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Abstract; Basic characteristics of the laser-based engine are compared with theoretical predictions and impor-
tant stages of further technology implementation are investigated under low frequency resonance. Relying on a
wide cooperation of different branches of science and industry organizations, it is very possible to use the accu-

mulated potential for launching nano-vehicles during the upcoming years.
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1 Introduction

Up to now the possibility of using a laser engine to
launch light satellites into orbit looks like a very
attractive idea for world wide spectrum of research-
ers’' °'. The solution of problems considered in
Ref. [3] is still of current interest. This is an in-
crease in the efficiency—the coupling coefficient J,

of using laser radiation ( the ratio of the propulsion to

the radiation power) by several times and the pre-
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vention of the shock damage of the apparatus, which
appears when high-power repetitively pulsed laser
radiation with low repetition rates is used. For exam-
ple, for J, ~0.3 kN/MW ( this value is typical for an
air-jet laser engine ) , the mass of 200 kg, and the
acceleration of 10 g, the required laser power should
be ~ 60 MW (the energy  ~ 100 g in the TNT
equivalent, f ~100 Hz) , and the power of a power
supply should be 0.5 —1 GW. However, it seems
unlikely that such a laser will be created in the near

future. In our experiments, J, ~1 kN/MW (obtained
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experimentally) and 3 =5 kN/MW ( estimated, spe-
cial conditions) , which allows us to reduce the laser
power by a factor of 3 —10. A power of 10 —15 MW
can be obtained already at present with the help of
gas-dynamic lasers by using the properties of repeti-
tively pulsed lasing with high repetition rates and
methods for power scaling of lasing''*"".

To solve these problems, it was proposed to use
repetitively pulsed radiation with / ~ 100 kHz, the
Optical Pulsating Discharge (OPD), and the effect
the

The merging criteria were confirmed in
"1 The OPD is laser sparks in the
focus of repetitively pulsed radiation, which can be

6= The

high frequency repetitively pulsed regime is optimal

of merging of shock waves produced by

OPD'IZ_MJ

experiments

at rest or can move at high velocities

for  continuously-pumped  Q-switchedhigh-power

lasers. In this case, the pulse energy is compara-
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Fig.1 Scheme of the experiment
As a result, the propulsion F, appears. In a
cylindrical reflector, the coupling coefficient is max-
imal, J. = 1.1 N/kW'"' as for a plane explo-
sion'”. In the pulsed regime, the OPD is produced
by trains of laser pulses. A narrow jet of diameter D,
~0.3 R,'® | which is smaller than the reflector
diameter D,, carries a plasma out from the OPD
region, which is necessary for the efficient formation

of shock waves. Here, R, =245 (q/p,)"" is the

tively small and the stationary propulsion is possible.
The aim of our paper is to verify experimentally the
possibility of using laser radiation with a high pulse
repetition rate to produce the stationary propulsion in

a laser engine.

2 Experiments

In the model considered in Ref. [12 —14], the
pulsed and stationary regimes are possible. Fig. 1
explains the specific features of these regimes. An
OPD is produced at the focus of a lens on the axis of
a gas jet flowing from a high-pressure chamber or an
air intake to a cylindrical reflector. The shock waves
generated by the OPD merge to form a quasi-station-
ary wave-high-pressure region between the OPD and

reflector.

Model suspension wires

Model suspension wires
High-pressure chamber
(rocket model)

Replaceable cylindrical

Block attachment(reflector)

7 cm

Balance

side(a) and front(b) view.

dynamic radius of a spark, ¢(in J) is the laser pulse
energy absorbed in a spark, and p,(in Pa) is the
gas pressure. The propulsion acts during a pulse
train, whose duration is limited by the air heating
time. The hot atmospheric air is replaced by the cold
air during the interval pulses. In the stationary re-
gime, gas continuously arrives to the reflector from
the bottom, by forming a jet over the entire section.

In the experiments of this regime, we have D; ~2R,



CAR

APOLLONOV V V ;Stationary force production ; experimental and --- 11

~3 mm, which is comparable with the reflector di-
ameter D, ~5 mm.

The scheme of the experiment is shown in
Fig. 1. The OPD was produced by the radiation from
a pulsed CO, laser. The pulse duration is ~1 s,
the duration of the front peak is 0.2 ws. The pulse
repetition rate is varied from 7 to 100 kHz, the pulse
energy is 0. 1 —0. 025 J. The peak power is 300 —
100 kW, the average power of repetitively pulsed ra-
diation is 600 — 1700 W, and the absorbed power is
nW(n=0.7). Fig.2 shows the shapes of the inci-
dent pulse and the pulse transmitted through the
OPD region. Note that for a short pulse duration and
high power, 7 ~0.95. Because the radiation inten-
sity at the focus is lower than the optical breakdown
threshold in air, the argon jet was used. The length

[ of sparks along the flow was ~0.5 em.

