Kry ’ ue | 2510° (OF); —
. 3-104 (1) (43, 4]
arg. | (2 H) - x'zF 126 | 102 (") 107 1,5-10=18s9)
' (2 s
) Hey') | d®zh—s°m, 640 ;'im [46] -
Hg, I,~xof. . 335 | 4,5-10% [47] 0,97-10~18 [47]
<R | B s R
XeF | C@I2~A@/Y 470—480 | 6-10° — 107 [25] 5.10~18 [132)
o |sum-xum | g RPN\ S,
2,5.10-1¢ [17]
: ArF » » 193 [ 108 [89); 2-10° [24] | 2.9-1072 (17)
- XeCl » » 307308 9-107 {25] 4,5.10-1 (17}
) KrCl > » 222 — -
ArCl » > 175 — -
XeBr R > 282 | 5,7.107 [60] 1,5-10~1 [61]
KrBr » > 206 —_ —_
XeO E'Z+ —BIS+ 538—544 | 10+¢ [62) 1017 (63
KrO > > 558 —_ —
ArO ’ > 558 | 2,6:108 [62] 2.10-18 [64]
Hgll | B2, ~ X%, , 558 | 4,5:107 ’[§51 4.5.10-16 (65]
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Table 1 (continued)

Molecule Transition nm - _
Monekyra Nepexog Ay, M A c o, cut
Hgr | B2Z,,, - X2Z 025, 4.3-107 [66) 2,4.10-13 [67]
HgJ » » 434451 3,7-107 [66) ' -

*) The effective values of A were found at rather high pressures.
Typical times of radiative decay of the lower states of R¥ show con-
siderable dependence on the density of the gas (see for example Ref. 39,
68—70) This is due mainly to strong collisional mixing of populations
of O and I, [Ref. 71]. Many researchers feel that the upper laser state
of R§ is 0*(12"') alone.

*%) The follow1ng values were used in the estimation: A=3:107 s~
Awpaan 0.5 eV [Ref. 12].

*%%) Under the same conditions, less intense lasing has been achieved
[Ref. 72] on other bound-bound transitions of He%: Ap=400, 403, 454
_ and 513 nm,

For excimers R%, the corrections 6}2/6_,_ in (1) are due to photoionization.
Usually photoionization can be disregarded as a consequence of the greater
width of the photoionization band as compared with the photodissociation
band. The problem of the ratio between the photoionization and photo—
dissociation cross sections was qualitatively discussed in Ref. 73.
According to calculatlons of Ref. 74, the cross section for photoioniza-
tion of Ar3T} at A =126 mm is about 4 10-19 cm?, 1. e. it is considerably
less than the estimated [Table 1] photoionization cross section. Tran-
sitions to repulsion or bound states lying above b are more likely than
photoionization transitions. The effect that they have on the shape of
_ the lasing spectra and gain is considerable for exciplexes that emit in
the relatively long-wave region. In Ref. 58, 75, a continuous band was
observed, and also a set of narrow absorption lines between the peaks
(248.5 and 249.5 nm) of stimulated emission of KrF*, belonging to tran-
sitions from the working term to the covalent term, correlating with
Kr*( P) +F. In Ref. 28 the authors observed formation of highly excited
atoms of Hg(73S 1) accompanying laser photolysis of HgX, vapor. This was
attributed to dissociative excitation of HgX*(B? 212) due to absorption of
- self-radiation. The authors of Ref. 76 used a similar argument to explain
failure to achieve lasing on the proposed transition 0+—X0+ of the mercu-
ry dimer (A =485 nm)!

17t can be concluded from Ref. 27 that there is no state 01' in the
group of lower states of Hgk, and emission of the 485 nm band corresponds
to photodissociative decay of trimers Hg% rather than the dimers.
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Losses of amplified radiation determined by kcp will be briefly discussed
in Section 4.

2. Experimental Conditions for Achieving Lasing

Tables 2 and 3 give some data on experiments in which amplification has
been achieved on diatomic excimers and exciplexes. Since problems of
organizing optical feedback are nonspecific for exciplex lasers, we have
given information mainly that determines the properties of the active
media. Brief explanations are given below.

2.1. Pumping method. The use of high-current relativistic (subrela-
tivistic) electron beams as the energy source is the most universall and
productive method of producing exciplex active media. Lasing (depending
on the nature of the exciplex and a number of other factors) is realized
with the following typical beam parameters: electron energy ~0.1-2 Mev,
current density ~6-103 A/cm? (total current up to 150 kA), current pulse
duration ~2-1400 ns. Let us note that the capabilities of present-day

electron beams are not restricted to these limits (see for example
Ref. 182).

Electric discharge methods are used to exciitc laser transitions corre-
sponding to large values of 64 (RF*, HgX*): a s21f-maintained trans-
verse discharge (TE-lasers) and its modifications utilizing preionization
(electric, light beam, electron beam, x-rays [Ref. 151], radioisotope
emission [Ref. 183]); a discharge in the traveling wave mode (this tech-
nique has been used to achieve amplification on ArCl* and KrBr¥* [Table 3]
for which the 64 are relatively small); capacitive discharge [Ref. 126].
Series electric~discharge lasers have been developed [Ref. 184] that
operate on XeF*, KrF* and ArF*. The characteristics of exciplex electric
discharge lasers can be widely varied by modifying the design, but their
capabilities are limited by the development of instabilities with break-
down of dense gases (discharge pinching, arc ignition and so on).

Arrangements for optical pumping of exciplexes [Ref. 185-183] were being
discussed even beiore the development of th» first exciplex lasers. For
a long time, this method was used to achieve lasing only on bound-bound
transitions of RO, XeF, HgBr and HgCl. Recently amplification has been
realized on the photodissociative transition C(3/2) +A(3/2) of the
molecule XeF [Ref. 133, 134].

The possibility in principle of nuclear pumping of excimers and exci-
plexes has been demonstrated in experiments [Ref. 85, 190]. When a
nuclear charge is exploded, irtense superluminexcence of Xe¥ is observed
in nearby tubes containing dense xenmon [Ref. 85]. Amplification in XeF*

 There is no basis for assuming that beam pumping is ineffective in
the case of KrBr*, ArO* and HgI* since no serious attempts have been made
to trigger lasers as yet by an electron beam in these exciplexes.
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Explanation of column headings for Table 2:

N--density of particles of the medium, cm™3

10, Q~-pumping duration and specific power, ns and MW/cm3

At, t--amplification delay and duration, ns

Adgps AAHHA——bandwidths of spontaneous and induced emission respectively
- Wru——peak power, kW

ep—energy of laser radiation, J

L--length of the active region, cm

k--gain, cm™!

ncp—-efficiency of energy conversion in the medium, 7%

T--gas temperature

Numbers in parentheses show authors' estimates of k. An electron beam

was used as the pumping source everywhere except Ref. 85.

Key to tramslation of remarks in Table 2:

l--Angular divergence less than 5 mrad

2~-Laser radiation energy is increased with the addition of argon;
maximum gain is realized at higher pressures

3--The resonator mirror was burned through

4--Ribbon beam

5--Optimum particle density for Xe is N=4.7-1020 cn™3; maximum peak
power is not attained in mixtures

6--The pumping source was gamma radiation of a nuclear explosion; ampli-
fication was not observed at N<2.8-1020 cm™

7--Lasing intensity falls off with increasing gas temperature; mixtures
are more efficient than pure Xe

8--At 19 =2.5 ns the lasing intensity is lower for mixtures, and at
79 =50 ns it is greater for the mixtures than for Xe

9--Tuning of wavelength over a range of 169.5-174.5 mm

10--Tuning of wavelength over a range of 169-175 nm

11--Gas purity 99.99%

12--Purification of gas after each pulse increases laser output

13--Linear increase in peak power with increasing particle density

14--The position of the maximum in the spectrum depends on pressure

was achieved in Ref. 190. A tube containing a mixture of NF3-Xe-Ar
covered inside with a thin layer of boron (isotope “'B) was exposed to a
neutron flux from a pulsed reactor. The direct source of pumping energy
was the nuclear reaction 1%B(n,a)’Li.

In Ref. 191 a proton beam was first used to stimulate an exciplex laser
transition. Here are some of the characteristics of this laser: proton
energy ~450 keV, current demsity -10 Alcm?, 19~ 5) ns, mixture NF3:Xe:Ar =
1:5:194, p—1 atm, Q> 1.5 MW/cm3, 7-10-20 ns, €, up to <0.05 J, L<7.5
cm, k<0.052 em™?!, Nep Up to 2.7%.
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Explanation of column headings for Table 3:

p--pressure, atmospheres

0, (Q--pumping duration and specific power, ns and MW/ cm3
At, t--amplification delay and duration, ns

Wrun——peak power, kW

ep-—energy of laser radiation, J

L--~length of the active region, cm

k-—gain, cm!

nep—efficiency of enmergy conversion in the medium, 7%
Ag--lasing wavelength

Key to translation of remarks in Table 3

1--xg =353, 351 and 349 nm; repetition rate 20 Hz
2--Repetition rate up to 100 Hz
3--Optimum pressure about 3 atm
4--Preionization increases the output of laser emission by about 307%
5-~-Mode~locked operation
6--Laser pulse starts before activation of discharge; discharge becomes
unstable within about 80 ns
7--Lasing on six vibronic transitions
8-~Amplification of ultrashort pulse of the third harmonic of a neodymium
laser
9--Divergence of about 0.2 mrad or less
10--Repetition rate 200 Hz; average power 52 mW
11--Tunable laser: Ag =353, 351, 348 nm; optimum pressure about 5 atm
12--Lasing threshold reached at specific pumping power of 20 kW/cm® or
more
13--Amplifier
14--Mixture compositions varied over a range of 1:(2-15):(50~2000)
15--When neonwas substituted for argon, the ey and ncp were more than
tripled
16--Divergence about 1 mrad
17--When neon was substituted for argon, the output power was tripled;
emission threshold was reduced
18--Repetition rate up to 500 Hz; average power up to 3.3 W; circulation
of the working mixture
19-20—-Intensification of laser signal with application of electric field
falls off with increasing pressure. Optimum pressure p=3 atm.
Strong dependence on NF3 concentration
21--Lasing does not occur when argon is substituted for He or Ne. Cavity
of waveguide type. Optimum at pressure of about 100 mm Hg
22—-Lasing in the superradiation mode
23--Beam interruption was accomapnied by pinching of the discharge and
cutoff of lasing
24--Repetition rate up to 50 Hz
25--n¢p depends nonmonotonically on the initial temperature of the mix-
ture: the maximum ngp for p=3 atm is reached at T=450 K
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Key to Table 3 (continued)

26--At ) =488 and 476 nm, amplification of up to 8% per trip through the
cavity is recorded; energy input about 0.1 J

27--Pumping by radiation of an open discharge; Ao =470 nm, Alyyg =30 nm

28--Pumping source was superluminescence of Xed. Ag =480 nm; AAyyn=

12 om. Addition of SFg increases the laser output.

29--Xg = 248.4 and 249.1 nm

30--1g = 248.5 and 249.5 nm

31--Repetition rate up to 100 Hz

32--Output energy increases with pressure

33--Preionization increased laser output by 50%

34--Two lasing pulses

35--Divergence of 0.2 mrad or less (with unstable cavity)

36--Lasing threshold at Q=20 kW/cm3

37-~Amplifier

38--Composition was varied

39--Absorption of radiation by the CF, molecule was observed in the
lasing band

40--The most effective fluorine agent is NpFy

41--Repetition rate up to 400 Hz; average power up to 3.3 W

42~-Tuning of Ay in a range of 2 nm

43--Rise time of pumping pulse about 2.5 ns

44--Both direct and reverse beam currents were used for pumping

45--When argon is substituted for He, the e fell to 1/4 the initial
value. Optimum pressure about 500 mm Hg. Cavity of waveguide
type

46--Optimum pressure about 2.5 atmospheres without preionization, and
4 atmospheres with preionization

47-48--With rapid circulation of the mixture, a repetition rate of
f=1 kHz was attained with average lasing power of 10 W

49--Optimum mixture. The ncp was somewhat lower (about 4.5%) without Ar

50--Pressure optimum not attained

51--The composition was varied

52--Tunable laser. Tuning range 0.9 nm, €, increases with p

53—-Tuning of Ay over a range of 2 nm

54--CCl, less effective than Clj

55--CH3C1l, CH,Clp, CoHyCl, are less effective

56--XZ =HCl, Cly, CCly, BCl3z. HCl is most effective. Lasing on six
vibronic transitions

57--XZ = CCl, (most effective), CH,Cl,, CHClj3, CoHyCl,, CoF3Cl3, CoHCl3

58-~Repetition rate up to 400 Hz; average power up to 1.6 W

59--)g = 308.43, 308.17, 307.92 and 307.65 nm. No reduction in laser
output was observed even after 16,000 flashes

60--Optimum at p= 4 atm °

61--f =10 Hz, circulation of the mixture in a closed cycle through a
molecular sieve. After 1.8-105 flashes, the lasing energy had
only fallen off by a factor of 2.

62--After 6000 flashes lasing intensity fell to one-half

-
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Key to Table 3 (continued)

63--See also Ref. 14

64--Optimum pressure depends on HBr content. Short work life (in con-
trast to HCl)

65--XZ =Br,, CyFyBr,, CoHyBr,, CHBr3. Best results obtained with CyF,Brj.
At falls with increasing pressure

66--The composition was varied. Optimum pressure about 1.5 atm. Lasing
energy depends nonmonotonically on the content of components. No
lasing was observed at temperatures above 210 K.

