Quantum Electronics 45 (11) 1003—-1009 (2015)

©2015 Kvantovaya Elektronika and Turpion Ltd

ACTIVE MEDIA

PACS numbers: 42.55.Ks; 42.60.Mi
DOI: 10.1070/QE2015v045n1 1ABEH015796

Gas-dynamic perturbations in an electric-discharge repetitively pulsed
DF laser and the role of He in their suppression

P.A. Evdokimov, D.V. Sokolov

Abstract. The gas-dynamic perturbations in a repetitively pulsed
DF laser are studied using a Michelson interferometer. Based on
the analysis of experimental data obtained in two experimental sets
(working medium without buffer gas and with up to 90 % of He), it
is concluded that such phenomena as isentropic expansion of a ther-
mal plug, gas heating by shock waves and resonance acoustic waves
do not considerably decrease the upper limit of the pulse repetition
rate below a value determined by the time of the thermal plug flush
out of the discharge gap. It is suggested that this decrease for a DF
laser with the SFg—D, working mixture is caused by the develop-
ment of overheat instability due to an increased energy deposition
into the near-electrode regions and to the formation of electrode
shock waves. Addition of He to the active media of the DF laser
changes the discharge structure and improves its homogeneity over
the discharge gape cross section, thus eliminating the reason for the
development of this instability. A signification dilution of the active
medium of a DF laser with helium up to the atmospheric pressure
allowed us to achieve the limiting discharge initiation frequencies
with the active medium replacement ratio K ~ 1.

Keywords: gas-dynamic perturbations, thermal plug, shock waves,
overheat instability.

1. Introduction

Despite their almost 50-year history, electric-discharge repeti-
tively pulsed chemical HF(DF) lasers still attract the atten-
tion of researchers [1—14]. This is simply explained by the
absence of really competitive sources with comparable peak
and average output powers in the practically important wave-
length range A = 2.6—4.2 um.

The development of efficient repetitively pulsed HF(DF)
lasers with high average powers runs into the problem com-
mon for all electric-discharge repetitively pulsed lasers,
namely, the discharge initiation repetition rate f,,,, is K-fold
lower than the theoretically possible rate determined by the
rate of gas replacement in the discharge gap fo = v/by (v is the
average active medium flow rate in the discharge gap and b is
the initiation region width) [14]. In other words, to maintain
stable repetitively pulsed laser operation at a required initia-
tion pulse repetition rate, it is necessary to pump the active
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mixture through the discharge gap with a rate v = Kfb,,. (Since
the product fby determines the flow rate needed for a single
replacement of the active medium in the discharge gap for the
time interval between initiation pluses, the coefficient K was
named the active medium replacement ratio.) This situation is
caused by the perturbations of the active mixture density, or
the gas-dynamic perturbations due to repetitively pulsed ini-
tiation [15-25].

Since the gas-dynamic perturbations propagate upstream
and must be removed from the discharge gap to the beginning
of the next pulse, the typical value of K turns out to exceed
two. In particular, The authors of [6] report a DF laser with
the pulse repetition rate /' < 1200 Hz at K ~ 2.3. Work [3]
presents the results of investigation of a HF laser with the
initiation rate f' < 2400 Hz at K ~ 5. The authors of [14] noted
that the coefficient K also increases with increasing limiting
pulse repetition rate and changes from K ~ 3 for f ~ 100
Hz to K ~ 5 for f= 1000 Hz. In [26], as the maximum pulse
repetition rate of a KrF laser increased from ~1000 to 5000
Hz, the coefficient K increased from 2.2 to 3.6 due to an
increase in the gas mixture flow rate.

Among the main reasons for the appearance of perturba-
tions of the working mixture density in electric-discharge
lasers, one distinguishes the following: the ever-present inho-
mogeneity of the gas flow rate field in the discharge gap; the
gas density fluctuations, which take place even in isothermal
flows and are related to the flow rate pulsations [15]; the exis-
tence of boundary layers on electrodes [16—18]; the develop-
ment of a temperature boundary layer due to increased energy
deposition in the near-electrode regions [15]; the isentropic
expansion of the thermal plug and the heat conduction; the
increase in the size of the heated gas plug along the flow
[14, 16—20]; gas heating by shock waves formed due to the
pulsed energy deposition into the discharge [16, 19]; and the
resonance acoustic waves [6, 15, 17, 21-25]. It is obvious that,
due to different gas-dynamic characteristics of media, specific
energy depositions, discharge formation systems, etc., the role
of each of the factors is different in CO, and HF(DF) lasers,
excimer lasers, and gas lasers of other types.