0.015F

0.010

Voltage/V

0.005F

(I) 0.5 1.0 1.5 2.0
Time/us
Fig.2  Oscillograms of laser pulse (1) and radiation
pulse transmitted through the OPD(2) for /=
50 kHz.

The model of a rocket with a laser engine was a
duralumin cylinder of diameter ~ 8 cm, length
~26 cm, and weight 1. 1 kg, which was suspended
on four thin wires of length 1.1 m and capable of
moving only in the axial direction. A reflector ( re-
placeable cylindrical attachment) was mounted on
the chamber end. Laser radiation was directed to the
chamber through a lens with a focal distance of 17
cm. The argon jet was formed during flowing from a
high-pressure chamber through a hole with the diam-

eter of 3 —4 mm. The jet velocity v was controlled

by the pressure of argon, which was delivered to the
chamber through a flexible hose. The force produced
by the jet and shock waves was imparted with the
help of a thin ( diameter ~ 0.2 mm) molybdenum
wire to a weight standing on a strain-gauge balance
(accurate to 0.1 g). The wire length was 12 cm
and the block diameter was 1 cm.

The sequence of operations in each experiment
was as follows. A weight fixed on a wire was placed
on a balance. The model was slightly deviated from
the equilibrium position (in the block direction ) ,
which is necessary for producing the initial tension of
the wire( ~1 g). The reading F',, of the balance was
fixed, then the jet was switched, and the reading of
the balance decreased to F,. This is explained by
the fact that the rapid jet produces a reduced pres-
sure ( ejection effect) in the reflector. After the OPD
switching, the reading of the balance became F),.
The propulsion ¥, produced by the OPD is equal to
F, — F,. The pressure of shock waves was measured
with a pressure gauge whose output signal was stored
in a PC with a step of ~1 ps. The linearity band of
the pressure gauge was ~ 100 kHz. The gauge was
located at a distance of ~5 cm from the jet axis( see
Fig. 1) and was switched on after the OPD ignition
(t=0). The pressure was detected for 100 ms.

Let us estimate the possibility of shock-wave
merging in the experiment and the expected values of
F.and J.. The merging efficiency depends on the
parameters w = fR,/c, and M, = v/c, (M, < 1),
where ¢, is the sound speed in gas. If the distance
from the OPD region to the walls is much larger than
R, and sparks are spherical or their length [ is smal-
ler than R, then the frequencies characterizing the

interaction of the OPD with gas are;

w, = 2.5M,, (1)
w, =~0.8(1 -M,), (2)
w, =5.9(1 - M,)"". (3)

For w < w,, the shock waves do not interact
with each other. In the range w <®, <w,, the com-

pression phases of the adjacent waves begin to
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merge, this effect being enhanced as the value of @
approaches w,. In the region w < w,, the shock
waves form a quasi-stationary wave with the length
greatly exceeding the length of the compression
phase of the shock waves. For w <w,, the OPD effi-
ciently(up to ~30% ) transforms repetitively pulsed
radiation to shock waves.

In the pulsed regime, the value of M, in formu-
la (1) corresponds to the jet velocity. Because
shock waves merge in an immobile gas, M, =0 in
formulas (2) and (3). The frequencies f=7 - 100
kHz correspond to R; =0. 88 —=0.55 cm and w =0. 2
~1.7. Therefore, shock waves do not merge in this
case. In trains, where the energy of the first pulses
is greater by a factor of 1.5 =2 than that of the next
pulses(w=2) , the first shock wave can merge. The

pronulsion nraduced hv nulse trains is ' = T nW =

6p/kPa

6p/kPa

tlus

0.3 N, where J,=1.1 N/kW, n=0.6, and W =
0.5 kW.

In the stationary regime for M, ~ 0.7, the
shock wave merge because w >w, (w =1.8, w, =
1.3). A quasi-stationary wave is formed between
the OPD and the cylinder bottom. The excess pres-
sure on the bottom is dp =p —p, =25 - 50 kPa, and
the propulsion is F,~w (D2 - D;2)dp/4 =0.03 -
0. 06 kg.