67--T >225°C, e and n_, increase when nitrogen is added to the mixture

68--T =400 K. Pumping source Xe, laser

69--T =125°C. Pumping source ArF laser

70--T = 246°C. Pumping source was an open high-current discharge

71--T = 225°C. Lasing on six lines in the 443-445 mm band

2.2. Initial medium. The working mixtures listed in tables 2 and 3 are
gas-phasel. The particle density N (pressure p of exciplex media) lies
in a range of 5-1018<N<2.1021 em™3 (0.15€p<70 atm). The necessary
density is frequently attained by adding a buffer gas (Ar, Ne, He, Np,
SFg) to the mixture, primarily to increase the specific absorbed energy
and accelerate relaxation processes. The concentration of buffer gas
may be of the order of 99% or more (for RX* and HgX*). Lasing is often
unattainable without buffer gas additives. We note that changing from

a heavy buffer gas to a lighter one as a rule is accompanied by a reduc-
tion of the lasing threshold and increased laser output Ref. 86, 117,
122 and elsewhere]. Vice versa, when a heavy buffer gas is substituted
for a lighter one, the lasing characteristics deteriorate to the point of
disappearance of emission (especially in electric discharge lasers) [Ref.
115, 126]. Apparently the curve for emission intensity as a function of
N passes through a maximum for all exciplexes.

In the case of lasing on heteronuclear exciplexes (RX*, RO%, HgX*), the
initial medium usually contains from two to four components. Im addition
to the free halides and oxygen, the chemical compounds of these elemenets
are frequently used as their donors. Sometimes different researchers
diverge considerably in their quantitative "recipes" for the same com-
positions of active media. One may also encounter contradictory recom-
mendations on the effectiveness of different halide donmors. Here the
problem of optimizing the medium with respect to composition and density
is one of the most important jobs, and also one of the most complicated;

lRef, 192, 193 report onset of a directional effect and narrowing
of the spectral line of luminescence of liquid xenon when it is exposed
to an electron beam. These reports stimulated the development of gas-
phase excimer lasers. An attempt to stimulate a laser transition in
solid xenon was unsuccessful [Ref. 194]. See Section 6 concerning
amplification in solutions containing polyatomic organic exciplexes.
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$o0 far there has been no theoretical resolution of this question in any
cases.

4.3. Energy characteristics. To achieve lasing, it is necessary to
exceed the threshold values of the specific input power Q or energy Q
(for pumping with a short pulse). No systematic studies have been done
on the threshold characteristics of Q and Q as a function of the proper-
ties of the medium and pumping conditions. An experiment has been done
[Ref. 113] in which the measured threshold value of specific power was
about 20 kW/cm3 for XeF* and KrF*. This value of Q is indicative for
the specific media and pumping method. An estimate of this quantity for
lasing on XeCl, according to data of Ref. 161, gives Q% 3 kiW/em3. 1In
Ref. 190, noticeable amplification (after many passes through the cavity)

on XeF* is achieved with specific power of nuclear pumping of only
40 W/cm3.

Estimates of laser efficiency rely on the actual efficiency of the
facility n, the efficiency of energy conversion in the medium Nep and

the quantum efficiency Ng- In these estimates Nep =ep/eqan, where € is
the energy of the extracted laser emission, €ugn 1S the energy of the
source, including the active volume, e, =hwg/Ey (Ey is the average energy
expended in forming one exciplex molecule). The quantum efficiency is
usually measured in tens of percent; however, Nep S0 far has not risen
above 7% [Ref. 153]1. It should be noted that estimates of Nhyan are not
always reliable (e. g. in Ref. 157). It is natural to expect the maximum
quantum yield in the case of selective arrangements for stimulating a
laser transition (optical pumping). The theoretical value of n, for a
beam is somewhat lower than for a discharge, but as a rule the efficiency
of conversion n¢p is higher. Also higher are the power and energy charac-
teristics of beam-controlled exciplex lasers: eylleB J, WHHHH 2 GW

[Ref. 140]. Ref. 196 reports attainment of €n® 350 J (KrF*, electron
beam); it can be anticipated that we will shortly achieve a laser emission
energy €, of the order of 1 kJ or more.

2.4. Time characteristics. A laser signal delay with respect to the
pumping pulse is typical of exciplex lasers. The duration of the delay
depends in a complicated way on the pumping parameters and the compo-
sition of the medium. The delay time usually decreases with increasing
density of the medium and intensity of energy input. At high pumping
powers, excimers R¥ usually show early interruption of lasing due to
destruction of the cavity mirrors and overheating of the gas (for more
detail see Ref. 12, 35 and below). The longest amplification pulses on
exciplexes have been attained with comparatively weak pumping. One of
the principal tasks in looking for ways to increase the efficiency of
exciplex lasers is to match the duration and specific power of pumping
to each other and the parameters of the medium and to optimize compoegition.

lRecently by optimizing optical feedback conditioms, Nep was brought
up to 11.4% [Ref. 195] (KrF*, electron beam, €,% 80 J).
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The possibility of achieving continuous lasing on exciplexes so far
remains unclear. Lasing duration in experiments with electric discharges
has been brought up to about 1 ps [Ref. 109, 125, 129], with optical
pumping -- to about 10 us [Ref. 62, 64], and with nuclear pumping [Ref.
190] amplification has been observed for about 30 ms. We note that there
are electric discharge lasers that operate in the pulse-periodic mode.

A pulse repetition rate of 1 kHz has already been achieved in the case of
KrF* [Ref. 152]. Attempts to develop an excimer laser on Xe¥ with a

pulse repetition rate of 10 Hz were undertaken in Ref. 197, but apparently
were unsuccesful.

2.5. Temperature dependence. Usually the initial temperature of the gas
mixture 1s close to room temperature. Sometimes the necessary density
of the vapor of the working materials is created by preheating (for
example in experiments with mercury and its salts).

No detailed investigation has been made of the influence that tempera-
ture has on lasing; however, it is clear that there are critical tem-
peratures T,y above which amplification is interrupted. This effect may
be due to an increase in the photoassociation coefficient (see Ref. 12,
35, and formula (3)), thermal dissociation of the upper working state,
the destruction of this state by electron impacts with increasing con-
centration as the temperature rises (see for example the calculations of
Ref. 73), or to other causes. In Ref. 86 an abrupt drop in laser emis-
sion of Xe¥ was observed when the initial temperature of heavy particles
was increased from 240 to 350 K. In pumping of xenon by a high-power
beam [Ref. 81], not only was lasing interrputed, but the intensity of
spontaneous emission dropped as welll, 1In experiments with XeO* [Ref.
62, 172] the duration and intensity of the laser signal increased with
falling temperature to 160~170 K. In the case of stimulated emission of
XeF* in a supersonic flow [Ref. 122] the gas temperature ranged from room
temperature down to about 80 K. Some decrease of intensity was noted

at temperatures below 120 K. In Ref. 199 when a working mixture of
F,-Kr-Ar pumped by an electron beam was heated from 150 to 400 K the
intensity of spontaneous and induced emission of KrF* increased about
ten-fold, and above 400 K the increase changed to an abrupt drop. In
mixtures containing no argon this effect practically disappeared. No
such analogous behavior was observed for mixtures of Ar-Xe-F,. In Ref.
131 a mixture of Ne-Xe-NFj3 was heated to about 500 K from room tempera-
ture. It was found that beginning at approximately 350 K the laser
output increases and reaches a maximum, after which it begins to fall
once more. As the initial pressure of the mixture increases, the maximum
Nep is reached at a higher temperature. These facts show the complicated
interdependence of the properties of the active medium and pumping con-
ditions.

lAttenuation of the intensity of luminescence of Xed with increasing
temperature has also been observed in Ref. 198.
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3. Mechanisms of Formation of the Populations of Working Levels

3.1. Purification of the lower working state. In lasing on photodisso-
ciative transitions, the lower state is quite rapidly depopulated due to
dispersion of atoms. The dispersion time [see Ref. 12] is determined

by the slope of the ground term in the vicinity of internuclear distances
of the transition. For molecules with a fairly steep repulsion term the
condition of predominance of photodissociation over photoassociation
boils down primarily to the requirement of a low gas temperature:
T<:Tcr*70.1 eV (for more detail see Ref. 12, 35). TFor some polyhalides
with a mildly sloping ground term (for example XeBr¥, KrF*), electron
sticking and other collisional processes may be additional channels of
purification of the lower level.

In amplification on bound-bound transitions of exciplexes, collisional
purification is predominant. In mercury polyhalides, apparently the
major role is played by vibrational relaxation of high (n~20) vibrational
levels of the ground state: according to estimates [Ref. 180], at p~1
atm the time of vibrational de-excitation is <10 ns. Besides, in the
case of HgX, and to a greater degree for XeCl and XeF, it is possible
that the molecule in a highly excited vibrational state may be dissociated
by collisions with heavy particles. Calculated values and measurements
of the rate constants of dissociation of XeF in helium and neon are given
in Ref. 200, 201. The authors of Ref. 131 attribute an increase in ng
when a mixture of Ne-Xe-NFj is heated chiefly to accelerated thermal fs-
sociation of XeF X(1/2). Among the other mechanisms of purification we
note de-excitation by electron impact (He3) and predissociation (RO%) .
In contrast to photodissociative transitions, the problems of purifi-
cation on bound-bound transitions of exciplexes are analogous to a great
extent to those encountered in lasing on atoms (see Ref. 35, Chapter 5)

- and stable molecules.

_ 3.2. Channels of population of the upper laser level. The simplest case
of a single-component active medium in which excimers R¥ are formed was
discussed in some detail in Ref. 8-10, 12, 35, 73. The formation of
populations of heteronuclear exciplexes is much more complicated. So
far the available data can give us only a general idea of the pattern of
relaxation of a complex composition.

Elementary acts of interaction of a source of energy with a medium as a
rule do not lead to direct population of the upper working state of
exciplexesl. Tonization of the medium and formation of excited atoms are
the major processes on the pumping stage. Mixtures that contain stable
compounds of xenon (XeF;) and mercury (HgXp) are an exception: exci-
plexes XeF* and HgX* are effectively formed by dissociative excitation of
the molecules of these compounds [Ref. 65, 121, 178-181]. Let us note

1The formation of exciplexes by photoassociation or excitation by a
fast electron in a ternary collision is unlikely.
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that amplification arrangements based on chemical dissolution of stable
substances may hold promise, in particular in the search for new lasing
exciplex media (research of this kind should be done for instance with
the higher fluorides, oxyfluorides and oxides of xenon, HgF,, organo-
mercury compounds and so on).

Recombination relaxation of a multicomponent plasma takes place through
several atomic and molecular channels that are intensively mixed as a
result of plasma-chemical reactions. Elastic and inelastic collisions
determine the concentration and energy distribution of the electronic
component of the plasma [Ref. 35, Chapter 4]. Channels of losses of
electrons and positive ions include:

dissociative recombination, for example:
AB* +e— A*+4-B; (6)

ternary recombination, for example:

AttetY— A*+Y (7a)

(Y=e, A; R' is an atom of inert buffer gas);
AftetY—AN+Y, (7b)
AB++et+Y— AB*+Y (e. g. see Ref. 202); (7¢)

sticking of an electron to neutral particles, for example:

‘AB--e— A+B-; (8a)
B+e+Y—B-+Y (8b)

(Y is an unexcited neutral particle).

For slow electrons the rates of processes (8) are quite considerable

[Ref. 203-207]. It should be noted that in media with a high content of
electronegative molecules (halides X, their compounds XZ, etc.) an ionic
plasma may even be formed in which heavy particles carry the main nega-
tive charge. This may involve new effects (for more detail see Ref. 208).

A negative and a positive ion may recombine both in a binary process
(charge exchange)

A*+B-— A*+B, 9

and in ternmary collisions

(10)
A*+B~+ Y- AB*+Y.
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Processes (10) predominate in a dense medium (N> 1018 ¢m™3). The coef-
ficients of reaction rates for these processes were recently calculated
for A=Y =He, Ne, Ar, Kr, Xe and B=F [Ref. 209]; A=Hg, Y=Ar, B=F,

Cl, Br, I [Ref. 210]; A=Kr, B=F, Y =He, Ne, R [Ref. 211]. It was shown
in the latter research that the coefficient of the reaction rate of (10)
depends on the type of Y, and reaches a maximum at different densities N
for different buffer gases. Ion-ion recombination with the participation
of molecular ions may take place in analogy with (10) or by dissociative
mechanisms, in particular [Ref. 115]:

Af + B-— AB*+4,

A++BZ-— AB*+Z. (1)

Let us now enumerate the most important reactions that intermix atomic
and molecular states. In addition to (6), (7), (10) and (11) these
include the conversion of atomic ions, for example:

A+4-B+4+Y— AB++Y (12)

(molecular ions may interact analogously); collisional association, for
example:

A*+B+Y—> AB*+Y; 13)

transfer of a molecule to a dispersion term by electron impact
AB*+e¢— A*4B+e; (14)

transfer of excitation and charge exchange with interaction of particles
made up of dissimilar atoms (see 17, 199, 212); substitution reactioms,
for example:

A*+BZ— AB*+Z. (15)
Among the most important channels of formation of excited states of
exciplexes are processes (10), (13) and (15). Dimers, including He¥ and
Hg¥ are formed chiefly by association of an excited and an unexcited

atom. It is conventionally assumed [Ref. 62, 171, 213] that a major role
in populating RO* (E!Z¥) is played by the reaction R+0%(1S) +R +RO* +R.