For the repetitively pulsed HF(DF) laser, on the one
hand, the authors of [6] claim that the factor responsible for a
decrease in the average pulse energy with increasing initiation
frequency and for a much lower maximum initiation fre-
quency than the limiting value is the existence of acoustic per-
turbations. There, it was emphasised that an efficient method
for their suppression is to increase the sound velocity in the
working mixture by diluting it with a light gas (helium). On
the other hand, in [14], the main role is assigned to the isentro-
pic expansion of the thermal plug and to the existence of a
temperature boundary layer at the electrodes. In the same
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work, it was noted that the influence of such factors as the gas
heating by shock waves and the excitation of acoustic waves
is usually considerably weaker. Publication [27] presents the
experimental results on a HF(DF) laser in which the maxi-
mum initiation pulse repetition rate for the SF¢—D,—He
active medium at the atmospheric pressure was increased to
2000-2200 Hz compared to the rate 600—700 Hz for the
SF¢—D, active medium. In this case, the active mixture
replacement ratio is K ~ 1.2, which confirms the conclu-
sions made in [6] on a positive effect of addition of He to
the working medium of the HF(DF) laser in order to
achieve the limiting initiation pulse repetition rate and to
suppress gas-dynamic perturbations. In this connection, it
is of undoubted interest to quantitatively estimate the per-
turbations of one or another nature in the active media of
both compositions under identical initiation conditions, as
well as to try to answer the question about the role played
by He in the suppression of gas-dynamic perturbations in
HF(DF) lasers.

The present work continues the investigations performed
n [27]. All the energy and technical characteristics of the
experiments presented in this paper completely correspond to
those used in [27].

2. Experimental setup

The experimental part of the work is performed on an electric
discharge closed-cycle HF(DF) laser with a ring gas-dynamic
circuit, which is described in detail in [27]. For pulsed initia-
tion, we used a bulk discharge formation system with a dis-
charge gap cross section of 10 x 10 mm and with the active
mixture preionisation by the UV radiation of coupled capaci-
tive discharges. The investigations were performed for two
active mixture compositions, namely, the first composition
was free of He (total gas pressure p;, = 0.18 atm), and the
second composition was diluted with He to the atmospheric
pressure. The ratio of the active components was identical
for both compositions (SF4:D, = 6:1), while the ratio of
partial pressures for the medium with the atmospheric pres-
sure was (SD, + D,):He = 0.09:0.91 atm. The specific
energy deposition into the discharge wgy;, was constant and equal
to ~40 J L', Taking into account the chemical reaction, the
total specific energy release in the discharge gap is wg;s ~
42,51 L. For the first and second compositions, the active
gas flow rates in the discharge gap are approximately 27 and
25 m s~!, while the limiting initiation rates are about 700 and
2200 Hz, respectively [27].

The perturbations of the active medium density in the dis-
charge gap were experimentally recorded by laser interferom-
etry. All the experiments were conducted using an interferom-
eter assembled according to the classical scheme of the two-
beam Michelson interferometer. The interference pattern
resulted from summing of the reference and probe beams was
build up directly on the matrix of a pco.dimax high-speed
CCD camera. Depending on the experimental conditions, we
used two recording regimes: with a frame repetition rate of
5 kHz and an exposure time of 40 us for a pulsed discharge in
the motionless mixture of the DH laser and with a frame rep-
etition rate of 25 kHz and an exposure time of about 8 us for
a pulsed discharge in flowing gas.

The laser beam in [27] was confined by an aperture 10 x
10 mm, because of which all the characteristics calculated
from the interference patterns were accurate up to a constant.
The disposition of electrodes on the interference patterns was

as follows: the cathode was at the top and the anode was at
the bottom.

