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Influence of an optical pulsed discharge
on the structure of a supersonic air flow

A.N. Malov, A.M. Orishich

Abstract. We present the results of investigation of the parameters
of an optical pulsed discharge (OPD) and their relation with gas-
dynamic parameters of a supersonic flow and with characteristics
of laser radiation. For the first time the discrete objects are detected
in the OPD by an optical method, namely, low-density caverns
moving along with the flow. The propagation velocity of the
thermal track arising in a supersonic flow under the action of the
OPD is measured. It is found that at a pulse repetition rate of
90-120 kHz the caverns unite into a single plasma jet.

Keywords: high-power repetitively pulsed CO, laser, mechanical
Q-switching, supersonic air flow, optical pulsed discharge, air opti-
cal breakdown, thermal track, low-density cavern.

1. Introduction

Employment of laser radiation for obtaining an optical dis-
charge in a supersonic air flow and for developing methods
for efficient energy absorption in it is promising in investiga-
tions aimed at solving problems of controlling the parameters
of aerodynamics of aircrafts, plasma chemistry, burning and
so on [1—4]. The optical pulsed discharge (OPD) obtained in
[5—8] was ignited in a focus of the radiation pulse of a repeti-
tively pulsed CO, laser in a supersonic argon flow and affected
the flow similarly to a cw optical discharge. But realisation of
the OPD in air necessitates a high power of laser radiation.
This circumstance stimulated investigations concerning
creation of high-power repetitively pulsed lasers. In [9-11]
we described a repetitively pulsed CO, laser with the pulse
repetition rate of up to 80 kHz and power of 4.5 kW. The
characteristics of the laser made it possible for the first time to
obtain the OPD in a supersonic air flow (with the Mach num-
ber M = 2) and formulate the requirements to gas density and
parameters of the radiation pulse, fulfilment of which resulted
in obtaining a strong (to 65%) absorption of the radiation
power in the flow. The properties of the flow with the OPD
and the structure of the gas flow in a thermal track substan-
tially affect the possibilities of controlling aero-dynamic char-
acteristics of a supersonic aircraft, in particular, of elimina-
tion of the sonic shock effect [12]. In [10] we obtained the
mass-averaged air temperatures along a thermal track after
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the action of the OPD, which were equal to 120—-150°C. In
these experiments we detected a thermal track glow, which
cannot be related to the mentioned gas temperature in the
flow. Nevertheless, the glow may be related to a glow of cav-
erns arising in the flow in the process of the periodical gas
breakdown under the action of laser radiation.

The dynamics of laser spark formation in steady air and
hydro-dynamic relaxation of a hot gas cloud have been stud-
ied sufficiently well [13—15]. Formation of an actually spheri-
cal shock wave was observed as well as relatively slow radial
expansion of the glow region of a heated ionised gas or
plasma. In recent investigations, problems of laser break-
down at ultrahigh pulse repetition rates are analysed as well
as obtaining lengthy plasma channels by a single pulse
[16, 17]. In works devoted to spark investigation in steady air
[13—-15, 18] it was noted that the dynamics of expansion of a
plasma ball substantially depends on the conditions of energy
supply and may be of complicated asymmetric character. This
was explained by peculiarities of gas breakdown, develop-
ment of a detonation wave along a laser beam, which deter-
mines the directional movement of plasma and cold gas, for-
mation of vortex structures and so on. The character of
plasma expansion substantially affects its lifetime. The
motion dynamics of plasma clouds in the OPD at a high pulse
repetition rate (~10° Hz) and their mutual influence have not
been studied previously. Of particular interest is finding the
conditions for merging separate plasma clouds to a united
plasma jet.

The present work is aimed at obtaining data on spatial,
temporal, and spectral characteristics of the optical radiation
of the supersonic air flow after it was subjected to an action of
the OPD.

2. Experimental setup

A repetitively pulsed CO, laser with mechanical Q-switching
was used in the experiments. The laser pulse repetition rate
was up to 120 kHz and the power was up to 4.5 kW [7-9].
The pulsed power of the laser depending on the modulation
conditions was 60—200 kW. The pulse repetition rate of
120 kHz is presently the highest frequency for high-power
CO, lasers with mechanical Q-switching. The scheme of the
experiments is shown in Fig. 1.