Reactions of type (15) are especially effective when they take place by
the harpoon mechanism (see Ref. 214, 215):

A*4+BZ—> [A*B-Z]-» AB*-+Z. (15a)

In this case the exciplex AB* is formed in one of the ionic states. The
rate constant of the harpoon reaction is determined by the relation
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between the electron bonding energy in atom A*, the electron affinity
energy for BZ and B, the depth of the ionic term AB* and energy of
rupture of the bond B-Z in the negative ion BZ™. This dependence shows
up in the considerable scatter of values of this rate constant for
different A* and BZ. When A=Xe, Kr and BZ=Cl,, F,, the cross section
of the harpoon reaction may reach ~10~*% em? [Ref. 216]. However, this
does not imply that the main channel of formation of exciplexes RX* is
associated with excitation of R and subsequent drift into the harpoon
reaction. Actually, interaction of R* with other halide donors is
sometimes considerably less effective, up to the point where RX* mole-
cules as a result of reaction (15a) are practically unobserved. In
particular, this is the situation in the case of XZ=SFg [Ref. 216].
Nevertheless, emission has been achieved on mixtures of R'-R-SFg [Ref.
101, 118, 129]. The experimentally established effectiveness of SFg,
HC1l, HBr and other halide domors that are not active with respect to
(15a) is apparently due to the fact that population of AX* (A=R, Hg)
in a plasma of composition R'-A-XZ takes place chiefly due to ion-ion
recombination (15). This is indicated by the high values (up to 3-10°6
cm3/s) of the rate constants of (1C) as calculated in Ref. 209-211,

and theresults of numerical modeling of the kinetics of such media (see
Ref. 217 for example), and also to some extent by the fact that it has
not been possible to achieve lasing in such media so far by selective
pumping.

3.3. Destruction of the upper laser level. Side reactions. For hetero-
nuclear exciplexes, just as for excimers, destruction of the upper work-
ing state may take place due to the working radiative transition (it is
desirable that it should predominate), collisions with electrons (of the
first and second kind) and excited particles (see Ref. 12, 35). In con-
trast to excimers, reactions of quenching by unexcited particles of the
working components of the medium may be important for many exciplexes.
For example the effective rate constant of quenching of Xe# by Xe atoms
is small (about 10™!3 cm3/s [Ref. 38, 39), and this process shows up at

- Nxe>>6-102° ecm™3. At the same time, quenching of AX* by molecules of the
halide domor, atoms of A, and even buffer gas atoms! cannot be disregarded
even for much lower demsities of the corresponding components.

Table 4 gives the rate constants of interaction of some exciplexes with
various quenching agents (see also Ref. 225, 226). It can be seen that
XZ molecules are quite energetic quenching agents. A high rate is also
typical of three-particle reactions of RX* with atoms of imert gases,
especially in cases where three-atom exciplexes RyX* are formed. It must
be pointed out that mechanisms of quenching processes have not yet been
adequately studied, and the measured values of the constants are not

- always reliable, since analysis of experimental data usually involves
the simplest models of relaxation kinetics in the afterglow without

1The reduciion of losses of excited particles due to quenching is
one of the major reasons for using buffer gases.
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TABLE 4

Rate constants of quenching of some exciplexes

Sxcu-

nAeKC )
(l) (2) X2F KrF ArF HgCl
Tymx-
TeA>
3,5-10-10 [168]; | 4,810 [S4];
Xy 3,3.10~10 [218]; | 7,8-10~10 {220]; | 1,9.10~%0 1,3-10— {223]
3,0-10-10 [219]; | 5.7.10-0 (55] | [221, 222]
) 1,2-10-10 [49]
1,5-10-1 [218];
NF, 2/8-10-1 [168]; _ - -
33.10-13 [49]
AX, 3,5-10-10 [48] | 1,4-10- [54] - 9,2.10-11 [65]
4101 [168, 51J; - _
He 2.10-13 [49] 5.10-1¢ [223]
7,7.10-13 [168];
Ne 3710~12 [49] - - -
Ne+ Ne | 2,5-10~33 [219] - - -
Ar 1,6-10-12 [218] [ 1,8.10-1 [54] | 9.10~13 [221] | 5.10-1¢ [223]
1,5-10-33 [224] | 1,1.10~32 (54] | 4.10-21 [221] —
Ar+Ar 5,3-10—3: [229]
Kr — 2.10-13 [220); | 1,6-10~% [221] -
8.6-10-13 [54]
Kr + Kr — 6,7-10~31 [220};
21910~ [55]; - -
9.7.10-31 [54)
2,9.10-11
(218, 219); ' ‘ .
Xe a 9.10-11"[168]; - 4,5-10-° [221] | 2,4.10-12 [223]
6.0-10-11 [49]
Xe + Xe | 2,4-10~29 [168] - _ —
N, 4,6.1012 [218] - - 5.10-1¢ [223]
co, 1,6-10~10 [218] — - —
HCl ' - - - 8,6-10-1 [223]
ccl, - - - 1,2-10-10 [223]

Note: Rate constamts in cm3/s for binary reactions, cm®/s for ternary

KEY:

1--Quenching agent; 2--Exciplex
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consideration of the possible influence of intermediate products, tran-
sitions to other than the ground state of the exciplex (for example see
Ref. 225), self-quenching and so on.

Among the numerous side reactions in exciplex media, mentic. »aould be
made of the formation of three-atom particles -- ions and molecules
[Ref. 199, 227]. Almost nothing is known about how relaxation takes
place in a three-atom channel. We also mention parasitic processes
of transmission of excitation to oxygen or halide donors, for example:

R*+N,0— N;-+R+0 (16)
XZ* +R;
r X*+R+7Z;
° R* + XZ~ Z"-:R-i—X; an
' X+Z+R.

When the energy of R*(R3) is sufficient for excitation of BZ, processes
: of type (16), (17) effectively compete with (15a)!. This explains the
increasing difficulty of achieving amplification on exciplexes RX* with
a reduction in the ordinal number of R and an increase in the number of
X. For instance in a mixture of Ne-F,, a laser on the NeF* tramsition
could not be triggered [Ref. 228], although it was pessible in this case
to achieve emission on F%. Media of R'-Xe-XZ lase not only on XeX*, but
on atomic and molecular lines of the halide as well (for example F*
[Ref. 128], Br3 [Ref. 169]).

Side processes can be only partly suppressed by regulating the density
and composition of the working mixtures. In addition to quenching reac-
tions they are one of the reasons for low values of n.,. This is due
both to losses of excited particles, and to the formatgon of products
capable of absorbing amplified emission (see Section 4). Estimates of
the relative output of RX* as calculated per atom of R* give about 0.3
for XeBr* [Ref. 230], and about 0.5 for XeF* [Ref. 190]. The approximate
composition of active media R'-R-XZ with regard to the products of side
reactions is illustrated by the diagram of population of RX* in Fig. 2.

Among the side processes that are capable of increasing the service life
of exciplex lasers are reactions of regeneration of the halide or oxygen
donor. The diminution of donor molecules in the process of formation of
the active medium leads to a deterioration with time in the emission
output parameters that shows up particularly strongly in lasers that
operate in the pulse-periodic mode. Spontaneous chemical regeneration
of the donor in the working volume, if it is possible, as a rule takes
place much more slowly than relaxation of electron excitatiom. For
example let us point out that the rate constant cf recombination of

IThe principle of transmission of excitation from metastable atoms
is used in schemes of lasing on X§ (see Ref. 13, 228, 229).
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Fig. 2. Fundamental scheme of populatioh of the upper working state of
RX* in a plasma of composition R'-R-XZ

fluorine atoms in helium is about 6:1073% cm3/s [Ref. 231]. It should be

- added that X and O atoms may diffuse to the walls of the working chamber,
and once there enter into quite active chemical interaction. So far, Hecl
has shown the best capacity to regenerate [Ref. 163] (chain reaction of
chlorine with hydrogen). After 16,000 lasing pulses on XeCl without a
change of gas, there was no loss of lasing energy [Ref. 163].

4. Losses of Working Radiation in the Medium

Photoabsorption of uncontrollable impurities may make an appreciable
contribution to Kepe This process is most appreciable for excimers and
exciplexes with high energy of a quantum of the laser transition: R3¥,
ArCl*, ArF*. In the vacuum ultraviolet, the cross sections of absorption
by molecular gases frequently exceed ~10~!7 cm3. The influence that the
purity of the gas used has on lasing parameters has been shown by ex-
periments with Xe¥. For instance, the laser triggering reported in Ref.
84 had been preceded by an unsuccessful attempt by the same authors

[Ref. 232] on the same installation with insufficiently pure gas.

In Ref. 95, the xenon was purified after each flash, and the lasing energy
increased. i

Considerable absorption losses may take place directly in the initial
components of the working mixture. Usually these can be reduced by
adding a buffer gas. These losses may also have an influence on the
efficacy of various halide donors. But even choosing initial substances
that are practically transparent to the emission being amplified is no
guarantee of absence of absorption in the activated medium. Studies of
absorption in exciplex laser media have shown that absorption depends in

a complicated way on wavelength and mixture composition, and is character-
ized by different dynamics than amplification (see Ref. 51, 58, 200).
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Therefore it is natural to assume that absorption is due to the numerous
products of plasma-chemical reactioms.

Little is known about absorption by excited particles. According to

the calculations of Ref. 233, photoionization cross sections in the
100-300 nm wavelength reglon for lower metastable levels are less than
10-1% cm? for Ar, Kr and Xe, less than 2:1071? em? for Ne, and less than
2+10718 cm? for He. The photoionization cross section for Ar¥ found in
Ref. 74 is much greater: at the maximum on A= 320 nm it reaches 10716
cm?. Apparently the dimers of other inert gases must also have photo-
ionization maxima in the near ultraviolet; however, it is not yet clear
what role these molecules play in the absorption of working radiation of
exciplexes like XeX. The most considerable absorption losses may be
assoclated with the excited particles that are formed in appreciable
concentrations. The authors of Ref. 17 suggest that the main contribution
to absorption on lasing lines of KrF* is from Kr,F* exciplexes, although
the estimated cross section >f this process given in Ref. 17 is rela-
tively small: of the order of 1.6:10718 cm2.

Rather large cross sections are typical of electron photodetachment from
a negative ion, especially for halides X~ (of the order of 10717 ¢em? or
more [Ref. 234, 235]). Ref. 58 notes that photoabsorption on bound-free
transitions of molecular ions (of the R3, R'RY type) has a considerable
effect on lasing on RX*. Subsequent theoretical calculations [Ref. 31,
236-238] and experimental studies [Ref. 236, 200, 239-241] have basically
confirmed this conclusion. For example in the case of Arz we tnow the
position of the peak is about 292 nm, its half-width is about 90 nm, and
the cross section in the maximum is about 10717-10716 cm2.

The dynamic behavior of the coefficient of absorption of the active
medium is determined by the instantaneous microcomposition and tempera-
ture. The reason for the increased intensity of laser emission of KrF#
and XeF* with increasing T that was observed in Ref. 131, 199 may be

due not only to the temperature dependence of the kinetics of processes
that form the population of the upper laser level [Ref. 199], but also

to thermal destruction of radiation-absorbing intermediate compounds such
as KrpoF*, F~, and possibly Arz, ArkrT and ArKrF* as well. Let us note
that the temperature also influences the effective (averaged with respect
to internal degrees of freedom) absorption cross sections of molecular
particles [Ref. 236, 237]. An abrupt fall-off in the intensity of lumi-
nescence of exciplexes above 400-500 K may be due in large measure to
photoassociation and chemical radiative collisions [Ref. 189].

5. Nature of Nonequilibrium of the Active Medium
The basis of the active medium of exciplex lasers is a nonequilibrium
plasma. Depending on the predominance of ionization or recombination

electron flux in the plasma, suc.. 2 medium is called ionization-nonequi-
librium or recombination-nonequilibrium (see Ref. 35). Knowledge of the
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type of nonequilibrium is important in particular because subsequent
improvement of the laser characteristics in these thermodynamically
opposite cases 1s usually realized by opposite meaas. For example, to
intensify the ionization mode we must achieve considerable separation of
the electron temperature from the gas temperature, while to intensify the
recombination mode we must do the opposite, minimizing the electron
temperature (for instance by using a light buffer gas).

In cases where relaxation with respect to electronically excited states
is determined by collisions with plasma electrons, the characteristic of
the type of nonequilibrium and its measure may be deviation of the elec-
tron temperature T, and concentration Np from Saha distribution. In the
case of appreciable influence of plasma-chemical reactions (dissociative
recombination, electron sticking and so on) the degree of ionization (as
well as the concentration of heavy charged particles) no longer depends
only on the electron temperature, but also on the gas temperature, so that
we cannot use a simple nonequilibrium criterion. It is necessary to make
a direct comparison of the contributions made by the different fluxes to
population of the upper laser level. At present the possibility of such
a comparison is quite problematic, and therefore we must judge from
indirect data.

The nature of nonequilibrium of the active medium for excimers RF is
qualitatively analyzed in Ref. 9, 12, 35; the conclusions drawn have been
verified by detailed calculations based on the example of a helium plasma
[Ref. 73]. There are grounds for believing that R¥-lasers operate in

the recombination model!. In the framework of recombination concepts it
is easy to explain the reduction in delay time with increasing gas den-
sity and pumping intensity, the enhanced laser output with addition of a
light buffer gas, and the fact that the delay and lasing times may exceed
both the pumping duration and the radiative lifetime of the upper working
level. Ionization schemes of amplification on Xe¥ have been discussed as
well [Ref. 244, 245]. However, an experimental verification [Ref. 91] of
electron-beam controlled pumping [Ref. 245] in the specific case of Xe¥
did not yield hopeful results, and a more thorough analysis [Ref. 246]

of the ionization model of Ref. 244 has shown that it is difficult to
realize. Actually, under conditions where it is still possible to pre-
vent the development of instabilities in the discharge, the excimer con-
centration M* is limited from above by the critical value M*<M.,= 1016
[p (atm) ]! em™3, since ionization of Xe¥ and Xe* by electron impact
becomes appreciable long before M., is reached [Ref. 246]. In the ex-
periments where lasing has been achieved, the population of Xe¥ was much
greater than Mcr'

lyhen lasing on excimers was achieved, only a few researchers [Ref.
46, 242] believed that the medium was recombination-equilibrium. The
possibility of amplification on photodissociative transitions in a re-
combining plasma was predicted [Ref. 36, 243] even before triggering of
the first Xe¥ lasers.
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We can state with full confidence that amplification of the recombinant
type takes place on dimers of helium [Ref. 46] and mercury [Ref. 47].