3. Experimental results

3.1. Pulsed discharge in a gas at rest

The study of the interference patters observed under the con-
dition of a pulsed discharge in the motionless mixture allows
one both to determine the character and localisation of gas-
dynamic perturbations themselves and to find their source.
Figures 1 and 2 present the interference patterns of gas-
dynamic perturbations at a pulsed discharge in the active
medium of both compositions.

Figure 1. Interference patterns of the discharge gap at the instants ¢ =
(a) 1.2 and (b) 1.8 ms after the initiation pulse for the SF¢—D, working
mixture.

Figure 2. Interference patterns of the discharge gap at the instants ¢ =
(a) 0.2 and (b) 1.0 ms after the initiation pulse for the SF¢—D,—He
working mixture.

Analysis of the images allows us to conclude that two
groups of perturbations exist in both cases. The first, general
group includes large-scale perturbations over the entire dis-
charge gap cross section, which are observed as a consider-
able shift of the interference bands and are related to the
expansion of the heated gas plug. The second group contains
the perturbations which result from the energy deposition
inhomogeneities over the discharge gap cross section and are
different for these compositions. The perturbations typical
for the SF4—D, working mixture are related to a higher
energy release near the electrodes and to the formation of
electrode shock waves. In the case of a pulsed discharge in the
SF¢—D,—He working medium, there are no perturbations
caused by the inhomogeneous distribution of energy deposi-
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tion along the discharge gap height, but there exist perturba-
tions testifying to inhomogeneity of the energy deposition
near the discharge edges and are caused by field sharpening at
the electrode edges.

Figures 3 and 4 show the dependences of the gas density in
a probe window along the discharge gap height in the plane
passing through the centre of electrodes, which were deter-
mined by processing the interferograms at different instants
after the discharge pulse in the SF¢—D, and SFs—D,—He
mixtures. One can see that, in the process of thermal expan-
sion in the SF4—D, mixture, the position of the maximum
rarefaction shifts to the cathode, which may point to a higher
energy release near the electrodes and to the existence of hot
near-electrode layers. In particular, according to estimates of
[18], a pulsed discharge in, for example, N, may cause an
increase in the gas temperature near the cathode up to 1000 K,
while a discharge in CO, may lead to even higher tempera-
tures.

The change in the gas density in the discharge gap is
related to the gas expansion caused by a pressure (tempera-
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Figure 3. Distribution of the gas density variation Ap along the dis-
charge gap height (x = 0) at different instants ¢ after a pulsed discharge
in the SFg—D, mixture: 7= () 5, (a) 20, (o) 50, (o) 70, (w) 100 and (o) 150 ms.
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Figure 4. Distribution of the gas density variation along the discharge
gap height (x = 0) at different instants ¢ after a pulsed discharge in the
SF¢—D,—He mixture: 7 = (a) 1, (a) 3, (o) 5, (0) 10, (m) 50 and () 100 ms.

ture) jump upon the pulsed initiation and to the subsequent
density recovery due to convective heat exchange. Since the
energy release in the form of heat in a pulsed discharge occurs
faster (almost immediately, for about 10~7 s) than the gas-
dynamic perturbations propagate, the gas temperature jump
in the initiation volume takes place at a constant volume,
while the expansion of the heated gas plug is described by
adiabatic equations.

The fact that the transverse size of the thermal plug b, is
much smaller than its length allows one to consider the ther-
mal expansion only in the transverse direction. The thermal
plug size b, corresponds to the width of the energy deposition
region and is smaller than the width of the electrodes.
Assuming that, in the process of expansion, the thermal plug
does not leave the boundaries of the electrodes, we ignore the
change in the plug volume due to a change in its cross section
caused by the electrode profile effect and, hence, write V/V, =
blby (where V and V are the thermal plug volumes before and
after expansion and b is the transverse size of the thermal plug
after expansion). From the condition of adiabaticity of the
process, it follows that

Pobiy = pob”, ()

where p, and p,, are the initial pressures in the flow and in the
thermal plug and v is the adiabatic index. Using the ideal gas
state equation, we obtain

b _Ty_ [ ATV
a=r=(+%) @

where T and T}, are the initial gas temperature in the initia-
tion volume and the plug temperature after expansion, and
AT is the gas temperature jump in the initiation volume.

