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Mechanism of shock wave merging in a laser jet engine

V.V. Apollonov, V.N. Tishchenko

Abstract. A new approach based on the mechanism of the
merging of shock waves generated by an optical pulsating
discharge (OPD) is considered for developing laser jet engines
(LJE). It is proposed to use high-power repetitively pulsed
laser radiation of small duration (150-250 ns), energy
20-200 J, and a pulse repetition rate of up to 100 kHz
for producing an OPD. The formation of an OPD with the
help of an array of reflectors allows a manifold increase in the
efficiency of laser radiation used for developing an LJE and
prevents severe shock loading of the engine, excludes thermal
action of laser plasma on the reflector, and decreases the
shielding of laser radiation by plasma. Possible values of the
LJE thrust are estimated under conditions of the proposed
mechanism of merging of shock waves into a quasistationary
high-pressure wave.
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A laser jet engine (LJE) is proposed for use in projects
involving the launching of light spaceships into orbit [1, 2].
With the help of a focusing reflector, repetitively pulsed
radiation produces laser sparks (Fig. 1) which, in turn,
generate shock waves (SWs). A part of the momentum of
the latter is imparted to the spaceship (SS). The radiation
parameters proposed for realising an LJE are average
power 1-3 MW, pulse repetition rate f= 100 — 300 Hz,
energy ¢ = 10 kJ, pulse duration ¢, = 15— 30 ps. These
parameters of an LJE are far from optimal. A specific pulse
is maximal if a spark is produced in the vicinity of the
reflector, but then thermal destruction of its surface and
shielding of the emerging radiation by the laser plasma
become inevitable. Apart from this, the reflector of the SS is
subjected to strong shock loads.

We propose here a new approach to develop an efficient
LJE, which is based on the merging of SWs generated by an
optical pulsating discharge (OPD) at short radiation pulses
with a high pulse repetition rate [3, 4]. In this case, the OPD
energy is transformed most efficiently in an LJE into a
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constant force accelerating the motion of an SS. High-power
gas-dynamic lasers, which may generate pulses with
t, = 150 — 250 ns and a pulse repetition rate of up to
100 kHz under a continuous pumping of the active medium,
offer great promise for the use in the LJE technology [5, 6].
The use of repetitively pulsed lasers is especially efficient if
the LJE consists of a reflector array (RA). The model
presented below is based on the estimates and numerical
simulation in the two-dimensional axisymmetric approxi-
mation for thrust pulses generated by the OPD.

Our approach is illustrated in Fig. 1 and can be
formulated as follows. Repetitively pulsed laser radiation
with a pulse energy Q =~ 200 J, f= 100 kHz and an average
power W, ~ 20 MW [3, 5] is supplied at the input of an RA
consisting of N =9 reflectors. Each laser pulse is divided
into N parts so that ¢ ~ Q/N, W,= W,/N. It is also
possible to use the RA in the form of a ring having a circular
central reflector with cylindrical walls, and the remaining
eight reflectors constituting the outer part of the ring. All the
reflectors have side walls and a spherical end face which
receives the mechanical momentum and focuses the laser
radiation. An OPD burns in each reflector in a gas jet
injected through a nozzle at the centre of the reflector. The
jet carries the plasma away from the OPD region, which is
necessary for the efficient generation of subsequent SWs.
The gas jet velocity exceeds 1 km s~'. Rapidly propagating

Figure 1. Scheme of the reflector (a) and possible structure of the
reflector array (b) in a laser jet engine: (/) repetitively pulsed laser
radiation; (2) end face of the reflector: the collector of radiation and
mechanical momentum; ( 3) reflector side wall; (4) cavity; (5) OPD; (6)
SW; (7) reflected SW; (8) gas jet; (9) plasma jet.
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SWs generated by the OPD merge to form a quasistationary
wave (QSW) which fills the entire volume of the cylinder.
The surface of the reflector is subjected to a force
F, ~mR2SP [R, is the radius of the reflector, 8P =
(P — Py) > 0is the excess pressure, Py being the atmospheric
air pressure]. The force F, is constant (time-independent) if
the gas flow is created in the reflector in the same direction
as the gas jet, but has a subsonic velocity ~ 300 m s~'. In
the opposite case, it becomes necessary to use laser pulse
trains with a frequency F, the pulse repetition rate in the
trains being /> F. The duration 7, of the trains is limited by
the time in which the density of air decreases in the reflector.
The gas is replaced during the pause 7, ~ a, R,/ Cy between
the pulse trains (Ry, is the length of the cylindrical part of
the reflector, C, is the velocity of light in air, and the
coefficient a, ~ 1 — 2).