In fact, since the working states of He% and Hg% are not lower excited
states, their population by the scheme A+e>A**+e, A** +A+A>A¥* +A
is unlikely because under the conditions of Ref. 46, 47, the character-
istic time of deactivation of A** by electrons must be less than the
characteristic time of collisional association. Besides, the cross
sections of excitation of A by electron impact usually decrease with

an increase in the excitation number. Under discharge conditions [Ref.
2471, the threshold of amplification on Hg3 (A =335 nm) was not reached.

The complicated plasma chemistry of media that amplify on transitions of
monoxides and monohalides so far precludes a detailed investigation of
the relation between the various channels of formation and destruction of
exciplexes RO* and AX*, as well as intermediate and subsidiary compounds
(that influence amplification) as a function of the nature of nomequi-
librium. Nevertheless, there is no doubt concerning the important part
played by recombination mechanisms in amplification in such media. It
was pointed out above that the main channel of population of AX* is
apparently recombination of a positive and a negative ion, rather than
electronic excitation of A that goes off into the harpoon reactiom.
There are indications [Ref. 115, 161, 248] that the ionization scheme
gives an inadequate description of the kinetics in the case of RX*.
The authors of Ref. 248 note in particular the unfavorable role of col-
- lisions of the first kind with electrons, and also that the addition of
helium suppresses these processes.

In the case of lasing on monohalides, one frequently observes effects
typical of amplification in the recombination mode (see Ref. 35, §§21,
23). For example, a fall-off in laser output when a heavy buffer gas

is substituted for a light one may be due not only to the increase in
absorption (in Ref. 51 it was shown that absorption is appreciable close
to a wavelength of 351 nm in mixtures of He-Xe-F,(NF3) and even He-F,(NF3)),
but also to deterioration of the conditions of cooling of the electron
plasma. In Ref. 178 1t is noted that there is an increase in efficiency
and power of stimulated emission on HgX* when a molecular gas (nitrogen)
is added to the working mixtures that is capable of producing intense
cooling of the electrons through vibrational-rotational excitationm.

Two lasing pulses were observed in the afterglow of a brief (about 10 ns)
transverse discharge [Ref. 102]. Finally, it is also typical for the
recombination mode that current spikes (with transition to unstable oper-
ation) are accompanied by rapid cut-off of amplification (for example see
the oscillograms given in Ref. 118, 129; cf. 35, §21).

6. Proposed Laser Media
= 6.1. Diatomic exciplexes. Continuing research in the field of exciplex

lasers is tied up mainly with optimizing pumping conditions and the
quantitative and qualitative compositions of media that contain molecules
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for which laser activity has already been established. Of interest is
the possibility of achieving lasing on other known transitions of these
exciplexes, in particular Hez(Alﬂt)-+He2(Xlg), RX*(DZXy)‘*RX(XQX%), and
RO*(F) +RO(X) . ‘

Among these, the most detailed theoretical study has been done on the
case of amplification on a photodissociative decay of He¥ ()= 80 nm)
[Ref. 173]. Calculations indicate attainability of lasing with gumping
by an electron beam (KZ].O'2 em~!) or in a laser spark («21 ecm ). In
this connection, it is necessary to use rather high gas pressures

(p>30 atm) and input power demsity (Q2 100 MW/cm®), which when adjusted
to beam parameters correspond to a current demsity j2> 30 kA/cm? at an
electron energy of about 1 MeV. It is also necessary to reduce the
impurity content in the helium down to a content of the order of 1077

or less. It can be assumed that difficulties of about the same magnitude
are typical of amplification on the analogous transition of the dimer Ne#,
which was mentioned in Ref. 8 as a possible lasing compound.

Under certain conditions, luminescence intensity on transitions D+X of
molecules such as XeF* and XeCl* may be considerable [Ref. 249, 2501].
However, the states DZZ% have a number of properties [Ref. 25, 27] that
prevent lasing. Apparently it would be more realistic to achieve lasing
on transitions F+X of molecules RO*. Here it would make sense to try
oxygen donors for which 0~ ioms are readily produced by dissociative
electron sticking. This would ensure rapid population of the lower
ionic state F by ion-ion recombination. Consideration should also be
given to higher oxides that ionize with difficulty, for which the elec-
tron affinity energy is high, such as CrOj, €10, and others [Ref. 53.
These compounds should actively participate in harpoon reactions with R*.

We note that for reasons which have not yet been understood, lasing has
not been attained on transition BZZL—+X22% of mercury monofluoride, which
is analogous to the other mercury monohalides. It is not even clear
whether emission has been observed on this transition (see Ref. 19,

p 209), which estimates indicate can be anticipated in the visible or
near infrared.

The search for new exciplex compounds of promise for amplification is
another important area of work in this field. The lack of detailed in-
formation not only on plasma—chemital reaction rates, but also on the
structure of electronically excited states is a considerable obstacle to
prediction of which transitions of what molecules will certainly be con-
venient for lasing. More often than not, the required information on
the exciplex comes to light after the laser on the given compound has
already been triggered. Usually the existence of an exciplex is shown
by observation of its emission bands, but of course this is not enough
to decide the feasibility of lasing. Some additional considerations may
be of use here. Let us list the most general requirements for exciplexes
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on which effective lasing can be anticipated, and for the laser media
based on such exciplexes:

1. The working transition should correspond to a large cross section of
induced radiation (evidently larger than 107!2 cm?2).

2. The upper working state should have adequate thermal stability. It
is undesirable in the extreme for the term of this state to intersect
with the dispersion terms close to the minimum energy.

3. Compounds and media are to be preferred that typically have rapid
mechanisms of depopulation of the lower working state.

4. The working mixture should be transparent to the radiation that is
being amplified, and should be fairly dense.

The existence of thermally stable electronically excited states of mole-
cules of monohydrides of inert gases has been theoretically predicted
[Ref. 251, 252]; so far the existence of such states has been reliably
established only for HeH* [Ref. 253] and ArH* [Ref. 254]. Structural
parameters of the lower covalent state of RH* (R=He, Ne, Ar, Kr) and
the characteristics of its photodissociative decay have been estimated
in Ref. 255 (see also Ref. 12, 35]. However, the values used there for
the parameters of interaction of unexcited atoms of R and H [Ref. 256]
were inexact [Ref. 257]. Results of the most recent estimates with con-
sideration of the corrections of Ref. 257 are given in Table 5. In con-

TABLE 5

Estimates of parameters of photodissociative decay
of monohydrides of inert gases

(2)3xcumlexc

(1) HeH NeH T ArH KrH

Mapamerp doro-

nepexosa 2 — | ’
As, HM T 460 300 340 330
Awpasn, sBEV_, 3,9 2,9 2,1 1,9
A10-8 cm1 571 1,1 3,0 2,0 2,0
‘041047, cM3 1,0 1,6 1,8 1,9

KEY: 1--Exciplex; 2--Parameter of phototransition 2-1

trast to Ref. 255, the effective line width here was found by projection
of the reversal points of the lower vibrational level of RH*, assuming
flwuygn® 0.2 eV, and the probability of radiative transition was estimated
on the basis of oscillator strengths taken from tubles in Ref. 258.

Preliminary experimental studies have been done to detect characteristic
radiation of RH* [Ref. 259]. It has been established that in a transverse
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breakdown, luminescence of R-H, mixtures is much brighter in the spectral
region of 200-500 nm than that of the individual components (see also
Ref. 12). So far, no more weighty proofs of the presence of RH* in the
R-H, plasma have been found. In Ref. 260, dense neon doped with Hy(Dj)
was excited by a short electron beam pulse. A spectral continuum with
maximum close to A= 30 nm was observed in the afterglow. The author of
Ref. 260 attributed this maximum to the known transition Hy(a3t}) -+
Hz(b3z+); however, the photodissociative transition of NeH* may have
similar characteristics. One of the main difficulties in spectroscopic
identification of monohydrides is that different particles (H#%, H¥%, H™,
RyH* and others) that are present in a plasma of R-H, composition can be
emitted and absorbed in a single region of the spectrum. It is possible
that predissociation of the upper working state plays an appreciable
part [Ref. 254]. A sound theoretical analysis of conditions of ampli-
fication on monohydrides is not realistic until additional information
has been obtained on the structure of terms of RH* and the kinetics of
relaxation of the corresponding active medium.

Let us list some of the diatomic exciplexes that have been discussed in
the literature as feasible lasing compounds (in connection with the
observation of their luminescence bands). Among the inert gas compounds
are RMe* [Ref. 186, 261-265], where R=Ar, Kr, Xe; Me=Li, Na, K, Rb,
Cs; HgXe* [Ref. 266, 267] and TlXe [Ref. 268]. In addition, compounds
of elements of the second group have been proposed: CdHg* [Ref. 269,
2701, ZnHg* [Ref. 271], TlHg* [Ref. 272, 273], Cd} [Ref. 274], KMg*
[Ref. 275]. Almost all these complexes are poor in meeting the require-
ments enumerated above, chiefly because of the inability to ensure high
density of the working components, considering that we are dealing with
photodissociative transitions, and that the energies of dissociation of
the excited states are low.

Sulfur and selenium, like oxygen, are capable of forming exciplexes with
heavy inert gases. The structure of the terms of RS, RSe and RO is
analogous. With an increase in the atomic number of the chalcogen and

a reduction in the atomic number of R, there is a considerable drop in
the energy of dissociation of the bound state, as evidenced by the lumi-
nescence spectra of these molecules [Ref. 276-278]. Lasing has been
attained on mixtures of R with donors of S and Se. However, according
to Ref. 276 the observed laser lines are more correctly attributed to
atomic transitions 1Sg - 1D, and 180-+3P1, the forbiddenness being re-
moved by collisions.

6.2. Polyatomic exciplexes. The spectra of spontaneous emission of
media that amplify on RX* show wide bands that are of greater wavelengths
than for the working transition. These bands correspond to photodisso-
ciation of triatomic exciplexes of the R,X* type (for example see Ref.
44, 199, 222). The luminescence intensity of RpX* increases with in-
creasing content of R and density in the working gas mixture. This ex-
plains the current increased interest in RyX* as possible lasing
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compounds. Potential surfaces have been calculated for Ne,F [Ref. 279,
280], ArF [Ref. 280-283], Kr,F [Ref. 280, 283] and Kr,Cl [Ref. 280].
The results of these calculations show the existence of stable excited
states 2B, with respect to dissociation on R(!S) +RX*(B25y). The esti-
mated parameters of the transition 2B, 2A; agree with the observed
spectral characteristics. The experimentally determined values of 1g,
the half-widths of bands A\ and radiative lifetimes A™! of exciplexes
RyX* are shown in Table 6. An estimate of o4 based on this table gives
~3-10718 and 10718 cn? for Kr,F* and Ar,X* respectively.

TABLE 6
Characteristics of luminescence of exciplexes RoX
KcHnnexc
(2) . . - .
(1) Xe,F | XeCl|  KnF  [Kecl ARE Ar,Cli Ne,F
Tlapamerp ! .
dorone.
pexopna
18, ~ 14,
nm
Ao, HM 460*%) | 450 | 400 [284]; | 325 290 246 | 120
[284) |1284] | 420{199] |([284]| [199, 222, 284] | [284] [228])
an, W 200—4300| — 60 — 52,5 - -
’ {284] [284) [284]
A1 TRE R 180 | — 185 - | -
44 | {222]

*) In Ref. 49, 285 this band is attributed to the transition
C(3/2) ~A(3/2) of the XeF* molecule. Apparently there is considerable
overlap of the bands XeF* (C-+A) and Xe,F¥ (2BZ—+2A1).

Exciplexes RoF (R=Ar, Kr) are formed quite rapidly in ternary collisions
[see Section 3.3], and also in ion-ion recombination R3“+F’~+Y [Ref. 211,
286] and in harpoon reactions R¥ +F, [Ref. 44]. Molecules of Fp are not
much more effective in quenching three-atom exciplexes than for the corre-
sponding diatomic exciplexes [Ref. 44, 222], and quenching of RyF* by
atoms of R can be disregarded. To judge from the cited data, amplifi-
cation on Ar,F* and Kr,F* is realistic. Possible complications may
involve absorption, quenching collisions of excited particles (R2F* +RF*
or RpF*+R,F*) and predissociation of the upper working state, since

the surfaces of ZBZ and of the repulsion states 2B1 and ZAJ may intersect.

The effect of intersection of the surfaces of the hydrogen trimer ZBZ
with 2By and 2A; (nuclei situated at the vertices of an isosceles tri-
angle), and ZAE with 2E' (in the configuration of an equilateral tri-
angle) has been found on the basis of numerical calculation of H¥

(g =430 nm) [Ref. 287]. The calculations showed that the intersection
takes place in the vicinity of the second vibrational level of H¥ (2B,).
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Moreover, radiative transition 2AY-2E' is forbidden in the equilibrium
configuration D3 of the excited molecule. With displacement »>f the
nuclei in the amplitude range of the principal oscillations, the dipole
moment of the electronic transition increases rather insignificantly.

All this gives ground for considering photodissociation of H¥% promising

_ for amplification. Four emission bands in the visible and infrared region

corresponding to transitions between excited states of H% were recorded
in Ref. 288. An investigation of the possibility of lasing on these
transitions is clearly of considerable interest, if only for the sim-
plicity and accessibility of the initial medium.