Since the specific heat capacity of a material in the general
case depends on temperature, the temperature jump of the
heated gas can be determined by solving the integrodifferen-
tial equation

B w
fTo er()dT =" 3)

where T, is the final gas temperature in the initiation volume,
cy(T) is the specific isochoric heat capacity of the medium,
and m and W are the gas mass and the total energy release in
the initiation volume.

We determined the temperature dependences of the spe-
cific isochoric heat capacity of the SFg—D, and SFs—D,—He
working mixtures based on the data of specific molecular heat
capacities for the mixture components He [28], D2 [29], and
SF6 [30] at a constant pressure ¢,(7'). At the total (with allow-
ance for the discharge and the chemical reaction) specific
energy release wgs ~ 42.5 J L', the gas temperature in the
initiation volume increases approximately by 68 and 51.7 K
for the SF¢s—D, and SF¢—D,—He working media, respectively.

Table 1 lists the following thermodynamic characteristics
of the mixtures: y, and q, for the initial temperature 7, =
300 K, y,, and a,, for the thermal plug temperature 77, and yy,
and a, for the thermal plug temperature 73, after adiabatic
expansion. Here, a), a, and a;, are the sound velocities corre-
sponding to the above-mentioned temperatures.

The fraction of energy released in the discharge and spent
on increasing the internal gas energy in the thermal plug vol-
ume is
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Table 1. Thermodynamic characteristics of the mixtures.

Working mixture  T,/K Y0 ap/m s~ T,/K b a,/ms™ biby Tuw/K Vh ay/ms™!
SF¢-D, 300 1.1007 149.65 368.0 1.0914 165.04 1.21 361.6 1.0921 163.65
SF¢—D,-He 300 1.4114 454.51 351.7 1.3974 489.67 1.12 336.2 1.4013  479.43
= 7B TTTTHTHT TR
-0.04
8Q 7;3 _ T() (4) ms

From this, taking into account the thermal plug temperatures
before and after expansion, we have 8Q ~ 0.9 for the SF¢—D,
active mixture and 0.7 for the working mixture at the atmo-
spheric pressure. In other words, while about of 30% of
energy released in the discharge gap at the atmospheric pres-
sure is removed by shock waves, the energy released in the
SF¢—D, mixture is almost completely spent on increasing the
internal gas energy, and the fraction of energy taken away by
shock waves is ~10%.

The temperature (and, correspondingly, pressure) jump at
the boundary between cold and heated gas leads to the forma-
tion of a region of a break in the gas-dynamic characteristics
and to the appearance of a shock wave. The equations describ-
ing the relation of the shock wave Mach number with the cold
and heated gas parameters based on the theories of shock
waves and self-similar motion of a polytropic gas [31, 32] have
the form [32, 33]

<1 Vo — 1@M2 _ 1)23’13/(7’[)*1)

Typtla, M
_1 1 2
=T+ To(@M™—1) + 1], )
2
u:M%M, MmM=2L, (6)
M= (yo+ 1) do

where D is the shock wave velocity and u is the velocity of
motion of the contact surface between compression and rar-
efaction jumps.

Table 2 presents the thermodynamic characteristics of the
mixtures in the compression (p, p1,77) and rarefaction (p»,
p>=p1, T>) regions (p; and p, are the densities of the mixtures
in the corresponding regions). One can see that the scale of
gas-dynamic perturbations caused by a pulsed discharge is
almost the same for both compositions of the working mix-
ture of the DF laser. Therefore, they play identical roles in the
restriction of the maximum initiation repetition rate. Thus,
since they exert no restricting effect in DF lasers with the
SF¢—D,—He working medium, then they also must not limit
the initiation repetition rate in DF lasers with the SF¢—D,
mixture.

3.2. Pulsed discharge in the active mixture flow

Figure 5 presents the interference patterns observed in the
axial plane of the discharge gap (probe window height is
1.1 mm) at different time moments with respect to the pulsed

s . . e
a b

Figure 5. Interference patterns of the discharge gap in the axial plane
recorded at different time moment 7 with respect to a pulsed discharge
in the flow of the (a) SF¢—D, and (b) SF¢—D,—He active mixtures of
the DF laser.

discharge instant in the flow of the active medium of the DF
laser. It is seen that, despite the difference in the character of
the motion of the hot region boundary, the time of the ther-
mal plug removal from the discharge gap is approximately the
same (~0.36 ms) for both active mixtures and is completely
determined by the average flow rate.