Supersonic flow (2) was formed by a conic nozzle (7).
The conic nozzle with the aperture angle of 13°, diameter of
the exit section 10 mm and diameter of the critical cross sec-
tion 8 mm corresponded to the geometrical Mach number of
1.9. The gas expenditure was 2—4 kg s~!. The laser radiation
passed through lens (5) made of ZnSe with a focal length of
63 mm to the axis line of the supersonic flow perpendicular to
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Figure 1. Scheme of the experiments: (/) conic mirror; (2) supersonic
flow; (3) region of air optical breakdown; (4) thermal track; (5) lens
made of ZnSe; (6) calorimetric power meter; (7, 8) lenses of optical
tract; (9) DMR-4 double monochromator; (/0) photomultiplier; (/)
digital oscilloscope; (/2) coaxial photocell; (13, 14) FD-24K photodi-
odes.

the direction of gas motion. The spot diameter in the focal
plane of the lens was 100—150 um, which provided the pulsed
radiation intensity under optimal operation of (7—15) x
108 W cm2 and an optical breakdown in a supersonic air flow
(3). The laser radiation at the output of the flow and flame
zone was measured by a NOVA 2 calorimetric power meter
with the limiting measured power of 5 kW (6).

An external appearance of the working zone of the instal-
lation with an optical discharge in a supersonic air flow is
shown in Fig. 2. One can see a spherical glow of optical dis-
charge plasma and a thermal track with the width of ~5 mm
and length of ~20-30 mm. For visual observation of the pro-
cess of plasma formation in a supersonic flow and of the pro-
duced thermal track the installation is supplied with an opti-
cal diagnostic system. The optical scheme used in this work
for measuring a small signal of thermal track radiation against
the background of high-power radiation of the plasmoid
comprised an optical tract (7, 8) for transferring the image of
a point of thermal track (4) to an entrance slit of monochro-
mator (9). A DMR-4 double monochromator was used,
which reliably suppressed extraneous emission. The signal at
the output of the monochromator was detected by a FEM-
106 photomultiplier ( /0) with the spectral range of sensitivity
170—-850 nm and then passed to oscilloscope (/1). The opti-
cal system provided a spatial resolution of ~100 um for the
thermal track, and the electronic detection system had a tem-
poral resolution of ~50 ns. The dynamics of energy absorp-
tion in the zone of the optical discharge was measured using
FD-24K photodiodes for incident (/3) and passed ( /4) laser
radiation and an FK-22 coaxial vacuum photocell (/2) for

Figure 2. Photograph of the operation unit with a burning OPD.

detecting light from the plasmoid. Electrical signals from
photodetectors were recorded by oscilloscope (11).

3. Experimental results

In [11] we thoroughly investigated energy absorption in the
process of formation of a separate OPD plasma bunch. After
gas breakdown, the ionisation front is generated, which
propagates inside the caustic towards the laser beam. At the
laser radiation intensities of our experiment (5 x 103 — 2 x
10° W cm™2), a laser-supported detonation wave may arise [9],
which moves at the characteristic velocity of ~2 x 10 mm s,
The characteristic time of energy absorption was 1 us and the
length of the plasma bunch along the beam at an initial stage
of energy absorption was no greater than 1-2 mm, i.e., sub-
stantially less than the laser beam diameter (100—150 um) in
the focal plane of the lens. However, intensive side expansion
of plasma occurs beyond the front of the laser-supported det-
onation wave. Thus, a high-pressure bunch of plasma (plas-
moid) arises in the laser spark quite rapidly with the shape
close to spherical (Fig. 2). In a relatively short time interval,
plasma expands radially with a reduction of pressure to the
pressure of the ambient medium. In front of expanding
plasma, a shock wave arises which is almost spherical. The
following relatively slow process of plasma relaxation is iso-
baric. In the process, the ‘quality’ of energy deposition deter-
mines the degree of plasma turbulisation and, consequently,
the rate of its cooling.

Direct measurements in the central high-temperature
region of a single discharge were performed in [17] where the
temperature dynamics of cylindrical plasma breakdown was
studied by spectral methods. It was established that regardless
of the value of energy deposition the transition from adiabatic
expansion to the isobaric stage occurs at the same tempera-
ture (8500 £ 500 K), but at distinct instants. In this case, the
initial temperature varies because it depends on the power
deposited. The formed hot cloud (cavern) has a very small
density. It is important that a cavern glow was observed
at both the adiabatic and isobaric stages, i.e., during 300—
500 ps. Estimates based on the data from [17, 19] under the
conditions of our experiments yield the characteristic time of
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completion of adiabatic expansion ~5 us. Hence, in the course
of fast expansion at the velocity of the air flux of ~500 m s™!
the cavern covers a distance of 2—3 mm. A further cavern
motion in the flow was the subject of our investigation.