Analogy of the properties of atoms of alkali metals and R* mentioned in
Section 1 is also taken into consideration in the search for polyatomic
lasing exciplexes. The existence of lower-lying terms can be assumed in
compounds of R with electronegative radicals consisting of two or more
atoms. The exciplex XeOH is an example of such a compound. The position
of the emission band of XeOH* (224 nm) predicted in Ref. 197 has been
confirmed in recent research by experimental observations (234 nm) [Ref.
289]. However, the data of Ref. 289 differ considerably from the results
of an earlier report [Ref. 290] 'in which the spectra of XeOH* were also
observed.

In conclusion, let us note that the feasibility in principle of lasing
on polyatomic exciplexes was established prior to the production of
lasers on diatomic exciplexes. 1In Ref. 291-293, wide-band lasing was
realized in alcohol solutions of coumarin derivatives with pumping by a
nitrogen laser. The spectral luminescence range and amplification pulse
delay time varied depending on the pH of the medium. Lasing was observed
in the visible region with a wavelength tuning range of more than 150 nm;
a gain of about 4 em™! was reached, and energy conversion efficiency of
about 15%. The radiating exciplexes have been identified as products of
addition of a proton to the electronically excited dye molecules. The
corresponding scheme of creation of population inversion based on the
difference between the rates of electrolytic dissociation of excited and
unexcited molecules had been discussed in 1965 [Ref. 294]. Ir Ref. 295,
the second harmonic of a ruby laser was used to achieve lasing on the
intramolecular exciplex p—(9-anthryl)-N,N-dimethylaniline dissolved in
organic liquids. Ref. 291-293, 295 were devoted mainly to proof of the
formation of exciplexes in the investigated systems; the lasing param-
eters found in this research were on the level of the average indices of
dye lasers. Therefore it is possible that this work has not attracted
due attention of specialists.

On the whole there is no doubt that new active media based on both

diatomic and polyatomic exciplexes will take an important place in the
development and creation of lasers of subsequent generations.
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B UDC 533.9.011+621.378.53
A CLOSED-CYCLE GASDYNAMIC CO; LASER WITH GAS SEPARATOR

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 7, No 4(94), Apr 80
pp 764-769

[Article by A. G. Velikanov, N. M. Gorshunov, I. S. Knyazev, N. I.
Lagunov, Yu. P. Neshchimenko and G. A. Sulaberidze, Moscow Engineering
Physics Institute]

- [Text] At the present time among CO7 gasdynamic lasers the greatest
specific powers and efficiencies are realized on devices with selective
heating of nitrogen, and admixture of C02-He in the supersonic nozzle.
Calculations have shown the feasibility of further raising specific
energy of emission to 200 J/cm3 [Ref. 1] and efficiency to 2-3% in
lasers with an open gasdynamic cycle.

Closed-cycle gasdynamic lasers provide the opportunity for using the
thermal energy that remains in the working gas after passage through
the resonator, which should additionally increase efficiency to 5-10%
[Ref. 2]. Thus the efficiency of a closed-cycle gasdynamic laser with
selective heating may approach that of electric~discharge lasers with
pumping of the gas. Besides, when selective heating is used the mole-
cules do not enter the heater, and consequently the working mixture
remains usable much longer than in electric-discharge lasers. Despite
these advantages, according to Ref. 1 the closed-cycle gasdynamic laser
has not yet been realized, although it is in the developmental phase.

Development of a closed-cycle gasdynamic laser with heating of the
entire working mixture is scarcely feasible since the COp molecules
would be dissociated in the heater, and the mixture would soon be
unusable. The main difficulty in creating a closed-cycle gasdynamic
laser with selective heating of nitrogen is separation of the stream of
working fluid into nitrogen and COj-He after passage through the cavity.

We propose that a cascade consisting of membrane type separating stages
be used as the gas separator in the gasdynamic laser. This enables
separation of the nitrogen from the radiating COp gas and the relaxant
gases. A gasdynamic laser design is being considered with selective
heating of nitrogen and a gas separator, as shown in Fig. 1.
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A stream of nitrogen G} with stagnation

pressure pgj and stagnation .emperature -
] . . Tpy comes from heater 1 into the super- .
M L/ 5 ' sonic nozzle system 2. In the super-
1PZ 1 sonic part of the nozzles, stream Gp
]'_rl—__.}‘_ (COp-He) is mixed with the flow. This

stream has stagnation pressure pgp and -
stagnation temperature of 300 K. After
mixing and cooling in the supersonic
nozzle, the working mixture G=Gj +Gjp
with stagnation parameters py, Tg goes
to the region of resonator 3, and then
Fig. 1. Diagram of gasdynamic to diffuser 4. It is assumed that the
laserwithselective heating of coefficient of losses of dynamic pres-
nitrogen and a gas separator sure is oy in the nozzle and op in the
diffuser, and that the compressor
raises the the pressure of the working mixture from oyoppg to ppy. It
was assumed that heat exchanger 5 equalizes the temperatures of the
streams of nitrogen coming from gas separator 8, and the temperature
of the working mixture coming from the diffuser, ~esulting in a tem—
peratur=

8

Ty=(cpnp G1-300 K+Zcp; Ty G)(Girtpng+2cp Ge)-

In cooler 6, the temperature of the mixture is reduced from Tg to 300 K,
and in heater 1 the temperature of the nitrogen is raised from Tg to Tpj.
The powers taken by the compressors were calculated for isothermal gas
compression.

The gas mixture is separated on polymer membranes as a result of the
different rates of diffusion of the mixture components through the
membrane [Ref. 3]. The equipment used is simple in design and com-
paratively inexpenalve. The packing density in the elements of the film
membranes is 800-1000 m /m3, and_in_the elements of membranes in the form
of hollow fibers -- up to 5000 m /m3 [Ref. 3]. The process can take
place at ambient temperature, and is not accompanied by phase trans-
formations. The flow of separated mixture is readily changed by ap-
propriately changing the area of the membranes in the elements.

Fig. 2 shows a diagram of a membrane

+
.ﬂ.'.ﬁ separating element. The stream of gas
mixture G with concentration C of the
more penetrating component enters the P
P2 element. After passage over the mem-
(6 oo ci(1-8)6 brane. the concentration of this com-
- P . ponent falls to CT. Part of the flow
! 8G passes through the membrane, and in

doing so becomes enriched with the more
Fig. 2. Diagram of a membrane penetrating compoment to concentration ct.
separating element The process of separation depends on the
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value of the coefficient of flow division &, dynamic gas pressures pj and
pz in the cavities preceding and following the membrane, the penetration
factors of the components of the mixture for the given material of the
membrane, and the gasdynamic currents in the element.

The membrane material should be chosen so that the penetration factor of
nitrogen differs appreciably from that of the other components of the
mixture. This requirement is met by a membrane of polyvinyltrimethyl-
silane polymer (PVIMS). The penetration factors of components used in
working mixtures are summarized in Table 1 for this membrane [Ref. 4].

TABLE 1

Gas Co, He H, N,

3
nm--m .10-15 .10-15 10-15 10-17
Q ey | 1-67-10 1.38-10 1.8:10 8.1-10

This table shows that the penetration factors for nitrogen are much

lower than those of carbon dioxide, helium and hydrogen. This means

that nitrogen can be effectively separated from the mixture since it will
penetrate the membrane much more poorly than the other components. Also
note that the penetration factors of COy, He and Hy are similar in mag-
nitude, so that the mixture to be separated can be treated as a two-
component mixture.

Since it is impossible to attain the required degree of separation on a
single element, a cascade must be used that consists of several elements
connected in series. The arrangement for connecting the elements can be
the simplest symmetric arrangement of a counterflow cascade in which the
streams enriched with the more penetrating component on each stage are
fed to the inputs of the next stages, and those with lower concentration
of the more penetrating compounent are fed to the inputs of the preceding
stages. A diagram of a symmetric cascade is shown in Fig. 3.

Fig. 3. Diagram of a symmetric separating cascade

As the mixture to be separated circulates in the cascade, the concen-
tration of nitrogen as the less penetrating component will increase
toward the last stage, from which a sample is taken with nitrogen
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concentration (W, Contrariwise, the concentration of nitrogen will
decrease toward the first stage, and as a result a mixture wili be ob~
tained in flow P that is nitrogen-depleted to concentration CF. Supply

F with nitrogen concentration CF is fed to some intermediate stage in the
cascade.

Since the overall area of the membranes in the cascade and inputs of
electric energy must be minimized, it is advisable to use a cascade in
which there is no mixing of flows with different concentrations at the
inlets to the elements, and as a result there are no thermodynamic losses
of work on separation of the mixture due to mixing.

In calculation it was assumed that the pressure of the mixture at the
inlets to the elements was constant along the entire cascade, and the
compressors that raise gas pressure from p)y to p} are situated on lines
of the fractions that penetrate through the membranes [Fig. 3].

For the sake of definiteness it was also assumed that the cascade con-
sists of elements in which no longitudinal intermixing takes place in
the high-pressure cavity, while the gas flow in the low-pressure cavity
is directed perpendicular to the surface of the membrane. The method of
calculating these elements is given in Ref. 5.

The cascade was designed by a technique developed on the basis of the
general theory of designing cascades with arbitrary enrichment on an
element [Ref. 6, 7]. This technique enables calculation of all possible

B modifications of cascades for given values of the concentrations in the
supply and at the output.

An estimate of the efficiency of a laser configured as shown in Fig. 1
was done for three modes of laser operation. The parameters of these
working conditions are summarized in Table 2, where wp is specific lasing
power corresponding to a working gas flowrate G=1 g/s.

TABLE 2
Mode Mixture ' J/
Pemun Cocras cuecH To K Pors BTH Pas, aTH | wp, Ax/r
! ]CO4:Ny:He = 14,2:28.8:57 1900 8,0 4,0 17,5
2 |CO4q:No:He=45,4:44,6:10 2780 14,0 2,7 54,0
3 | CO4:Ng:Hy:He = 32:45,5: 2000 48,8 25.8 6.5
:6,5:16 .

Mode 1 was experimentally realized on a laser facility with quasi-cw
operation [Ref. 8]. This paper does not give the stagnation pressure
of the ejected gas ppo, but only the pressure in the valve before it
opens. By numerical calculation of the gain for mcde 1 on a computer
at different values of ppy, we found that when pgy= 1 atm, the calculated
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gain coincides with that measured in Ref. 8, The specific lasing output
power of 25 J/g given in Ref. 8 was calculated without consideration of
the flowrate of the ejected gas. In calculating the overall flowrate
for mode 1 we get wy =17.5 J/g.

- Mode 2 is obtained as a result of analytical multiparameter optimization
of the parameters of a gasdynamic laser with selective heating of nitrogen
with respect to weak-signal gain on line P (20) in the 10.6 im band
[Ref. 9]. The quantity wy, was calculated from an approximate formula
for the power of the gasdynamic laser with a cavity having a flow length
that gives maximum energy extraction, while the reflectivities of the
mirrors are the optimum with consideration of gain saturation. According
to our calculations, mode 3 is close to optimum for maximum gain in the
16 um band in the case of cascade lasing of a gasdynamic laser with
pulsed Q-switching first triggered in Ref. 10. For pulsed lasing, wy,
is calculated as the average lasing power w=Ev/XG, where E is the energy
of a lasing pulse in the 16 um band, v is the flowrate of the working gas
in the resonator, X is tne length of the resonator mirrors along the
flow. It is implied that the Q-switching frequency of the cavity corre-
sponds to the time of flight of the gas through the cavity.

Wz, XM Sz.H¢ The parameters of the gas
07 kW \ 19 separator (Fig. 4) were taken
AN so as to ensure cv operation of
he N 14 the laser facility with the
251 - \‘\‘Z parameters shown in Table 2.
' ~———_" the nitrogen concentration at
’ the takeoff was CW=0.99. To
a4 120 extend the life of the working
P 1w mixture and increase the laser
' efficiency it is desirable to
p - ) 7 take CW=1; however, as CW
4 § 8 0 7 approaches unity there is a
considerable increase in the
Fig. 4. Total area of membranes Sy required membrane area and in
(1, 2) and total power wyy (3, 4) the energy consumed by the
consumed by the compressors of the compressors. The necessary
separator in modes 1 (1, 3) and 3 parameters of the separated
(2. 4) as a function of the number flows can be obtained in
of stages n in the cascade several versions that differ in

the number of stages.

Fig. 4 shows the way that the number of stages in the cascade depends on
the overall area of the membranes Sy and the overall power Wiy consumed by
the compressors of the separator in modes 1 and 3. The given values of
Sy and wyy ensure separation of a unit flow (G=1 g/s) of the given
working mixtures.

The figure shows that the area of the membranes and the consumption of
electric energy decrease with an increase in the number of stages right
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up to the maximum number possible for the given scheme of stage con-
nection and the given values of concentrations in the external flows of
the cascade. The efficiency of these lasers is defined as

n=wp/(Wpeat + Wiz +wcomp) >

where Whaaes Wiy Weomp are the specific expenditures on heating, com-
pression in the compressors of the separator, and in compressor 7 (see
Fig. 1) respectively.

The values of wy, were taken from Table 2, and the corresponding specific
expenditures of energy were calculated as Wheat = CpN, (To1 - Ts) [N2 1w,
where cpN, is molecular heat; [N2] is the mole fractIon of nitrogen in
the mixture, p is the molecular weight of the mixture; weopmp = 10.4T x

1n (pgy/onopPg) /v. Since the Mach number in the resonator is close to 5
for the three given modes, it was assumed that oy=0.3 and op=0.15

(see Ref. 11); Wy was taken as equal to the minimum value of the corre-
sponding quantity on the curve of Fig. 4. The results of calculations of
‘ specific losses and efficiencies are summarized in Table 3.