In [29], the vibrational character of the gas flow (mixture
SFg:D, =9:1, total pressure p,;, = 0.1 atm, initiation repeti-
tion rate f'= 17 Hz, gas flow rate v = 1.4 m s7!) is explained by
acoustic waves propagating along the flow, their reflection
from the ends of the gas-dynamic channel, and the superposi-
tion of acoustic perturbations — compression and rarefaction
waves. In our case, under the conditions of single initiation, a
curved (ring) gas-dynamic channel, a ventilation unit from
one side and a filter with a porous structure from the other
side, this explanation seems low probable due to qualitative
estimates in Section 3.1. A more probable reason is the differ-
ence in the intensities of the thermal expansion of the heated
gas plug (y ~ 1.1 for one medium and 1.4 for the other) and

Table 2. Parameters D, u and thermodynamic characteristics of media corresponding to compression (p1,p;, 7) and rarefaction (p,,p, = p;, T>) regions.

Working mixture D/ms! ufms! Pilpo Pilpo T\/T, P2lpo T,/T,
SF¢—D, 157.52 14.61 1.1022 1.1131 1.0098 0.9148 1.2167
SF¢-D,-He 470.84 26.62 1.0599 1.0856 1.0242 0.9465 1.1470
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the gas-dynamic resistance of the thermal plug to the flow. As
a characteristic of this resistance, one can consider the ratio of
the deposited energy to the internal flow energy in the dis-
charge region,

o = W( VIZO—VI )_I. (7

Taking into account that a part of the deposited energy is
removed by shock waves, this ratio is about 0.23 and 0.13 for
the SF¢—D, and SF¢—D,—He active mixtures, respectively.

From Fig. 5, one also sees that, after removal of the ther-
mal plug from the discharge gap, beginning from the time
moment 0.36 ms, the period of interference fringes in horizon-
tal planes does not change any more, which testifies to the
absence of gas mixture perturbations propagating along the
flow. At the same time, the interference pattern of the SFs—D,
mixture at the time moment 0.4 ms demonstrates the propa-
gation of density perturbations in the direction perpendicular
to the flow (and parallel to the electrodes), which is related to
a higher energy release near the electrodes and to the forma-
tion of electrode shock waves (see Fig. 1).

3.3. Gas heating by shock waves

As a result of pulsed initiation, part of the deposited energy is
released in the form of heat and part is removed by shock
waves. As follows from relation (4), the energy fraction W,,/W
removed by shock waves is approximately equal to 0.1 and
0.31 for the SF4—D, and SF¢—D,—He mixtures, respectively.
Thus, while up to 30% of the deposited energy in the SFs—D,
medium is removed by shock waves and about 69% is spent
on heating, these values for the SFs—D, medium are about
10% and 90%, respectively.

The authors of [15, 18] analyse gas heating by shock
waves. As the upper estimate, they suggest the following
expression for calculating the maximum possible gas temper-
ature under the condition that all energy removed by shock
waves is released in the gas:

T?ax - 1+l%@7/_1£, (8)
0

where 7 is the pulse repetition period. Then, for limiting fre-
quencies of 700 and 2000 Hz [27], we have Ty, /Ty ~ 1.003
for the SF¢—D, mixture and 1.013 for SF4—D,—He.

From this estimate, one can see that, for both active mix-
ture compositions, the density gradients appearing at this
heating are too small to play an important role in the distor-
tion of the discharge homogeneity and in limiting the maxi-
mum initiation frequency.

3.4. Resonance acoustic waves

Studying the problem of the theoretical upper limit of the
pulse repetition rate of repetitively pulsed lasers, which is
determined by the time of the thermal plug removal from the
discharge gap, one almost always considers the resonance
acoustic wave as one of the main reasons for this limiting [21].
At the same time, it was noted [6] that an efficient method of
suppressing acoustic waves is an increase in the sound veloc-
ity in the active medium by diluting it with helium.

Let us consider how strongly acoustic waves can affect the
operation of repetitively pulsed DF lasers and what role is

played in this process by the dilution of the active medium
with helium. First, let us list some of the results obtained
above:

(1) The time of the thermal plug removal from the dis-
charge gap is approximately the same for both active mixture
compositions and is determined by the average flow rate in
the axial plane of the discharge gap.