3 Measurement results

3.1 Control measurements

The jet propulsions F;and F, and the excess
pulsation pressure dp =p — p, were measured for the
model without the reflector. We considered the cases

of the iet withant and with the OPD. The iet velocity

Gp/kPa
=

2.0

&plkPa
=)
T
1 i

e 1

2.0 i i
16.7 16.8 16.9 17.0

t/us
(d)

Fig.3 Pressure pulsations produced by the OPD for v =300 m/s( without reflector) , f=7 kHz, W =690 W(a); =100
kHz, W= 1700 W(b), and f=100 kHz, the train repetition rate ¢ =1 kHz, W =1 000 W, the number of pulses

in the train N =30(c¢) ; the train of shock waves at a large scale, parameters are as in Fig.3(c) (d).
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v and radiation parameters were varied. For v =50,
100, and 300 m/s, the propulsion produced by the
jet was F; =6, 28, and 200 g, respectively, and the
amplitude of pulsations was 8p =5 x107*, 2 x10~°
and 3 x 10 7> kPa. The OPD burning in the jet did
not change the reading of the balance. This is ex-
plained by the fact that the OPD is located at a dis-
tance of r from the bottom of a high-pressure cham-
ber, which satisfies the inequality r/R; >2, when
the momentum produced by shock waves is
small >*' . As follows from Fig. 3, pulsations dp(t)
produced by the OPD greatly exceed pressure fluctu-
ations in the jet.

3.2 Stationary regime

The OPD was burning in a flow which was

Hole with a diamter of 3 mm

Reflector bottom
/ OPD
/

formed during the gas outflow from the chamber
through a hole (D; =0.3 c¢m) to the reflector( D, =
0.5 cm) (see Fig.4). Because the excess pressure
on the reflector bottom ( the angle of inclination to the
axis is ~30°) was ~50 kPa(see above), to avoid
the jet closing, the pressure used in the chamber
was set to be equal to ~200 kPa. The jet velocity
without the OPD was v =300 and 400 m/s, F; =80
and 140 g. The OPD was produced by repetitively
pulsed radiation with /=50 and 100 kHz and the av-
erage power W= 1200 W ( the absorbed power was
W, =650 W). Within several seconds after the OPD
switching, the reflector was heated up to the temper-

ature more than 100 C.

Reflector

/

Repetively pulsed
laser radiation

/ /
__E_>.L ————————————— — 5mm

4 mm

Fig.4 Reflector of a stationary laser engine

Fig. 5 illustrates the time window for visualiza-
tion of shock waves with the Schlieren system in the
presence of plasma. Before 7 s, the plasma is too
bright relative to the LED source, and all informa-
tion about the shock wave is lost. At 7 ps, the
shock wave image could be discerned under very
close examination. By 10 ps, the shock wave is
clearly visible in the image. However, the shock
wave has nearly left the field of view at this time. A
technique was needed to resolve the shock waves at
short timescales, when plasma was present.

For f=50 kHz and » =300 m/s, the propulsion
is F, =40 g, and for v =400 m/s, the propulsion is
69 g; the
1.06 N/kW. The propulsion F, is stationary because

coupling coefficient J is about

the criteria for shock-wave merging in front of the
OPD region are fulfilled. Downstream, the shock
waves do not merge. One can see this from Fig. 5
demonstrating pressure pulsations dp (¢) measured
outside the reflector. They characterize the absorp-
tion of repetitively pulsed radiation in the OPD and
the propulsion. For f =50 kHz, the instability is
weak ( £5% ) and for f=100 kHz, the modulation
dp(t) is close to 100% . The characteristic frequen-
cy of the amplitude modulation f, =4 kHz is close to
co/ (2H) , where H is the reflector length. The pos-
sible explanation is that at the high frequency f, the
plasma has no time to be removed from the OPD
burning region, which reduces the generation effi-

ciency of shock waves. The jet closing can also lead
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Fig.5 Pressure pulsations 8p produced upon OPD burning in the reflector with D, =0.5 ¢cm, H =4/6 cm, v =400 m/s, D,
=0/3 em for =50 kHz, W=1 300 W(a) and f=100 kHz, W=1200 W(b),(c).

to the same result if the pressure in the quasi-
stationary wave is comparable with that in the
chamber. Thus, repetitively pulsed radiation can be
used to produce the stationary propulsion in a laser
engine.
3.3 Pulsed regime

To find the optimal parameters of the laser
engine, we performed approximately 100 OPD
starts. Some data are presented in Tab. 1. We
varied the diameter and length of the reflector,
radiation parameters, and the jet velocity (from 50 to