TABLE 3

Mode | Wpears J/8 | Wki» J/g | Weomps /8 | M5 %

1 157 802 715 1.1
2 109 503 397 5.4
3 156 431 560 0.6

This table shows that a considerable part of the energy input in the
given laser is used on the compressors in the gas separator. The ef-
ficiency of the laser facility should increase when n is optimized with
consideration of Wheat» Wkg and Weomp. Such optimization was not done in
our research. Despite this, the overall efficiency of the laser in mode
2 is comparable to that of open-cycle electric discharge lasers that emit
in the 10.6 um band. The advantage of the proposed laser over conven-
tional designs is the much greater service life of the working mixture,
which is important when developing cw lasers for technological operatiomns.
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UDC 621.378.324

PROSPECTS FOR USING AN AC DISCHARGE TO PUMP FAST-FLOW CLOSED-CYCLE CARBUN
DIOXIDE TECHNOLOGICAL LASERS

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 7, No 4(94), Apr 80
pp 775-780

[Article by A. V. Zondarenko, V. D. Gavrilyuk, V. S. Golubev, F. V.
Lebedev and M. M. Smakotin]

[Text] 1. The extensive prospects that have been noted in recent years
on the introduction of laser technology for cutting, welding, heat
treatment and doping metals and alloys call for the development of
powerful COp lasers, which are characterized by high economy, simplicity,
reliability and compactness. Among the numerous pumping methods that
have been proposed for pumping in such systems, the AC discharge tech-
nique deserves particular attention [Ref. 1, 2]. The use of this method
eliminates the need for ballast resistors, and the associated losses of
energy, which in the case of a transverse DC discharge may reach 30-50%
- [Ref. 3] of the total energy taken from the power supply, and also simpli-
fies the design of the gas discharge chamber in the case where a capaci-
tive discharge is used [Ref. 1, 2]. Another -ceason for interest in use
of an AC discharge is the availability of Soviet-made compact stationary
power supplies with frequency of 10 kHz or less that have a specific
power output of 50-100 kW from one cu. m of structure, with output power
of up to 250 kW. The very earliest research on the characteristics of
a transverse AC discharge with frequency of 10 kHz showed that its total
oscillatory efficiency ngge in a nitrogen stream exceeds 607 [Ref. 2],
and the total efficiency n of a CO2 laser using an AC discharge for
pumping may reach 13-15% [Ref. 4].

In this paper we investigate the outlook for using such a discharge to
pump fast-flow technological COj lasers. We give data on the specific
characteristics of an AC discharge with frequency of 10 kHz for different
working mixtures under conditions of an increased interelectrode gap, on
limiting energy inputs and amplification factors of the medium under
dlosed-cycle conditions, and also discuss the feasibility of producing

a technological laser with power of 25-50 kW based on the investigated
type of discharge.
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Fig. 1. Diagram of the experimental
facility: 1l--circulating unit; 2--
gas-discharge chamber; 3--heat ex-
changers; 4~-diagnostic laser; 5--
KC1l windows; 6--metal mirror; 7--
power meter; 8--motor-generator set;
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2. Most of the experimental re-
sults were obtained on a closed-
cycle facility (Fig. 1) com-
prising a gasdynamic channel

that consists of circulating

unit 1, gas-discharge chamber 2,
two heat exchangers 3 and gas
lines. The volumetric flowrate
of the gas mixture circulating
through the loop was about 400
liters per second. The dielec-
tric discharge chamber had the
form of a rectangular channel

with cross section of 60 x 80 mm.
The flow length of the discharge
zone was 600 mm. The electrode
plates were the upper and lower
walls of the discharge chamber
containing an array of copper rods
about 2-4 mm in diameter separated

9--step-up transformer; 10--ballast
capacitors; ll--beam splitter

by a space of 12 mm. Capacitor 10
of 47-100 pF was connected in the
circuit of each electrode. The
discharge power supply was electric generator 8 with frequency of 10

kHz, and step-up transformer 9. The working mixture (Np--50%, He——40-
48.5%, COp--1.5-10% by volume) was pumped through the discharge chamber
at a rate of 80 m/s with static pressure from 30 to 80 mm Hg. The
mixture was not replenished during the experiment. Leakage of atmos-
pheric air into the loop did not exceed 0.3 mg/s.

The gain of the medium was determined by diagnostic CO; laser 4 stabi-
lized on vibrational-rotational transition P(18). The integral ampli-
fication of weak-intensity radiation with double pass of a beam along
the gas flow was measured in the experiment.

3. The electrode plate design that was used enabled us to raise the
parameters jE (j is the density of the discharge current, E is the elec-
tric field) and Wy corresponding to the specific volumetric and mass
energy inputs to the AC discharge as compared with the results of our

- earlier research [Ref. 2, 4]. Under closed-cycle conditions for the

given mixture at pressures of 30~50 mm Hg and an interelectrode gap of

60 mm, the values of W, for diffuse discharge combustion reached

500-700 J/g, and the value of jE was about 4.5-5 W/cm” when the discharge

length along the flow was 7 =600 mm, and about 7-8 W/em3 at =300 mm.

Data on the limiting energy inputs to various lasing mixtures that can be
achieved under open-cycle conditions with an interelectrode gap of about
10 cm and 1 =20 cm are summarized in the table. The limiting values of
jE increased with increasing flow velocity v and fell with increasing
length 7 of the discharge zone ~1/VT.
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TABLE
; ; P, JE,
Working Mixture mm Hg v, m/s W/em? Wo, J/g
50% He +45% Ny +5% €O 50 100 6-7 | 250-3G0
50% He +45% N, +5% CO, 50 50 |4.5-5 | 350-400
20% air +75% Np +5% COp+0.2% Hy0 30 100 5-5.5| 200-220
95% air +5% CO, 25 100 |4.5-5 210-240

According to the results of the experiments, the integral gain of the
diagnostic laser J/Jy depends on the COp content X,,, in the mixture,
the pressure p of the mixture, the power input to the discharge, and
also the duration of continuous operation of the facility.

Typical behavior of time de-
pendences of J/Jy for different
values of Xco, and p at optimum
values of W, is shown in Fig. 2.
Fig. 3 shows the experimental
curves for 1n (J/Jg) =2/kgdx (kg
is the gain of the medium) as a
function of the electric power
input to the discharge Q and W
for different flow lengths of %he

’ W w e, s discharge 7. This figure also

" Fig. 2. Integral gain of diag- shows the calculated curves for
nostic laser signal as a function 1n J/Jg (Wy) for two versions of
of the operating time of the unit: energy ba%ance in the discharge

1=60 cm, p=30 (1, 2) and 50 mm Hg that differ with respect to the
(3, 4); Xcop=2, 5 (1), 5 (2, 3) and oscillatory efficiency ngge and
7.5% (4); XNp =50%; ZXje=47.5 v, the fraction of energy expended
45 (2, 3) and 42.5% (4); Wy =390 on direct heating of the gas nrt.
(1, 2) and 340 J/g (3, 4)

The integral values of 1ln (J/Jg)
0 w200 oo 4op Wgs Jlg were calculated on a computer by

T L J ; the method used- in Ref. 5.

T

"‘nJ/JU e O J
a3F >
i 7 ; 4, The resultant experimental
' data enable us to analyze the
a1 - outlook for using this kind of
e L : discharge for pumping fast-flow
g 4 4 5 Q, kW closed-cycle technological lasers

and to predict the major charac-

Fig. 3. 1nJ/Jp as a function of teristics of such systems.

the mass energy input: mixture

50% N +47.5% He +2.5% COp;

p=50 mm Hg; l--experiment at =30
(0) and 60 (®) cm; 2--calculation at
1=60 cm, ngge =0.6, nT=0.25; 3--
calculation for Z=60 cm, ngge.=90.75,
n=0.15

To maintain time stability of
the properties of the active
medium of the laser, the mixture
circulating through the loop must
be partially replenished [Ref. 3,
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6, 8]. 1In our work we did not look into the causes of deterioration of
the amplifying properties of the medium with time. This effect may be
associated with dissociation of COy [Ref. 6-8], formation of substances
in the discharge that lead to rapid collisional relaxation of Ny and COjp
molecules, and also with entry of these substances from the heated
structural elements of the gas discharge chamber. Since an analytical
relation cannot be established between the reduction in J/Jj and the
required replenishment of the mixture q under such conditions, we were
restricted to an upper estimate of q from the experimentally established
slope of the curve for J/JO as a function of time.

Let us take a value of about 10% of the J/Jg under open-cycle conditions
(i. e. at t=0) as the admissible reduction in gain of the diagnostic
laser signal. Then we can see from Fig. 2 that the time required for
such a reduction is about 50 s for typical laser operating conditions
(curve 3). Since the time of passage cf the mixture through the channel
of the facility is about 0.5 s under our experimental conditions, the
gas passes through the discharge channel about 100 times during the time
of the given reduction in J/Jy. Thus replenishment of the working mix-
ture in an amount of q=x 1% of the flowrate of the gas in the loop will
maintain J/J; on the level we have chosen.

Considering that the reduction in J/Jg is proportional to the reciprocal
of q, and using the relations for J/Jg(t) in Fig. 2, we can determine

- the necessary values of q for different conditions of laser operation.
The results show that replenishment of the mixture on a level of 0.5-1%
gives a value of J/Jy under closed-cycle conditions that differs by no
more than 5-10% from the open-cycle values. Such a degree of replenish-
ment of the medium is typical for stationary closed-cycle lasers [Ref. 3,

- 6, 8] without regeneration systems.

The nonmonotonic behavior of the curves for 1n (J/Jp) =f(Wg) that are
shown in Fig. 3 evidences the intense relaxation of vibrationally excited
molecules during passage along the optical axis of the system, and the
inadvisability of using a cavity with an axis that coincides with the
direction of gas flow. Fast-flow lasers ordinarily use transverse place-
ment of the resonator with respect to the gas flow [Ref. 1, 6]. To
optimize the working conditions of such a laser it is necessary to know
the distribution of gain of the medium kg along the flow.

- The lack of accurate data on the energy balance in the discharge that we
used precludes reliable computer calculation of the distribution kg(x).
However, the accuracy of such calculations can be considerably improved
by normalizing 2/kg(x) dx to the experimentally measured integral values
of J/Jg. The distribution of gain with respect to the flow can be repre-
sented as

ko(x) ~ (jEr\oscxcoz/AV)F(JEy XCOZ: Noscs NTy X» Tr(T);---) s
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where n is the percentage of energy expended by the source on direct
heating of the gas, Av is the width of the amplification line, 1£(T)

is the time of relaxation of the vibrational energy. Calculations and
estimates showed that the main error in determining kg is from the
imprecise value of nge.. For example, the difference in values of the
function F in calculation of kg(x) for the case Nose =0.6, nr=0.25 and
Nosc =0.75, nr=0.15 did not exceed 5%, whereas the calculated values of
ko in accordance with the curves in Fig. 3 differed by 20-25%. Therefore
normalization of 2/kp(x) dx by using the experimental values of J/Jg
eliminates the main error in determination of the values of kg3, and gives
more exact values of the oscillatory efficiency of an AC discharge. As
implied by Fig. 3, the value of ngge at p=50 mm Hg, Xcoz=2'5% and

Wy <350 J/g is about 0.7-0.75.

" Typical distributions of k(x) for
different values of Xco, and lengths
of the discharge zone are shown in
Fig. 4. These data evidence the
high efficiency of AC discharge
pumping. For comparison we can
point out that in lasers with DC
discharge pumping the maximum value
of kg under closed-cycle conditions
at pressure p = 30-50 mm Hg, Xco, ~ 5%
and mixture replenishment of ~0.5%
did not exceed 0.4 m~1 [Ref. 6, 9].

y6r

941

492t

v w W zm

Fig. 4. Distribution of weak-
signal gain with respect to

the flow; x is reckoned from
the beginning of the discharge
zone: p=250 (1-3) and 30

mn Hg (4)3 Xggp=5 (1, 3, 4)
and 2.5% (2); Xyp=50%;

Xge =45 (1, 3, 4) and 47.5% (2);
Wg = 340 (1-3) and 370 J/g (4);
1=30 (1, 2) and 60 cm (3, 4)

200 cn.

5. The realized values of kg2 0.65
m~! on a length of 7= 20 cm suggest

a rather simple and effective electro-
optical design for a powerful techno-
logical laser with AC discharge
pumping. Let the height of the
interelectrode gap be H=10 cm, and
let the flow length of the discharge
chamber be 71=30 ecm. The dimension
of the chamber along the optical axis
transverse to the flow is taken as

Let the working mixture (50% Np+457% He+ 5% COp) be fed to the

inlet of the discharge chamber at a velocity of 80 m/s with static

pressure of 50 mm Hg.

Let the volumetric energy input be jE=5 W/ cm3.

As can be seen from the data given above, such values of jE can be
reached under closed-cycle conditions at H=10 cm, and degree of mixture

replenishment of about 1Z.

The calculations that we did for two versions

of the optical arrangement (a single-pass unstable confocal resonator
completely coinciding with the discharge zone with a rectangular output
nmirror, and a three-pass unstable confocal resonator with circular output
mirror) showed that the output power of such a laser with optimum trans-
parency of the optical cavity will be about 40 kW when the total
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efficiency of the system is 13-15%, and the specific power output is
about 50 J/g. An increase in flecw velocity to 100-120 m/s should further
increase the output power and efficiency of the device.

The mentioned values of total efficiency and specific emission output
are much greater than the characteristics attained up to now on existing
closed-cycle lasers with DC discharge pumping [Ref. 6, 9], where they
come to <5-8% and <30-35 J/g respectively.

6. The cited experimental and theoretical data show the promise of using
an AC discharge with frequency of about 10 kHz for exciting powerful
lasers. The given type of discharge does not lead to anomalously rapid
poisoning of the working mixture under closed-cycle conditions. It does
away with ballast resistors, produces a fairly simple design of the
gas-discharge chamber with interelectrode gap increased to about 10 cm
in which a uniform discharge is maintained by the simplest power supply
mentioned in the literature: a motor-generator set and a transformer.