(2) The upper estimates of the shock wave energy density
for the SF¢—D, and SF¢—D,—He mixtures are 2.4 and 6.7 mJ
x cm™2, respectively.

(3) The sound velocity in the SF¢—D,—He working mix-
ture (about 454.5 m s!) is higher than in the SF;—D, mixture
(about 149.7 m s7!) approximately by a factor of three, and
the ratio of the shock wave energy densities in these media is
the same.

(4) The limiting initiation frequency for a DF laser with
the SF4—D,—He working medium is 2200 Hz [27] and is
approximately equal to the frequency limited by the time of
the thermal plug removal. The limiting initiation frequency
for a DF laser with the SF¢— D, active mixture is about 700 Hz
and more than by 3.5 times lower than the frequency limited
by the time of the thermal plug removal.

The formation of weak shock waves in working media of
gas lasers as a result of pulsed initiation is an undeniable fact
and cannot be in doubt. Having low amplitudes, these waves
rapidly transform into acoustic waves. In particular, in the
case of the DF laser in [8], the shock wave Mach numbers are
1.05 and 1.03 for the SFs—D, and SF¢—D,—He working mix-
tures, respectively. In the process of propagation in the gas
channel, acoustic waves decay by two ways, namely, they are
absorbed in matter and lose their energy upon reflections
from the gas channel elements.

The absorption of a plane acoustic wave with the ampli-
tude A4, in matter is described by the equation

Ay = Aexp(-ad), )

where 4, 1s the wave amplitude at the distance d,

:27t2v2(4 y—1 ) (10)

“T e 3T
is the acoustic wave absorption coefficient, v is the sound fre-
quency, a is the sound velocity, # is the dynamic viscosity
coefficient, and y is the thermal conductivity.

Asis seen from (10), & < a3, and the efficiency of acoustic
wave absorption in matter decreases with increasing sound
velocity. The dependence of coefficient & on other parameters
is insignificant for the considered problem. Thus, the effi-
ciency of absorption of acoustic waves in the SFs— D, mixture
is higher than in SF¢—D,—He (in the case of equality of their
frequencies), but, nevertheless, the limiting initiation fre-
quency in SF¢—D, is lower. Therefore, the increase in the
sound velocity due to dilution of the working medium with
helium cannot be the factor allowing one to achieve the
desired increase in the limiting initiation frequency. For
example, in [24], it is directly shown that the efficiency of exci-
tation of an acoustic wave and its decay rate at low flow Mach
numbers (M << 1) do not depend on M, i.e., the role of the
flow at M << 1 is reduced to the thermal plug removal and
only slightly affects both the longitudinal and transverse
acoustic vibrations.

Let us consider the energy losses due to the reflection from
the gas channel elements. The acoustic wave reflection and
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propagation coefficients depend on the ratio of wave resis-
tances of the two media, and the wave resistances, in turn, are
proportional to the acoustic resistances. The wave resistance
of gases is much lower than that of solids, because of which a
wave incident from gas on a solid barrier (whose thickness in
the wave propagation direction is large) is almost completely
reflected. If the barrier thickness is much smaller that the
sound wavelength in the barrier, then the reflection coeffi-
cient is low and the propagation coefficient is high. The main
materials of gas channel elements are alloys with a high con-
centration of aluminium. The sound velocity in aluminium is
approximately 6420 m s~!. The acoustic vibrations with fre-
quencies of 14 and 43 kHz and a wavelength in the gas equal
to the width of the electrodes have the wavelengths in alu-
minium of 0.45 and 0.15 m. Since the characteristic thick-
nesses of the laser units do not exceed 5 mm, the acoustic
waves will identically efficiently propagate through metal
barriers with only weak reflection.

Thus, the above considerations show that the effect of
resonance acoustic waves in a DF laser at a specific energy
deposition of about 40 J L~! is identical for the working media
of both compositions and does not explain the restriction of
the maximum initiation frequency for the SFs—D, mixture to
a value considerably lower than the limiting frequency.