Reflection at the side walls makes it possible to gather
~1/2 of the total momentum of the QSW or a solitary SW
at the surface of the reflector. The formulation of the
problem thus becomes close to the one in the model of a
plane explosion in which the specific momentum J, is
maximal. Figure 2 shows the force F, and the specific
momentum J, calculated for various relations between
Rien 1 R.. Here, in contrast to the conventional schemes,
the dependence of J, on the separation between the OPD
and the reflector or on the form of the reflector is not
critical. Hence, we can neglect the thermal and impact
action of laser plasma on the reflector.

The laser pulse duration ¢, is chosen taking into account
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Figure 2. Time dependence of the force F, and momentum J;, produced
by a laser spark with energy ¢ = 54.8 J located on the cylinder axis at a
distance Ry, = 3 (curve /), 16 (curve 2), and 32 cm (curve 3 ), acting on
the side wall of the cylinder. Curve (4) was obtained for R, = 16 cm
for the reflector diameter 5 cm. The pulsation of J, is the result of
reflection of SWs at the side walls and their motion over the reflector
surface.

the following conditions. The fraction of the energy carried
away by an SW is maximal if the entire pulse energy is
absorbed in the spark during a time shorter than the time
t, ~ (q/PO)l/3 of broadening of the laser spark, where ¢ is
the pulse energy in joules and ¢, is measured in micro-
seconds. The beam diameter at the reflector is d}, ~ F; (F; is
the focal length of the reflector and d, is measured in cm).
Hence, the mechanism of optical breakdown (light deto-
nation wave or infrasonic radiation wave) operates over a
short distance from the focus (equal to the spark length Z)
and for a short duration #,. Beyond this, the radiation may
be absorbed in the disintegrating plasma for a certain time
t.. For a constant power W over the pulse duration, the
spark length Z,, the energy ¢ absorbed over it, and the
instant ¢, of time of decay of the light detonation wave [3]
are defined as follows:
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where W is measured in megawatts. If the value of ¢ is
given, W, t. and Z, have the following values: W=
21.7(qde/ F)*0, 1, = 0.0455(qF;/dp)*', and Z, = 0.194
$ OS2E A" at Py = 1atm; W = 15(qd;/ Fp)’*,
tr = 0.0665¢" 1 (F/dp)*>, and Z, = 0.357¢%3 (Fy/ dp) -6
at Py = 0.1 atm. Putting ¢ =100J and P, =1 atm, we
obtain #, =0.263 pus, W =372 MW and Z, =1 cm. Thus
the optimal pulse duration for the LJE is 0.2—0.3 ps.

The mechanism of the merging of SWs in an LJE is
operative under the following conditions. SWs leave the jet
and merge to form a QSW if /' > 5.88C,/ Ry, which is always
observed in the present formulation. The OPD glowing in
the gas jet transforms laser radiation into SWs if
Ve=86/73(W,/PY'? (e, if Vy>12x 10° ecms™),
where V, is the velocity of the gas jet, P, is the static
gas pressure in the jet in atmospheres, fis measured in hertz,
and W, is the average laser radiation power in megawatts.
The conditions of departure of an SW from the jet and
demolition of the OPD plasma are met for a jet radius (in
cm) R, = 0.11(g/Py)"* =~ 0.11¢'>.