High volumetric energy inputs give the necessary values of W, with short
lengths of the discharge along the flow, which under conditions of an
increased interelectrode gap enables the use of simple electro-optical
systems with a small number of passes. Coefficients of amplification of
the medium can be reached that are higher than with pumping by a DC
discharge, shortening the optical length of the laser and thus improving
the configuration of the technological laser as a whole. All this recom-—
mends the 10 kHz AC discharge for pumping the active medium in techno-
logical lasers with a closed cycle.

In conclusion the authors thank N. I. Katsuro and G. G. Selivanov for
designing and making the closed-cycle facility, and also A. B. Kuznetsov
for doing the computer calculations.
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SPATIAL COHERENCE OF EMISSION OF A LASER WITH A RESONATOR THAT IS FILLED
WITH A RANDOMLY INHOMOGENEOUS MEDIUM

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 7, No 4(94), Apr 80
- pp 764-769

[Article by I. A. Deryugin, A. P. Pogibel'skiy, N. D. Ustinov and
I. A. Fedulov]

[Text] Random spatial inhomogeneities of the index of refraction of the
active medium have a considerable effect on angular divergence of laser
emission. Scattering of light by these inhomogeneities increases both
the number of excited modes of waveforms and the divergence of individual
modes. In this paper we will examine the influence that inhomogeneities
of the medium have on the angular divergence of the fundamental mode of
oscillations of an optical cavity that consists of two identical flat
mirrors with reflectivity decreasing toward the edges in accordance with
gaussian law. It is assumed that fluctuations of the index of refraction
of the medium filling the cavity are uniform and isotropic.

To find field parameters like spatial and angular intensity distribution
of emission, it is sufficient to kmow the mutual coherence function (MCF)
of the field, which is defined as follows:

Te, r, m)=<U @ nU* @ ),

where r = {x,y} is a two-dimensional vector in the plane perpendicular
to the direction of beam propagation. The angle brackets denote that
averaging has been done with respect to spatial fluctuations of the
" index of refraction.

The MCF in a randomly inhomogeneous medium satisfies the equation of
propagation [Ref. 1-3]:

2 . ik 1.
T@Rp)= (Ti; ) [ amre (amro R p)exp [—';— (R--R) (p —p’)] X
1
X exp {—~4nﬁkzz [at [ akko @O 11470 llp + @ — )¢ K)]} , M
0
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where ¢(K) is the three-dimensicnal Fourier transform of the correlation
function of fluctuations of the index of refraction of the medium; Jg(x)
is a zero-order Bessel function of the first kind; T(0,R,p) is the MCF

_ in the plane z=0; p =ry~-ry, R=15(rl- r9) are new variables. The region
of applicability of equation (1) is

kaypl;, (pbhkiav«l,

where <p?> is the mean square of fluctuations of the index of refraction
of the medium, a is the size of the inhomogeneities, <u?>k2q is the coef-
ficient of attenuation of the wave due to scattering in the Born approxi-
mation. Thus the size of the inhomogeneities must be much smaller than

a wavelength, and the attenuation of the wave due to scattering at the
distance equal to the size of the inhomogeneities must be small.

Let us write the integral equation for the MCF of the emission as

’ 7 ’ ’ [ r ' 1 ’ r I 7
TRy =4 (o [epT®.p(R + 0o (R —T)x

L2k ., ik , ,
><exr’(—'Tkp)exp[—z—(R—R)(v—p)]x
R 1
X exp i— astio [ at [ akKO () 11+ 1o 00" +<p—p’)r|f<n], @
1)

where p is the reflectivity of the mirrors over the field, F is the radius
of curvature of the mirrors, and L is the distance between them. We
disregard effects associated with the fact that the radiation after
= reflection from the mirror passes through the same inhomogeneities,
which is permissible when L/k>>a2. The index of the next to last expo-
nential function of the kernel of integral equation (2) can be repre-
sented as (p*+pp'+p'Y), where ¢ = (uhk?L)/7j3a in the case of spatial fluctu-
ations of the index of refraction described by the correlation function
B (z1—2z,p) = (ubexp {—l(z1—2)%/a*|l—p¥e®). As we see, the inhomogeneous medium
will now be characterized by a single parameter q, which in the Born
approximation is directly proportional to the attenuation of radiation
due to scattering on length L, and inversely proportional to the square
of the size of inhomogeneities, i. e. the coefficient increases with the
scattering capacity of the medium and the angle of scattering of emission.

Let the reflectivity of the mirrors be
P (r) = exp (—r2/2s3). )
Then equation (2) takes the form
(R, p) = AfdZR'{d%'T (R', p') exp [— (R'%rd)—(p'¥/4r$)+iBR'D'IX

X exp [ic (R—R')(p—p")] exp [—q (p*+pp’-+p')]. @
where o =k/L, B=-2k/F. Mirrors with gaussian distribution of reflec-
tivity have an ideally flat polar pattern; reflection from such mirrors
does not produce additional diffraction maxima in the angular distri-

bution of radiation. This should considerably simplify solution of the
equation.
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The simplest solution of equation (4) that corresponds to the MCF of the
lower mode of resonator oscillatiomns can be written as

T (R, p) == B exp [—(M—11r)R2—(N—1/4r§)p*—S Rp]. (5)
The lower mode of our resonator is the lower mode of a cavity with a
randomly inhomogeneous medium that is averaged with respect to all rea-
lizations of this medium. Let us note that the correlation function of

the lower mode of our resonator may have a correlation radius much
shorter than the beam radius.

Substitution of (5) in equation (4) leads to a system of three equations,
the solution of this system for the case of weak inhomogeneities (q<<1l/tf)
with large Fresnel numbers (ar8>>l) and =0 gives

Va svpr V@ g2y 024
T'(R, p)zBexp[—m(l ~3rgq) R* — Y {1 +9roq) P° +

i E 2 . (6)
—_— (1 + Rp|. .
+ mV2 (l ‘ 3’04) P} '

The modulus of the complex degree of coherence takes the form

Iy = IT(R.p)| exp [ =K 33
VTR 91200 T R—p/2007% ~ nV2 )

For a homogeneous medium, q=0; then

T (R, p)=U (R4+-p/2)U * (R—p/2),
where U(r) is the distribution over the mirror for the fundamental mode
of a plane resonator with mirrors having reflectivity decreasing toward
the edges in accordance with gaussian law [Ref. 4]. In the given case,
]'yl =1, which should have been anticipated since we are not considering
spontaneous emission of the active medium.

In the case of strong inhomogeneities, where qr%»l, q<<a2r(2), we get

s/ al 4797 o o4 3ady .
T(R.p)= Bexp( -— l/ T R2— ]/ _lgazr“,qil p2- i l/ 2 RP) , ()
o

. YO 4a3 o :
ivl=exp -—Vﬁ-aroq.p

The intensity distribution of the field over the mirror takes the form
I(R) =T(R,0). It is clear from expression (6) that in the case of weak
inhomogeneities, the characteristic dimension of the region occupied by
the lower mode of the resonator with inhomogeneous medium is equal to
(M—l/r&)/z, increasing by a small amount over the dimension of the region
occupied by the lower mode of an empty resonator.

The angular distribution of intensity of the light beam is determined
by the MCF averaged over the beam [Ref. 5]:

¥ @) = | ¢*RT (R, p).
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The angular width of the beam is determined by the characteristic scale
of the function y(p), which is called the effective cadius of coherence,
and does not coincide with the radius of coherence defined as the charac-
teristic scale of the modulus of the complex degree of coherence |Y|- In
our case the effective radius of coherence is

[ (M — l/r's) [N—-— 1/(4,%)] +1,‘52]1/2 '
sh =

M- llr%

For small q, the angle of divergence of the radiation is
o=/ 2air} (1 + 9r3ai2) k. HE)

o= y/ @115 o*re’ . ©

1t is clear that for small q, i. e. in the case of weak inhomogeneities,
the divergence is determined chiefly by the parameters of the mirrors,
and it is only slightly worsened by the inhomogeneities of the active
medium. In the case of large g, the random inhomogeneities of the medium
have the major effect on divergence.

for large q

Formulas (8) and (9) give the divergence of the lower averaged mode of
oscillations, i. e. the lower limit of divergence of the radiation that
is reached in the case of single-mode lasing; but even this limiting
divergence of laser emission may be considerably greater than the dif-
fraction divergence.
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A PULSE-PERIODIC EXCIMER LASER

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 7, No 4(94), Apr 80
; pp 896-898

[Article by V. Yu. Baranov, G. S. Baronov, V. M. Borisov, Yu. B. Kiryukhin
and S. G. Mamonov, Institute of Atomic Energy imeni I. V. Kurchatov,
Moscow ]

[Text] 1In recent years, considerable interest has developed in excimer

lasers with emission in the ultraviolet region of the spectrum. The -
comparatively high efficiency of this class of lasers and their high
peak power make them of interest from the standpoint of use in various
kinds of research, for example in separation of isotopes and ultrapuri-
fication of materials [Ref. 1]. A pulse-periodic laser with high pulse
repetition frequency is convenient for applications of this kind. Such
a mode of operation is most simply realized on electric discharge ver-
sions of the excimer laser. FElectric discharge excimer lasers are not
as efficient as electron-beam-controlled lasers, but the simplicity of
design, the absence of foils and the possibility of using thyratron
commutators in the circuit makes them preferable. _

At the present time, one work is known [Ref. 2] that gives the experi-
mental results on development of a pulse-periodic electric discharge
KrF excimer laser with pulse repetition frequency of 1 kHz and average
power of 10 kW. The rate of circulation of the gas mixture in the dis-
charge zone is 70 m/s. The electric circuit is based on sections of
coaxial lines and a thyratron commutator. The efficiency of the laser
facility in the pulse-periodic mode is 0.15%, and the energy in an indi-
vidual pulse did not exceed 10 mJ. In Ref. 3 a report is given on at-
tainment of an average power of 40 W at a pulse repetition frequency of
about 1 kHz in a KrF laser, i. e. energy in the isolated pulse is 40 mJ.

The purpose of our research was to develop a pulse~-periodic laser with
elevated lasing pulse energy, which is necessary for a number of appli-
cations of excimer lasers of this type. Luminous energy of 0.2 J in a
pulse is attained at a pulse repetation rate of 100 Hz and efficiency
of about 0.5%.
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A closed cycle of circulation of the gas mixture is realized in a loop
that includes a compressor with capacity of 200 /s, a cooler, a gas
line and a laser chamber. The rate of circulation of cthe mixture in
the discharge zone is 6 m/s. The electric power supply system consists
of a low-inductance KMVD-50-0.5 storage capacitor with capacitance of
0.05 mF and a TGI-2500/50 thyratron commutator. Resonant-diode charging
of the storage capacitor was used in the work. The design of the laser
chamber, the method of UV preionization and the configuration of the

- electrodes are analogous to Ref. 4. The active volume is about 200 cc
(0.7x4x70 cm). The laser cavity is formed by an opaque aluminum
mirror and a plane-parallel CaF plate separated by a distance of 1 m.
With an arc gap as commutator, the lasing energy on KrF was 1 J in this
electric discharge arrangement at a discharge voltage of 70 kV. The use

- of a thyratron as a commutator reduces the lasing characteristics of the
system somewhat, although they remain fairly high. The growth of spe-
cific lasing and average power of the facility when the charging voltage
is increased is limited by the maximum voltage that can be applied to
the thyratron. A discharge voltage just above 40 kV led to unstable
operation of the thyratron commutator in the pulse repetition mode and
accordingly to a reduction in lasing power.

E, mJ

4400
p, W
i} 20
4200
51
” covend
@ U, kv 7. 4 4 £, 2

Fig. 1. Specific lasing and average emission power for KrF and XeCl
lasers as functions of the voltage across the storage capacitor (a),

and average power as a function of pulse repetition frequency (b):
l--mixture HCl:Xe:He=1:20:1000, p=1.5 atm; 2--mixture Fy:Kr:He=1:25:
500, p=1.75 atm; 3--mixture HCl:Xe:He =1:20:1000, p=1.5 atm, f =100 Hz;
4--mixture Fp:Kr:He=1:25:500, p=1.75 atm, f =100 Hz

Specific lasing and average emission power are shown as functions of

the charging voltage across the storage capacitor for KrF and XeCl in
Fig. la. The pressures and the mixture composition were optimized for
the given electric discharge system. It should be noted that theoretical
and experimental research [Ref. 5] has shown that an increase in charging
voltage Uc, produces little change in the parameter E/p=Uy/dp (Uy is

the voltage across the discharge plasma, d is interelectrode spacing and
p is gas pressure), which is 5 kV/cm-atm for typical laser mixtures.

The energy input to the discharge as U,y rises, increases chiefly due to
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the growth in discharge current. At U.p =40 kV, the amplitude of the
current through the discharge at a duration of about 80 ns reaches 20 kA
and is provided by the discharge of a peaking capacitor connected to a
small inductance in parallel with the electrodes and pulse-charged from
the main capacitor. Fig. 1b shows the average power as a function of
the pulse repetition frequency. This figure implies that the reduction
in average power with increasing frequency occurs when the repetition
frequency exceeds 100 Hz, which is less than the limiting prf fg=v/b,

- where v is flowrate and b is the width of the discharge along the flow.

Apparently pulse-periodic excimer lasers are subject to the same mecha-
nisms that limit the pulse repetition frequency in COp lasers [Ref. 6].
Nevertheless, the presence of strongly electronegative gases such as
Fy, HCl and NF3 in the gas mixtures of excimer lasers, and also noble
gases like Xe, Ar and Kr is responsible for both the specifics of the
discharge and the level of limitation of repetition frequency.