300 m/s). For v =50 m/s, the ejection effect is

small, for v =300 m/s = ¢,, this effect is strong,
while for v =100 m/s, the transition regime takes
place. In some cases, the cylinder was perforated
along its circumference to reduce ejection. The OPD
was produced by radiation pulse trains, and in some
cases-by repetitively pulsed radiation. The structure
and repetition rate of pulse trains were selected to
provide the replacement of the heated OPD gas by
the atmospheric air. The train duration was ~1/3 of
its period, the number of pulses was 15 or 30 depen-
ding on the frequency f. The heating mechanism was

the action of the thermal radiation of a plasma 1'%/
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the turbulent thermal diffusivity with the characteris-
tic time of ~300 ws'**! and shock waves.

The propulsion F, was observed with decreasing

the reflector diameter and increasing its length. The
OPD burned at a distance of ~1 c¢m from the reflec-
tor bottom. One can see from Fig. 6 that the shock

waves produced by the first high power pulses in

N trains merge. For f =100 kHz, the pulse energy is
+ low, which is manifested in the instability of pres-
- _ 1. e s sure pulsations in trains. As the pulse energy was
E‘ “ h \ ’\ ’\‘ﬂ approximately doubled at the frequency of 50 kHz,
B H ‘N ! “ \ L\ U U pulsations dp(t) were stabilized. The OPD burning
(" """""""" in the reflector of a large diameter( D /R,=~4) at a
—0.38 L ' i i i distance from its bottom satisfying the relation r/R,
12.6 127 128 129 13.0  13.1
t/us ~3 did not produce the propulsion.
Fig.6 Pressure pulsations 8p in the OPD produced by Tab. 1 presents some results of the measure-
pulse trains with = 1.1 kHz, f=50 kHz, W = ments. One can see that the coupling coefficient J,
720 W, N=15, v=300 m/s, D.=1.5 cm, H strongly depends on many parameters, achieving
=5cm, D;=4 mm, and F=4.5 g. 1 N/kW in the stationary regime and 0. 53 N/kW in
the pulsed regime.
Tab.1 Experimental conditions and results
fkHz  @/kHz D/mm(H/mm) N y/(m-s™') W/W Fj/g F/g J./(N - kW ') Reflector material
RP 5,[46] - 300 1 300 80 40 0.61 duralumin
RP 5,[46] - 400 1 300 141 69 1.06 duralumin
RP 5,[46] - 400 1200 155 54 1.08 duralumin
1 15,(50] 30 300 720 49 4 0.085 duralumin
1 15,[50] 15 50 720 0.9 2.1 0.042 duralumin
1 15,(50] 15 300 720 49.1 4.5 0.09 duralumin
1 15,(50] 15 50 720 1.2 1.4 0.028 duralumin *
1 15,(50] 15 200 720 6.3 5.6 0.11 duralumin *
1 15,[50] 15 300 720 62.7 4 0.08 duralumin *
45 1 15.[50] 5 170 500 17.7 3.5 0.1 duralumin *
45 2 15,[50] 5 100 600 6.3 4.8 0.11 duralumin *
45 2 15,[50] 5 164 600 18.5 7.5 0.18 duralumin
45 3 15,[50] 5 300 600 70 -4 0.095 duralumin
12.5  RP 25.[35] - 60 430 2.4 4 0.13 quartz
12.5 RP 25,[35] - 100 430 5 7 0.23 quartz
12.5 RP 25,(35] - 150 430 11 11 0.37 quartz
12.5 RP 25,[35] - 300 430 51 16 0.53 quartz
12.5 RP 25,[35] - 50 430 6 1 0.033 duralumin * *
12.5  RP 25,035] - 100 430 12 7 0.23 duralumin " *
12.5 RP 25,(35] - 300 430 195 -97 -3.2 duralumin " *

Note ; Laser radiation was focused at a distance of 1 ¢cm from the reflector bottom; * six holes with diameter of 5 mm over the

reflector perimeter at a distance of 7 mm from its exhaust;

tance of 15 mm from its exhaust.

