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Laser air-jet engine: the action of shock waves
at low laser pulse repetition rates

V.V. Apollonov, V.N. Tishchenko

Abstract. The impact and thermal action of laser sparks on
the reflector of a laser engine in which the propulsion is
produced by repetitively pulsed radiation is estimated. It is
shown that for a low pulse repetition rate, the thermal contact
of a plasma with the reflector and strong dynamic resonance
loads are inevitable. These difficulties can be surmounted by
using the method based on the merging of shock waves at a
high pulse repetition rate.
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A laser air-jet engine (LAJE) uses repetitively pulsed laser
radiation and the atmospheric air as a working substance
[1-4]. In the tail part of a rocket a reflector focusing
radiation is located. The propulsion is produced due to the
action of the periodic shock waves produced by laser sparks
on the reflector. The laser air-jet engine is attractive due to
its simplicity and high efficiency. It was pointed out in
papers [3, 4] that the LAJE can find applications for
launching space crafts if ~ 100-kJ repetitively pulsed lasers
with pulse repetition rates of hundreds hertz are developed
and the damage of the optical reflector under the action of
shock waves and laser plasma is eliminated. These problems
can be solved by using high pulse repletion rates
(f~ 100 kHz), an optical pulsed discharge, and the
merging of shock waves [5, 6]. The efficiency of the use
of laser radiation in the case of short pulses at high pulse
repetition rates is considerably higher. It is shown in this
paper that factors damaging the reflector and a triggered
device cannot be eliminated at low pulse repetition rates
and are of the resonance type.

Let us estimate the basic LAJE parameters: the forces
acting on a rocket in the cases of pulsed and stationary
acceleration, the wavelength of compression waves excited
in the rocket body by shock waves, the radius Ry of the
plasma region (cavern) formed upon the expansion of a laser
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spark. We use the expressions for shock-wave parameters
obtained by us. A laser spark was treated as a spherical
region of radius ry in which the absorption of energy for the
time ~ 1 ps is accompanied by a pressure jump of the order
of tens and hundreds of atmospheres. This is valid for the
LAJE in which the focal distance and diameter of a beam on
the reflector are comparable and the spark length is small.
The reflector is a hemisphere of radius R,. The frequency f'is
determined by the necessity of replacing hot air in the
reflector by atmospheric air.

Let us estimate the excess of the peak value F, of the
repetitively pulsed propulsion over the stationary force F
upon accelerating a rocket of mass M. It is obvious that
F,= Ma, where the acceleration a = (10— 20)g,~
100 — 200 m s™2. The peak value of the repetitively pulsed
propulsion is achieved when the shock-wave front arrives on
the reflector. The excess pressure in the shock wave (with
respect to the atmospheric pressure P,) produces the
propulsion Fi(f) and acceleration a of a rocket of mass
M. The momentum increment produced by the shock wave
is

1/f
5p; = [0 Fi1)dt = Fyt, [N 5] ()

Here, F, is the average value of the propulsion for the time
t, of the action of the compression phase of the shock wave
on the reflector, and F,, ~ 2F,. By equating Jdp; to the
momentum increment dps = F,/f = aM/f over the period
under the action of the stationary propulsion F,, we find

4= Fm/Fs = 2/(fla)

The value of 4, as shown below, depends on many
parameters. The momentum increment per period can be
expressed in terms of the coupling coefficient J as dp; = JQ,
where Q [J] is the laser radiation energy absorbed in a
spark. The condition dp; = dp, gives the relation

W=aM/J (2)

between the basic parameters of the problem (W = Qf'is the
absorbed average power of repetitively pulsed radiation,
and J ~ 0.0001 —0.0012 N's J! [3, 4, 6].

The action time of the compression phase on the
reflector is 7, ~ R./V, where V =~ k;C, is the shock-wave
velocity in front of the wall (k; ~ 1.2) and Cy= 3.4 x
10* cm s~ is the sound speed in air. The length R, of the
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Here, / is the distance from the spark centre to the reflector
surface and Ry = 2.15(Q/P0)1/3 is the dynamic radius of
the spark (distance at which the pressure in the shock wave
becomes close to the air pressure Pgy). In this expression, Ry
is measured in cm and P, in atm. The cavern radius can be
found from the relation

Rk o 0.29
— =0.6( — =0.22 - 0.3 = 0.25. 4
Ry ( Ry ) ®

Final expression (4) corresponds to the inequality
ro/Rq < 0.03 — 0.1, which is typical for laser sparks (r, is
their initial radius). Let us find the range of P, where the
two conditions are fulfilled simultaneously: the plasma is not
in contact with the reflector surface and the coupling
coefficient J is close to its maximum [3, 4, 7]. This corre-
sponds to the inequality R < h < R4. By dividing both
parts of this inequality by Ry, we obtain R /Ry < h/Ry < 1,
or 0.25 < h/Ry < 1. As the rocket gains height, the air
pressure and, hence, i1/ Ry decrease. If we assume that at the
start (Py = 1 atm) the ratio #/Rq = 1, where h and Ry are
chosen according to (2), then the inequality 0.25 < /Ry < 1
is fulfilled for Py =1 — 0.015 atm, which restricts the flight
altitude of the rocket by the value 30—40 km (% = const).