Observed discharge peculiarities in gas mixtures that are typical of
excimer lasers are shown in Fig. 2 in photographs of the integral dis-
charge luminescence. This figure shows a photograph of the discharge

in a mixture of HCl:Xe:He=1:20:1000 at a low level of specific energy
input of about 50 J/7, corresponding to U,y =20 kV. Lasing was not
observed. An increase in the energy stored in the capacitor to the
level of the enmergy input to the discharge of about 150 J/1 (U, =35 kV)
leads to brighter channels in the discharge along with diffuse uniform
luminescence, and lasing appears. The emission intensity increases

with an increase in the voltage across the storage capacitor (Fig. 1),
and more channels appear (see Fig. 2b). At higher halide concentrations
(HC1:Xe:He=1:20:500), p=1.5 atm, and specific energy inputs to the
discharge of about 150 J/7, there i: a reduction in brightness of the
diffuse part of the discharge, and one or two regions appear with strong
luminescence (see Fig. 2¢); lasing was not observed. Similar patterns
show up in operation of a laser facility with pulse repetition frequency
of 1-100 Hz.

Fig. 2. Photographs of integral discharge luminescence in an excimer

mixture for different charging voltages and halide concentrations:

a--Ucp = 20 kV, mixture of HCl:Xe:He=1:20:1000, p=1.5 atm; b--

Uch =35 kV, mixture of HCl:Xe:He=1:20:1000, p=1.5 atm; c--U.y = 35 kV,
- mixture of HCl:Xe:He=1:20:500, p=1.5 atm.
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The laser loop contains about 200 liters of gas mixture, enabling the
facility to operate for some time without replacing the gas. For a KrF
mixture the duration of operation was limited to 104 light flashes with

- a fall-off in lasing power to half. Such a rapid reduction in lasing
may be due to the generation of Fp in the discharge, drift of atomic
fluorine to the walls of the chamber and the loop, and also the forma-
tion of products that absorb strongly in the 250 nm region in the dis-
charge. This question requires_further research. The lasing power for
XeCl falls to half after 2.2-10° light flashes.

- Thus a pulse-periodic electric-discharge excimer laser has been made
with lasing energy of 0.2 J in an isolated pulse and closed cycle of
circulation of the working gas at average power of 20W on KrF and 7 W
on XeCl with pulse repetition frequency of 100 Hz. An increase in the
rate of circulation of the gas mixture could considerably increase the
pulse repetition frequency, and hence the average power.
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NUCLEAR PHYSICS

UDC 621.384.6
LIU-10 HIGH-POWER ELECTRON ACCELERATOR

Moscow DOKLADY AKADEMII NAUK SSSR in Russian Vol 250, No 3,
1980 pp 1118-1122

[Article by A. I. Pavlovskiy, V. S. Bosamykin, V. A. Savchenko,
A. P. Klement'yev, K. A. Morunov, V. S. Nikol'skiy, A, I.
Gerasimov, V. A. Tananakin, V. F. Basmanov, D. I. Zenkov, V. D.
Selemir, and A. S. Fedotkin; presented by Academician Yu. B.
Khariton 27 September 1979]

[Text] A new direction in accelerator technology for the con-
struction of high-power generators of beams of charged parti-
cles with acceleration energies of tens of megaelectron volts
has developed over the last few years - linear induction accel-
erators (LIA) . with inductors on the radial lines [1-3], which
combine the possibility of changing the acceleration energy by
varying the scales of the accelerating system with the high-
current feature characteristic of low-impedance lines having
distributed parameters. The construction of such accelerators
is of great interest from the standpoint of the development of

- technology for accelerating high-power beams of charged parti-
cles (electrons and ions) up to high energies and obtaining
solutions of wide range of physical problems, such as collec-
tive acceleration methods, the interaction between radiation
fluxes and a material, the interaction between ultrarelativis-
tic beams and plasmas, process for generating electromag-
netic waves, etc.

The development of this new trend requires a wide range of
research into and the solution of several theoretical electro-
physical problems, among the most important of which are: the
construction of high-power multi-component accelerating systems
with hundreds (v400 in the LIU-10) of spark gaps, which are
switched on with subnanosecond accuracy according to a speci-
fied program and which are commutated by low-impedance (%1 Ohm)
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radial lines; the development of methods for generating high-
current (tens of kiloamperes) electron beams and transmitting
them considerable distances; the development of reliable inter-
relationships between the units and components operating under
the complicated conditions for electric fields close to the
limit and for static and shock loads, and the accumulation of
irreversible changes. One of the most important advantages of
the LIA is the sequential modular structure of the accelerating
system. The uniformity and replaceability of the modules signi-
ficantly reduces the working area and simplifies the manufac-
ture and operation of the accelerators.

The first model of such accelerators - the LIU-10 high-power
electron accelerator - was put into cperation in 1977. The
accelerating system of the LIU-10 consists of 14 series-
connected modules, with each contributing V1 MeV to the accel-
eration energy. The dimensions of the device are: a length of
7 m, a width of 4 m, and a height of 2.2 m (Fig. 1). Individ-
ual accelerator modules consist of three functionally connec-
ted units - the inductor unit (of the acceleration sections),
the pulse voltage generator (PVG) providing a pulsed capaci-
tance charge to the inductors, and the generator shaping the
starting pulses of the switches of the accelerator sections
(GES). The modules are automatic both in construction and in
the electrical circuit. They can be used to construct devices
of various sizes with an accelerating energy range from unity
to tens of megaelectron volts. In designing the LIU-10 units
in which liquid (water, glycerin, transformer oil) and gaseous
( sFg and nitrogen mixture) insulators were used, special
attention was giwven to the polarity distribution of the elec-
tric potentials. In the pulse-charged capacitance storage
rings the high-voltage electrodes have negative-charge poten-
tial; the control units of the gas-filled trigatron spark gaps
were placed in the positive electrodes. Some results on the
development of the commutators are given in [4, 5]. Individual
components, units, and accelerator modules were subjected dur-
ing operation to multiple lifetime tests in series with

(5-10) <103 switch-ons.
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Fig. 1. Overall view of the LIU-10 accelerator

The most important unit in an LIA in the block of inductors.
It consists of three series-connected inductors on the radial
lines, which are connected in parallel through the triggering
circuit with one PVG. An individual inductor is formed by
a torus-shaped retarding electrode, open along the internal
radius, with an internal cavity containing a high-voltage disk
electrode [3]. The inductor line is closed over the perimeter
of one of the output gaps with the aid of a multi-channel ring
commutator; another output gap is connected to the load through
the same commutator. The no-load inductor generates rectangu-
lar pulses of accelerating voltage with an amplitude close to
the charging voltage. The duration of the first pulse along
the base is equal to an electric line length of 20 nsec, while
the second and succeeding pulses of alternating polarity are
40 nsec long. The accelerating voltage of the three inductors
is additive under series connection. Deionized water is used
as the insulation for the radial lines. The ring commutator
- is formed by eight separate gas-filled trigatron spark gaps
operating at 500 kV. The spread in the gap switch-on time is
+] nsec with a reserve of electrical resistance in the gas gap
of 1.7. A polyethelene accelérator tube was placed along the
axis of the inductor block. A solenoid was placed on the inner
surface of the tube to generate the magnetic field when the
external capacitor bank discharged and to remove the electrons
scattered from the accelerated beam. With a series connection
of the units a single vacuum accelerator channel was formed
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with a longitudinal homogeneous magnetic field of w5 kOe. The
parameters of the unit with the acceleratox sections are: a
charging voltage =500 kv; duration of the charging pulse
along the base of 0.8 usec; maximum amplitude of the accelera-
ting voltage of 1.2 MV; short-circuit current of 180 kA; nunm-
ber of spark gaps is 24; dimensions of the units are an outer
diameter of 1 m, a longitudinal dimension of 0.45 m, and a
high-voltage gap in the lines of "5 cm.

The capacitance of the inductor unit was charged from a gener-
ator constructed according to a modified Arkad'yev-Marx cir-
cuit. The five PVG stages were formed by IK 100-0.25U4 capaci-
tors, gas-filled trigatron commutators operating at 100 kv,
liquid resistors, and current-carrying buses. Transformer oil
was the insulator. All the spark gaps were controlled and,
with the exception of the gap of the first stage, were started
by pulses shaped by the operation of the gap of the previous
stage with the aid of resistor circuits. The spread in the
switch-on time of the PVG gap with a dc voltage of 100 kV was
+3 nsec with an electrical resistance reserve in the
gas gap of 2. The 14 generators were synchronized to within
+10 nsec. The electrical system of the PVG was screened by a
retarding metal frame which was connected to the inductor unit
by a 500 kV coaxial high-voltage output lead, which contains
a filter for suppressing "reverse" high-voltage pulses propa-
gating along the lead-in when the inductor lines are switched.
The PVG is triggered by a 50 kV pulse with a duration of 230

- nsec and a rise time of .10 nsec. The energy reserve of one
generator was 6.2: kJ, the pulsed current was 50 kA, and
the charge voltage was +100 kV. The dimensions of the PVG
were a length of 1.3 m and a width and height of 0.75 m.

The multichannel commutators of the block were triggered by 24
simultaneous pulses of positive polarity with a rise time of
~$ nsec, a duration of »15 nsec, an amplitude of +60 kv, and
transmission over a cable line. The GES producing them con-
sists of a double shaping liné' (DSL) with glycerin insula-
tion, which is switchec on by the operation of a one-channel
trigatron spark gap. To sharpen the leading edge up to 2 nsec,
a hydrostatic gas-filled peaking spark gap was used with ring
electrodes, and it operated as a multispark gas gap with a
pressure of the gas mixture of 6 tech. atmosphere. The DSL
impedance is 3.3 Ohm, the pulsed charge voltage is =100 kv, and
the charge duration is 0.8 usec. The GES is started by one
pulse with the same parameters that obtain at its ontput. The
spread in the operation of each GES is not poorer than 0.7
nsec, which allows the starting time of the accelerator blocks
to be regulated by changing the time the starting pulse arrives
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at the single-channel DSL spark gap. The GES capacitance is
charged from the second PVG stage though the high-voltage
charging circuit mounted inside the PVG housing.

Thus, the function of a module involves a dc charging pulse for
the PVG, two starting pulses for the PVG and the GES, and a

pulsed current to excite an axial magnetic field. The modules
are placed in pairs on mobile mounts.

The high-voltage synchronizing system contains two generators
similar in design to the GES; one of them simultaneously trig-
gers all 14 PVG's, while the other tiriggers through delay

cable lines of variable length the set of 14 PVG's controlling
the connection of the inductor blocks. The generators are
charged from a pulsed device which also generates a high-
voltage pulse; " a time shift of 0.8 usec suffices for the
starting generator for the PVG, one of whose pulses in turn
connects the starting generator of all the GES's with a delay
of 0.8 psec. The accelerator is started by pulses with an
amplitude of 10 kV, which are controlled by the spark gaps of
the capacitor bank in order to excite the magnetic field and
by the commutator of the pulsed charging device in the syn-
chronizing system. Monitoring of the initial parameters, the
starting of the device, and automatic protection measures dur-
ing emergencies are carried out from the control panel. Resis-
tor, capacitance, and induction transducers monitor the accura-
cy of the synchronization of the units and the charging volt-

ages.
a b
IJOM i j j

Fig. 2. Current pulses in the injector diode (a) and electron
beam current behind the fourth inductor block (b)
with acceleration during the second voltage pulse of
the inductors; the marks are 100 MHz.

The total accelerating voltage of all three blocks is supplied
to a field-emission foil-less diode with magnetic insulation
by a logitudinal field; the diode shapes a tubular electron
beam with an energy of ~2.5 MeV and inje-ts it into the accel-
erating channel. With a beam propagating along the vacuum
(10~° Torr) accelerating channel, the transit time of the
relativistic electrons V20 nsec is comparable to the duration
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of the accelerating pulses, the blocks were switched on accord-
ing to a selected time program with a shift in operation every
3 -~ 1.5 nsec. The beam diameter was varied by changing the di-
ameter of the ring emitter up to 180 mm, and the thickness of
the electron layer increased during acceleration from 5 to 20
mm. Experiments in which the injection current was recorded by
a Rogowski loop, as well as the beam current as it propagates
along the acceleration channel (Fig. 2), indicate that the
transmission efficiency is 0.75 with respect to the diode cur-
rent. An increasing magnetic field at the accelerator output
changes the transverse beam dimensions by a factor of ~2. 1'e
results of measurements of the electron limiting energy and the
spectrum of the hard y radiation over the nuclear threshold re-
actions by a set of activation detectors shows a good agreement
with the acceleration energy calculated according to the
current-voltage characteristics of the inductor block.

7The charged particles can be accelerated either during the
first pulse or only during the second pulse of the inductor
accelerating voltage of different duration, depending on the
directions of the electric field and the electron motion. The
output parameters of the device are: electron limiting energy
of 13.5 MeV; amplitude of the current pulse of the electron
beam of 50 kA; maximum duration of the current pulses is 20 or

- 40 nsec, respectively. A two-fold increase in the accelerator
power is possible due to an increase in the inductor diameter
up to v1.5 m and in the PVG capacitance.

At the present time, the following basic factors affecting the
formation, transmission efficiency, and acceleration of elec-
tron beams are being investigated: injection efficiency of
turbular beams from diodes with magnetic insulation; limiting
beam currents in the presence of accelerating and magnetic
fields; the interaction between a high-current relativistic
electron beam and an accelerating system; the degree of homo-
geneity in fields in the accelerator channel and also scat~
tered fields. 1In a series of experiments a beam was injected
into the atmosphere with stable transmission within a diameter
of 10 cm in the azimuthal magnetic field of linear current
flowing along the beam axis, with injection from the region of

- a homogeneous axial field. The electron beam was also focused
with a diameter of ~2 cm in an increasing azimuthal magnetic
field. The development and successful operation of the first
model of this new device allowed us to obtain data necessary
to design more powerful accelerators and accelerators with
higher energies and longer pulses.
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