" *six holes with diameter of 5 mm over the reflector perimeter at a dis-
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At present, the methods of power scaling of la-
ser systems and laser engines, which are also used
in laboratories, are extensively developed''*?!. Let
us demonstrate their applications by examples. We
observed the effect when the OPD produced the heg-
ative” propulsion F, is 97 g(see Tab. 1), which cor-
responds to the deceleration of a rocket. The value
of J. can be increased by approximately a factor of
1.5 by increasing the pulse energy and decreasing
their duration down to ~0.2 ps. An important fac-
tor characterizing the operation of a laser engine at
the high-altitude flying is the efficiency I of the
used working gas. The value I, =0. 005 kg/(N - s)
can be considerably reduced in experiments by using
a higher-power radiation. The power of repetitively
pulsed radiation should be no less than 10 kW. In
this case, F, will considerably exceed all the other
forces. The gas-dynamic effects that influence the
value of F_, for example, the bottom resistance at
the flight velocity ~ 1 km/s should be taken into
account.

Thus, our experiments have confirmed that re-
petitively pulsed laser radiation produces the station-
ary propulsion with the high coupling coefficient.
The development of the scaling methods for laser
systems, the increase in the output radiation power
and optimization of the interaction of shock waves
will result in a considerable increase in the laser-

engine efficiency.

4 Impact of thermal action

A Laser Air-jet Engine ( LAJE) uses repetitively
pulsed laser radiation and the atmospheric air as a

(-3 14 the tail part of a rocket,

working substance
a reflector focusing radiation is located. The propul-
sion is produced due to the action of the periodic
shock waves produced by laser sparks on the reflec-
tor. The laser air-jet engine is atiractive due to its
simplicity and high efficiency. It was pointed out in

papers' ®! that the LAJE can find applications for

launching space crafts if ~ 100 k] 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

[12,13]
waves

. The efficiency of the use of laser radia-
tion in the case of short pulses at high pulse repeti-
tion rates is considerably higher. It is shown in this
paper that factors damaging the reflector and a trig-
gered device cannot be eliminated at low pulse repe-
tition 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 compres-
sion waves excited in the rocket body by shock
waves, the radius R, of the plasma region ( cavern)
formed upon the expansion of a laser spark. We use
the expressions for shock-wave parameters obtained
by us. A laser spark was treated as a spherical re-
gion of radius r, in which the absorption of energy for
the time ~1 ws 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 compara-
ble and the spark length is small. The reflector is a
hemisphere of radius R,. The frequency f is deter-
mined by the necessity of replacing hot air in the re-
flector by atmospheric air.

Let us estimate the excess of the peak value F
of the repetitively pulsed propulsion over the station-
ary 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°.

the repetitively pulsed propulsion is achieved when

The peak value of

the shock wave front arrives on the reflector. The ex-
cess pressure in the shock wave ( with respect to the
atmospheric pressure p,) produces the propulsion F,
(t) and acceleration a of a rocket of mass M. The

momentum increment produced by the shock wave
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1/f
by = [Fdi =~ Fa[N-s).  (4)

Here, F, is the average value of the propulsion
for the time ¢, of the action of the compression phase
of the shock wave on the reflector, and F=2F,.
By equating 0, to the momentum increment 0, = F/f
=aM/f over the period under the action of the sta-

tionary propulsion F_, we find;

F, 2
A= 7 = e (5)
The value of A, as shown below, depends on
many parameters. The momentum increment per pe-
riod can be expressed in terms of the coupling coeffi-
cient J as 8, =JQ, where Q[ J] is the laser radia-
tion energy absorbed in a spark. The condition 6, =
0p_gives the relation:
aM
7
between the basic parameters of the problem; W = Qf

W = (6)

is the absorbed average power of repetitively pulsed
radiation, and J = 0.0001 — 0.0012 Ns/J>"**.
The action time of the compression phase on the re-
flector is t, ~ R /v, where v=k,c, is the shock-wave
velocity in front of the wall(k, ~1.2) and ¢,~=3.4
x10* ecm/s is the sound speed in air. The length R,
of the shock wave compression phase can be found

from the relation:

R, _ h \oxn
R = 026" (7)

Here, h is the distance from the spark centre to
the reflector surface and R, ~2.15(Q/p,)"” is the
dynamic radius of the spark ( distance at which the
pressure in the shock wave becomes close to the air
pressure p,). In this expression, R, is measured in

cm and p, in kPa. The cavern radius can be found

from the relation:

R, _ Ry .2 ~
R, " 0.6(Rd) 0. 25. (8)

The final expression (8) corresponds to the

inequality ry/R; <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

. . 3,22,26
close to its max1mum[ ]

. This corresponds to the
inequality R, <h <R,. By dividing both parts of this
inequality by R,, we obtain R,/R, <h/R, <1, or
0.25 <h/R, <1. As the rocket gains height, the air
pressure and, hence, h/R, decrease. If we assume
that at the start(p, =100 kPa) the ratio h/R, =1,
where h and R, are chosen according to (2), then
the inequality 0.25 < h/R, <1 is fulfilled for p, =
100 — 1.5 kPa, which restricts the flight altitude of
the rocket by the value 30 =40 km( h = const).