The optimal distance /4 satisfies the relation
h/Ry =~ 0.25h;, where b; ~4 —5. By substituting /Ry
into (3), we find the length of the shock-wave compression
phase and the time of its action on the reflector:

R, 0.32
— =~ 0.17b" 5
R, {7 (5
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where s; = 0.37b?‘32/(k1 Co) = 9 x 1074932, From this, by
using the relation 4 = F,,/F, = 2/(ft,) we find
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Of the three parameters Q, W, and f, two parameters are
independent. The third parameter can be determined from
expression (2). The conditions 1/f~t, and A~1-2
correspond to the merging of shock waves [5].

The important parameters are the ratio of z;, to the
propagation time ¢, = L/Cy, of sound over the entire rocket
length L (C,, is the sound speed in a metal) and the ratio of
1, to 1/f. For steel and aluminum, C,, = 5.1 and 5.2 km s~',
respectively. By using (6), we obtain
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Here, L is measured in cm and C,, in cm s~'. Expression (8)
gives the energy

From the practical point of view, of the most interest is the
case U > 1, when the uniform load is produced over the
entire length L. If U < 1, the acceleration is not stationary
and the wavelength of the wave excited in the rocket body
is much smaller than L. If also C,/f< L, then many
compression waves fit the length L. The case U~=1
corresponds to the resonance excitation of the waves.
Obviously, the case U < 1 is unacceptable from the point of
view of the rocket strength.

By using the expressions obtained above, we estimate 4,
U, and Ry for laboratory experiments and a small-mass
rocket. We assume that b; =4, J =5 x 1074 NsJ!, and
s;=1.4x 1073 For the laboratory conditions, M =~ 0.1 kg,
R.~5cm, L=10cm, and a =100 m s 2. The average
value of the repetitively pulsed propulsion Fjp is equal to
the stationary propulsion, Fjp = F, = 10 N; the average
power of repetitively pulsed radiation is W= Fp/J =
20 kW, and the pulse energy is Q, = W/f. We estimate
the frequency f and, hence, O, =~ Q for the two limiting
cases.

At the start, Py ~ 1 atm and the cavern radius Ry is
considerably smaller than R,. Here, as in the unbounded
space, the laser plasma is cooled due to turbulent thermal
mass transfer. For Q,, < 20 J, the characteristic time of this
process is 2-5ms [8,9], which corresponds to
f=500—-200 Hz. If Ry ~R, (Py < 0.1 atm), the hot gas
at temperature of a few thousands of degrees occupies the
greater part of the reflector volume. The frequency f is
determined by the necessity of replacing gas over the entire
volume and is ~ 0.5C,/R, ~850 Hz [3, 4]. Let us assume
for further estimates that f=200 Hz, which gives
0, =100J. We find from (7) and (8) that 4 =74 and
U = 3.5. This means that the maximum dynamic propulsion
exceeds by many times the propulsion corresponding to the
stationary acceleration. The action time of the shock wave is
longer by a factor of 3.5 than the propagation time of the
shock wave over the model length. For Py = 1 and 0.01 atm,
the cavern radius is R, = 2.5 and 11.6 cm, respectively.

Let us make the estimate for a rocket by assuming that
M ~20 kg, R, ~ 20 cm, L =200 cm, and a = 100 m s
The average repetitively pulsed propulsion is Fip = Fy =
2000 N, the average radiation power is W =4 MW, for
/=200 Hz the pulse energy is O, = 20 kJ, 4 = 12.6, U = 1,
R, =147 and 68cm (Pp=1 and 0.0l atm), and
F,, =25.6 kKN = 2560 kg. One can see that the repetitively
pulsed acceleration regime produces the dynamic loads on
the rocket body which are an order of magnitude greater
than F,. They have the resonance nature because the
condition U ~ 1 means that the compression wavelengths
are comparable with the rocket length. In addition, as the
rocket length is increased up to 4 m and the pulse repetition
rate is increased up to 1 kHz, the oscillation eigenfrequency
Cn/L of the rocket body is close to f (resonance).

Thus, our estimates have shown that at a low pulse
repetition rate the thermal contact of the plasma with the
reflector and strong dynamic loads are inevitable. The
situation is aggravated by the excitation of resonance
oscillations in the rocket body. These difficulties can be
eliminated by using the method based on the merging of
shock waves [4, 5]. Calculations and experiments [10] have
confirmed the possibility of producing the stationary
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propulsion by using laser radiation with high pulse repe-
tition rates. The method of scaling the output radiation
power is presented in [11].
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