The reflector array must meet the following require-
ments. Its transverse diameter (~ 1 m) is determined by the
conditions of radiation transportation in atmosphere and
the prevention of breakdown at the surface of the reflector.
The reflector radius is R, ~ 0.4351/2(q/Pg2)1/3 and the length
of the sidewalls is L, ~ 2R; =~ 2a,R,; (a, = 0.5 —1). Here,
0 = 0.03 is the acceptable fraction of radiation losses at the
OPD plasma, and P, = 0.1 atm is the gas pressure in the
jet. Note that R /Ry =~ 1 atm. The force F, acting on the
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reflector surface and the specific force J are defined
respectively as follows:

81.4¢%7 pJ*
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where F, is measured in newtons and J in N MW~!. The
RA is subjected to a force Fyjp = NF,.

The duration 7, of the pulse trains can be estimated as
the time in which the first SW in a train covers the distance
from OPD to the reflector surface and back (lower
estimate): 1, = 4.6 X 10_4(11/3. Here and below, 6 = 0.03,
Py, =0.1, a, =1. The ratio of the times t,/t = 0.5a,
X L,/Rye, and their minimum value is equal to 0.5a,.
The pulse train frequency for one reflector is
F=2090/¢"3, their energy is ¢, = 4.63 x 107*W,q'/, the
average radiation power in the train is W, = 2W, /3, and
the average force in the train is F,,, =~ 2F,/3. By optimising
the reflector, it is possible to increase 7, and the energy
transformation efficiency of the laser generating the trains.

The parameters of a reflector array and monoreflector in
an LJE are compared in Table 1. The average power
supplied to the reflector array and to the monoreflector
is equal to 20 MW. We did not consider the problems of
optimisation of the number N of reflectors or the RA
geometry. The RA structure should be chosen by taking into
account its use for controlling the flight trajectory and
producing the required jet energy and the force of traction
of the engine. The array whose data are presented in Table 1
contains eight spherical reflectors with cylindrical walls, and
the radiation losses associated with nonoptimal ‘packing’
are not taken into account. Indices ‘1’ and 2’ in the notation
correspond to the initial (P, =1 atm) and final
(Py =0.1 atm) LJE modes. Parameters in the first two
rows are calculated at various frequencies f for a, =
Ry /R, =0.5. By reducing a, to extremely low values
(~0.3), high values of F, can be attained for f=
100 kHz (3rd row in Table 1). The use of radiation with
a frequency f > 50 kHz is hampered in a multireflector
LJE—the jet has to move at a very high velocity (V, =
5—10 km s~ !). The last two rows show the parameters for
an individual reflector as well as an RA as a whole for
/=100 kHz (a, = 0.3). In this case, the specific force J is
much stronger while the jet velocity is lower. The values of
V, correspond to an SS velocity range during its accel-
eration, which facilitates the jet formation. A significant
advantage of the RA is the possibility of controlling the
flight trajectory with the help of an LJE. For example, the
variation of jet parameters in an appropriate reflector can
lead to a variation of the traction force in it, thus producing
a rotational moment on the RA.

The results of model calculations presented below show
that the use of a plane QSW can increase the traction force J

considerably and make it possible to impart energy to the
supersonic gas flow. Such a wave can be formed under
conditions of a point OPD in the presence of side walls and
for a subsonic velocity of the OPD moving relative to the
gas. Figure 3 shows the gas-dynamic perturbations pro-
duced when a OPD burns in a cylinder (R, =~ 2Ry). One can
see that a plane QSW, in which the pressure is constant
along the radius and along the direction of motion of the
OPD, is formed in front of the point OPD. The specific force
corresponding to an excess pressure JOP = 0.2 atm is
J=F,/W, = 900/0.18 = 5000 N MW ™', If a point OPD
glows in a supersonic flow, the SWs are carried away by the
flow [7] and cannot be used for accelerating the SS.

t=3ms,f=10kHz,¢g= 1817

24cem
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b

Figure 3. (a) Air pressure field generated during an OPD burning in (/)
an infinite cylinder of diameter 24 cm for an incident air flow velocity
Vo =320m s ' and Py = I atm, for a two-dimensional axially symmet-
ric distribution of pressure at the instant # = 3 ms after the ignition of the
OPD (in the dark regions P > P;); and (b) distribution of excess air
pressure in a QSW along the cylinder axis at 1 = 6.2 ms (before ignition
of the next spark); the distance along the z axis is measured from the
trailing edge of the QSW in the vicinity of the OPD; a plane QSW in
which the pressure is independent of the distance from the cylinder axis is
formed in front of the OPD.