In the present work, the spectral characteristics of cavern
glow in a supersonic air flow in the OPD have been investi-
gated. The results of intensity measurements of the optical
signal at several wavelengths in the range 300—950 nm are
shown in Fig. 3. The measurements were taken at the width of
monochromator output slit 0.5 mm, which corresponded to
the spectral width of passed radiation ~5 nm. In the emission
spectrum (Fig. 3), lines of the first A’Z,; — B3TI, (460950 nm)
and the second BT, — CI1, (300—500 nm) positive bands of
nitrogen were reliably detected as well as long-wavelength
lines of the oxygen Schumann—Runge X*%; — B3%, (300-460)
band [20].
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Figure 3. Intensity distribution of the glow region of the thermal track
as a function of wavelength at a distance of 8§ mm from the plasmoid;
the antechamber pressure is § atm.

Further investigations of the glow of the thermal track
were carried out with the monochromator adjusted to a wave-
length of 555 nm at the slit width of 4 mm (which corresponds
to the spectral width of 48 nm). Such a regime provides
obtaining a sufficiently large signal from a moving cavern
especially in measurements at large (greater than 20 mm) dis-
tances from the plasmoid.

The oscillogram of the FEM signal shown in Fig. 4 was
obtained for the case where the optical system was adjusted to
the point in a thermal track residing at a distance of § mm from
the laser beam focusing point downward the flow. The pulse
repetition rate was 50 kHz. The intensive light pulses, observed
in the signal, followed the pulse repetition rate and corre-
sponded to the exposure by a powerful light flash from the gen-
erated plasma. These pulses were used as a reference signal.
Also the pulses of a lower power were detected, which arose at
the instants depending on the distance between the focusing
point of the detection optical system and the place of plasma
formation (Fig. 4a). These light pulses refer to emission of the
discrete high-temperature caverns of low density, which arise
due to an optical breakdown under the action of high-power
focused laser radiation and fly by the focusing point of the
detection system. The delay of these pulses relative to the laser
pulses and their shape depended on the distance from the point
of plasmoid formation and on the velocity of the flow deter-
mined by the pressure in the antechamber (Fig. 4b).
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Figure 4. Oscillograms of glow pulses of the thermal track region at
a distance of 8 mm from the plasmoid; the antechamber pressure is 8
(a), 10 (7; b) and 2 atm (2; b), the pulse repetition rate is 50 (a) and
30 kHz (b).

The time needed for the cavern to cover a distance of
~10 mm from the plasmoid at the characteristic flow velocity
of 500 m s~! was ~20 us, which corresponds to the time inter-
val between the pulses at their repetition rate of 50 kHz.
Hence, the pulse of the cavern glow will coincide with the
glow of the plasmoid generated in a subsequent optical break-
down; at the distance from the plasmoid 15 mm it will be
approximately in the middle of the interval between succes-
sive glow pulses of the plasmoid. In order to study the flow
velocity (cavern motion) in a thermal track versus the dis-
tance from the plasmoid and air pressure, a lower frequency
of pulses was used in the antechamber (7 kHz), which was
determined by the modulator having a less number of cuts,
but, the same velocity of rotation.

The results of glow detection at the three points in the
thermal track separated from the plasmoid by distances of 8,
13, and 21 mm are shown in Fig. 5 for the pulse repetition rate
of 7 kHz and the time interval between pulses 140 us. The
time needed for the cavern to pass from one point to the other
was measured by positions of centres of cavern images. In this
way, RT-diagram was obtained and the dependence of the
flow velocity ¥ on the distance from the plasmoid was plotted
(Fig. 6). At a ‘zero point’ the flow velocity was calculated tak-
ing into account the stationary supersonic flow at the pressure
of 8 atm in the antechamber [9]. One can see from Fig. 6 that
at a distance of 4 mm from the plasmoid the flow velocity
increases to 650 us~! and then it reduces to 360 us™'. From
oscillograms (Fig. 5) and measured velocity values (Fig. 6)
one can estimate the characteristic dimension of the cavern
d = Vz, where 7 is the zero-level pulse duration. For distances
of 8—13 mm we obtain the cavern dimension of ~4—-5 mm.

From the cavern dimensions and average flow velocity
one can find the critical pulse repetition rate f..; = V/d needed
for caverns to unite into a solid track of a low-density hot jet.
By using the characteristic parameters d = 4—5 mm and V' =
500 m s~! we obtain a minimal frequency of 80—100 kHz.
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Figure 5. Oscillograms of glow pulses of the thermal track region at a
distance of 8 (), 13 (2) and 21 mm (3) from the plasmoid; the ante-
chamber pressure is 8 atm.
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Figure 6. Flow velocity vs. distance from the plasmoid. The white
square shows the calculated velocity.

In order to realise this regime, the laser system [9—11] was
improved for obtaining the pulse repetition rate of the low-
pressure CO, laser up to 120 kHz at the average power of up
to 4 kW.