3.5. Development of a temperature boundary layer

A boundary layer formed when gas flows around a wall
decreases the efficiency of replacement of a working mixture
in the near-electrode region. The interferometric studies and
the numerical simulation performed in [27] for a DF laser
showed that the thickness of the boundary layer on the plane
region of electrodes is approximately the same for both active
compositions (~0.5 mm). The effect of these layers for the
interelectrode gap with a width of 10 mm can be noticeable,
especially in the case of higher energy depositions in the near-
electrode region. For example, the authors of [18] reported
that, as applied to their setup, the density inhomogeneities
appearing in the boundary layers turn out to be an order of
magnitude higher than the inhomogeneities related to acous-
tic waves.

As was noted above, the typical perturbations for a pulsed
discharge in the SF¢—D, mixture are caused by an increased

a b

Figure 6. Images of the near-field radiation zone for the DF laser (a)
with the SFg—D, active mixture at p.,;x = 0.16 atm and (b) with the
working mixture of the composition (SF¢ + D,):He = 0.09:0.91 atm.

energy deposition near the electrodes and by the formation of
electrode shock waves, which, under the conditions of ineffi-
cient energy exchange, can lead to the development of a tem-
perature boundary layer, to overheating instability, and to
limiting of the initiation pulse repetition rate. This is con-
firmed by the experiments on recording the DF laser radia-
tion in the near-field zone. Figure 6 shows the near-field zone
images (burns on carbon paper) obtained in a repetitively
pulsed initiation regime for one second at a pulse repetition
rate of 600 Hz, which is close to the maximum rate for DF
lasers with the SF¢s—D, active mixture. These experiments
were performed with the anode at the top and the cathode at
the bottom.

In the case of a pulsed discharge in the SF¢—D, mixture
(Fig. 6a), one can clearly see a pronounced near-anode region
with increased energy deposition. The dilution of the working
mixture with helium up to the atmospheric pressure (Fig. 6b)
improves the discharge homogeneity, the region of increased
energy deposition disappears, and the cross section geometry
approaches the calculated parameters.

Thus, we proved the suggestion that the development of
overheating instability, which is caused by a higher energy
deposition near the electrodes and by the formation of elec-
trode shock waves, is the factor that limits the maximum ini-
tiation pulse repetition rate of DF lasers with the SF¢—D,
active mixture.

4. Conclusions

The quantitative analysis of perturbations in the active gas
flow due to pulsed initiation showed that, at the specific
energy deposition wg;, ~ 40 J L', neither the isentropic
expansion of the thermal plug nor the gas heating by shock
waves can be the factors limiting the maximum initiation fre-
quency of electric-discharge DF lasers with the SF¢— D, active
mixture by a value considerably lower than the frequency
determined by the gas flow rate and the width of the elec-
trodes.

At the same time, our investigations revealed that a strong
dilution of the working medium of the DF laser with helium
up to the atmospheric pressure considerably changes the dis-
tribution of the specific energy deposition over the discharge
gap cross section. Despite the fact that the pulsed discharge in
the SF¢—D,—He mixture at the atmospheric pressure is
accompanied by an increase in the energy release at the dis-
charge boundaries due to sharpening of the field at the edges
of the electrodes, a more important, determining fact is that
an improvement of the discharge homogeneity over the dis-
charge gap height leads to the disappearance of the regions of
higher energy deposition near the electrodes, with are typical
for the discharge in the mixture without helium.

It is suggested that the increased energy deposition near
the electrodes, which is typical for the discharge in the active
mixture without helium, and the related formation of shock
waves lead to the development of overheating instability,
which limits the maximum initiation frequency of the DF
laser with the SF¢—D, active mixture by a value considerably
lower than the frequency determined by the time of the ther-
mal plug removal from the discharge gap.

The role of He as an additive to the working medium of
DF lasers consists in the change of the discharge structure
and in the improvement of its homogeneity. Significant dilu-
tion of the active mixture of the DF laser with helium up to
the atmospheric pressure allowed us to considerably improve



Gas-dynamic perturbations in an electric-discharge repetitively pulsed DF laser

1009

the discharge homogeneity along the discharge gap height, to
exclude to reasons for the development of the near-anode
overheating instability, and to achieve limiting initiation fre-
quencies with the working gas replacement ratio K ~ 1.
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