Constraints on the gas velocity are removed under the
conditions of a ‘plane’ OPD which is an array of synchro-
nously pulsating point OPDs. Since there are no sidewalls
between OPDs, the SWs generated by the OPD array merge
to form a plane QSW. Calculations show that the pressure
in it varies weakly over distances comparable with the
characteristic size of the OPD array. Hence, such a wave

Table 1.
J J. V. V.
LIEtype N f/kHz ¢/] R;/em  Riy/em  Fyy (kN) Fp/kN I\II/MW_I ]\%/Mw-l krgri/s_l krgrf/s_l Ry /em  Ryp/cm
mono- 1 20 1000 50 25 64 23 2600 930 1.73 3.72 1 2.4
reflector 100 200 31 15 21.8 7.73 906 317 5.05 10.88 0.64 1.4
100 200 31 9.5 50.1 17.78 2084 729 5.05 10.88 0.64 1.4
RA 1 100 25 15.5 5 12.5 4.45 4168 1458 2.52 5.44 0.32 0.7
8 100 200 90 5 100" 35.6 4168 1458 2.52 5.44 0.32 0.7

*Values for Fyg.
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Figure 4. Time dependences of the force F, and mechanical momentum
J, produced upon collisions of a plane QSW with the end face of the
cylinder 350 ps after the ignition of the OPD (curve /) and after 1950 ps
when the wall is at a distance of 100 cm from the point of start of the
OPD (curve 2) (the time is measured from the instant of collision). The
parameters of the two-dimensional OPD are as follows: radius
Ry = 10 cm, layer thickness L = 1 cm, pulse energy ¢ = 330 J, frequency
/= 50 kHz, velocity of motion along the cylinder axis V, = 480 m s~ !,
cylinder radius R, = 26 cm.

can create a continuously operating traction force. Figure 4
shows the force F, and the mechanical momentum J,
produced by a plane SW upon interaction with the wall.
Here the plane OPD moves in a cylinder. Momentum is
accumulated in the direction of propagation of the OPD as a
result of interaction with the sidewalls. The specific force
calculated at half-height F,/2 is J=2900 N MW~'. Fig-
ure 5 shows the distributions of pressure and gas velocity in
a plane QSW formed during the motion of a plane OPD in
infinite space (along the radius) with a supersonic velocity
Vo =830 ms~'. The mass velocity of the gas is approx-
imately equal to V), the total pressure P is ~ 6 atm, and the
specific traction force is ~ 1300 N MW 1.

Thus, the mechanism of the merging of SWs transforms
laser radiation into a plane QSW which produces a steady
thrust in the spaceship. Together with an RA and a gas jet,
the QSW makes it possible to increase the specific force of
traction to a record-high level exceeding 2500 N M
prevent thermal and impact action on the reflector and
shielding of the radiation by laser plasma, as well as to use
high-power gas-dynamic lasers generating radiation with a
pulse repetition rate up to 100 kHz for LJE operation.
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Figure 5. Distribution of the gas velocity and pressure in a plane QSW
along the z axis (a, b) and along the radius (c) for the instant of time
before (a, b) and during collision (c) of a QSW with the end face of the
cylinder. The QSW is produced by a plane OPD moving to the left with a
velocity V, = 830 m s~! under the following conditions: Py=0.1 atm,
radius Ry, = 8 cm, layer thickness L = 0.5 cm, /= 50 kHz, ¢ = 140 J.
Measurements along the z axis are made from the point of start of the
OPD, and R is measured from the axis.
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