Oscillograms of glow pulses for the regions of the thermal
track separated from the plasmoid by the distances of 8 and
13 mm are shown in Fig. 7 at the antechamber pressure of 8
atm and the pulse repetition rate of 120 kHz. These oscillo-
grams are specific, as compared to those in Fig. 4, in that they
have a constant component (if the corresponding oscilloscope
input is open for the DC), i.c., they show a detected constant
glow of the thermal track. This fact proves that at the fre-
quency of 120 kHz the caverns unite into a light filament
modulated at the frequency of laser pulses.
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Figure 7. Oscillograms of glow pulses of the thermal track region at a
distance of 8 (/) and 13 mm (2) from the plasmoid; the antechamber
pressure is 8 atm and the pulse repetition rate is 120 kHz.

Oscillograms of all light signals observed in system opera-
tion are shown in Fig. 8. Oscillograms (/) and (2) correspond
to incident laser radiation and radiation passed through the
plasmoid, oscillogram (3) is responsible for the plasmoid
light detected by a FK-22 vacuum photocell (see Fig. 1) with
a high temporal resolution (~5 ns), and oscillogram (4) cor-
responds to the thermal track radiation detected by the FEM.
One can see that the signal from the FEM flattens high-fre-
quency details and well describes the main shape of the plasma
glow pulse. Power measurements of incident and passed laser
radiation made it possible to determine the absorption coef-
ficient of radiation in the plasmoid by using a method similar
to that in [9—11]. The absorption coefficient was found to be
70%, i.e, close to the values measured earlier at a lower fre-
quency. It was shown in [11] that reflection and refraction are
negligible in the process of plasma formation.
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Figure 8. Oscillograms of optical signals: incident (/) and passed (2)
laser radiation, light from the plasmoid (3) and thermal track emis-
sion (4).

4. Discussion

Generation of a quasi-continuous high-enthalpy thermal
track of low density is of great importance for efficient con-
trolling a supersonic air flow because such a track has some
advantages as compared to a discrete repetitively pulsed
track. In particular, it opens the possibility to more efficiently
absorb the energy of high-frequency generators, control the
structure of shock waves and the process of controlled burn-
ing in a supersonic flow and so on. Consider the conditions
for generation of a quasi-continuous low-density thermal
track in more details.

First of all it should be noted that creation of the plasma
cloud is accompanied by formation of a shock wave in ambi-
ent gas. This wave overtakes the cavern generated earlier and
affects it. Our measurements lead to a conclusion that such an
interaction does not destroy the thermal track. At a low rep-
etition rate of pulses the shock wave noticeably weakens and
no action to the cavern glow is observed (see Fig. 4). At a high
pulse repetition rate (see Fig. 6) when caverns merge, the glow
intensity oscillates, which can be interpreted as deformation
of the hot gas cloud. However, in this case, separate bunches
of the glowing hot gas are definitely distinguished, i.e., no fast
destruction of clouds is observed.

Formation of a single plasmoid is well described by the
point explosion theory with a back pressure taken into
account, which is thoroughly described in [16, 18]. The radius
R, of a spherical cavern at the stage of its quasi-stationary
cooling can be estimated, similarly to [17], by using the for-
mula

RO _ 3AQ ]1/3,
(W, + W)

where Q is the energy of a single pulse; A4 is the absorption
coefficient of laser radiation in plasma; W, = 0.5 J cm™ is the
excess of heat concentration in the cavern at the stage of its
isobaric cooling [18, 19, 21]; and W, is enthalpy of undis-
turbed gas. In our case, at the average power of laser radia-
tion 4 kW, pulse repetition rate of 120 kHz, and the absorp-
tion coefficient 4 = 0.7 we obtain Ry ~ 3.3 mm, which is close
to the experimental value.

By using the relationships /.. = V/d, d = 2R, = BQ"? and
Pt = O fori we find the relation between the critical power of
laser radiation P, pulse repetition rate f.;, and velocity of

the supersonic flow V at which caverns unite: Py ~ V3 x
(B3f2;)". Here we employed the fact B = const. Thus, an
increase in the average power cannot noticeably raise the flow
velocity. Cavern merging, for example, at a double velocity
(to 1000 m s~!) would require the eight times greater power. It
is more reasonable to increase the pulse repetition rate. In this
case, the parameters of a single pulse (in particular, the peak
power) should provide efficient formation of plasma [9]. This
stimulates investigations of energy characteristics of CO,
lasers possessing high pulse repetition rates (100 kHz and
greater) and relaxation processes in the active media of such
lasers.

5. Conclusions

From the experimental results discussed above one may come
to the following conclusions.

1. For the first time, stable discrete objects, namely, low-
density caverns moving with a flow are detected in the OPD
by the optical method.

2. Velocities are measured of the thermal track arising in a
supersonic flow under the action of the OPD.

3. It was established that at pulse repetition rates of
90-120 kHz, low-density caverns unite into a single plasma jet.
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