The optimal distance h satisfies the relation h/
R,=0.25b,, where b,~4 -5. By substituting h/R,
into (7), we find the length of the shock-wave com-

pression phase and the time of its action on the re-

flector;
R
< =~ 0.17b]*
Rd ] ’ (9)
_ 0. 1767 7R, B 5,07 B S_(ﬂ 173
! ke P(l)/3 P(l)/3 If ‘
(10)

Where s, =0. 37b?‘32/(k,co) ~9 x107°p 7.
From this, by using the relation A = F _/F =2/
(Ft,), we find;

wp(l)/?; _ 2p(1)/3 QZ/3J _ 2

A= Slfwwl/a = s,aM = Slf2/3

(2.
aM

(11)

Of the three parameters (0, W, and f, two pa-
rameters are independent. The third parameter can
be determined from expression (6). The conditions
U/f~t, and A=1 -2 correspond to the merging of
shock waves'").

The important parameters are the ratio of ¢, to
the propagation time ¢, = L/c,, of sound over the en-

tire rocket length L(c,, is the sound speed in a met-

m

al) and the ratio of ¢, to 1/f. For steel and alumi-

num, ¢, =5.1 and 5.2 km/s, respectively. By

m
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using (10), we obtain;

~

C SoC
U — a7m _ 0"m ~1/3 12
L Lp(l)/3Q ’ ( >

Here, L is measured in cm and ¢, in cm/s.

Expression (12) gives the energy:

35.4 c
0 = T (UL, (13)

0.96
b;

m

From the practical point of view, the most in-
terest is the case U > 1, when the uniform load is
produced over the entire length L. If U<1, the ac-
celeration is not stationary and the wavelength of the
wave excited in the rocket body is much smaller than
L. If also ¢, /f <L, then many compression waves fit
the length L. The case U=1 corresponds to the res-
onance 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 A, U, and R, for laboratory experiments
and a small-mass rocket. We assume that b, =4, J
=5x10"*Ns/J, ands, =1.4 x10 . For the la-
boratory conditions, M=0.1 kg, R, ~5 cm, L=10
em, and @ =100 m + s 7>, The average value of the
repetitively pulsed propulsion F, is equal to the sta-
tionary propulsion, Fy, = F, =10 N; the average
power of repetitively pulsed radiation is W=F/J =
20 kW, and the pulse energy is Q, = W/f. We esti-
mate the frequency f, hence, = ( for the two lim-
iting cases.

At the start, p, =100 kPa and the cavern radi-
us R, is considerably smaller than R,. Here, as in
the unbounded space, the laser plasma is cooled due
to turbulent thermal mass transfer. For ), <0 J, the
characteristic time of this process is 2 =5 ms'®") |
which corresponds to /=500 - 200 Hz. If R, ~ R,
(py <10 kPa) , 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 ~0.5¢,/R, —850 Hz. Let us assume for fur-

ther estimates that f =200 Hz, which gives @, =
100 J. We find from (7) and (8) that A =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 p, = 100 and 1 kPa, the

cavern radius R, is 2.5 and 11. 6 cm, respectively.

5 Dynamic resonance loads

Let us make the estimation for a rocket by assuming
that M=~20 kg, R,~20 cm, L =200 cm, and a =
100 m + s . The average repetitively pulsed propul-
sion is F, = F, =2 000 N, the average radiation
power is W =4 MW, for f=200 Hz, the pulse ener-
gyis 0, =20 kJ, A=12.6, U=1, R, =14.7 and
68 cm(p, =100 and 1 kPa), and F, =25.6 kN.
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 wave-
lengths 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 c¢, /L of the
rocket body is close to f( resonance) .

Thus, our estimations 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.
Calculations and experiments' ™ have confirmed the
possibility of producing the stationary propulsion by
using laser radiation with high pulse repetition rates.

The method of scaling up for the output radiation
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power is presented in the Ref. [ 10].

6 Conclusion

Thus, our experiments have confirmed that repeti-
tively pulsed laser radiation produces the stationary
propulsion with the high coupling coefficient. The
development of the scaling methods for laser sys-
tems, the increase in the output radiation power and
optimization of the interaction of shock waves will re-
sult in a considerable increase in the laser-engine

efficiency.
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