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1. Introduction 

Since the 1970s, the possibility of using a laser engine to launch light satellites into orbit has 
been attracting the attention of researchers [1-9].  The solution of problems considered in [3] 
is still of current interest.  This is an increase in the efficiency - the coupling coefficient Jr of 
using laser radiation (the ratio of the propulsion to the radiation power) by several times 
and the prevention of the shock damage of the apparatus, which appears when high-power 
repetitively pulsed laser radiation with low repetition rates / is used.  For example, for Jr ~ 
0.3 kN MW-1 (this value is typical for an air-jet laser engine of 1970th.), the mass of 200 kg, 
and the acceleration of 10g, the required laser power should be ~ 60 MW (the energy Q ~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, Jr ~1 kN MW-1 (obtained experimentally) and 3-5kN MW-1 (estimate, special 
conditions), which allows us to reduce the laser power by a factor of 7-10.  A power of 10-15 
MW can be obtained already at present with the help of gas-dynamic lasers and HF/DF 
lasers by using the properties of repetitively pulsed lasing with high repetition rates and 
methods for power scaling of lasing [10, 11],checked already for CO2,HF and Nd YAG. .  
To solve these problems, it was proposed to use repetitively pulsed radiation with f~ 100 
kHz, the optical pulsating discharge (OPD), and the effect of merging of shock waves 
produced by the OPD [12-14].  The merging criteria were confirmed in experiments [15].  
The OPD is laser sparks in the focus of repetitively pulsed radiation, which can be at rest or 
can move at high velocities [16-20]. The high-frequency repetitively pulsed regime is 
optimal for continuously-pumped Q-switched high-power lasers. In this case, the pulse 
energy is comparatively small and the stationary propulsion is possible. 
The aim of our work is to verify experimentally the possibility of using pulse-periodic laser 
radiation with a high repetition rate to produce very effective stationary propulsion in a 
laser jet engine and to demonstrate the advantages of this technology for production of 
super long conductive canal for energy delivery from space. 

2. Experimental 

In the model considered in [12-14], the pulsed and stationary regimes are possible.  Figure 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 
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reflector.  The shock waves generated by the OPD merge to form a quasi-stationary wave - 
the high-pressure region between the OPD and reflector. 
 

 

Fig. 1. Scheme of the experiment, side (a) and front (b) view: (1) OPD; (2) argon jet; (3) 
replaceable cylindrical attachment (reflector); (4) high-pressure chamber (rocket model); (5) 
elastic hose for argon supply; (6) model suspension wires; (7) laser radiation; (8) focusing 
lens; (9) block; (10) wire connecting cylinder (3) with weight (11); (12) balance; (13) shock-
wave pressure gauge. 

As a result, the propulsion Fr appears.  In a cylindrical reflector, the coupling coefficient is 
maximal, Jr=1.1NkW-1 [13], as for a plane explosion [21].  In the pulsed regime, the OPD is 
produced by trains of laser pulses. A narrow jet of diameter Dj ~ 0.3Rd [13], which is smaller 
than the reflector diameter Dr, carries a plasma out from the OPD region, which is necessary 
for the efficient formation of shock waves.  Here, Rd=2A5(q/P0)1/3 is the dynamic radius of a 
spark, q (in J) is the laser pulse energy absorbed in a spark, and P0 (in atm) 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 between 
pulses.  In the stationary regime, gas continuously arrives to the reflector from the bottom, 
by forming a jet over the entire section.  In experiments in this regime, we have Dj ~ 2Rd ~ 3 
mm, which is comparable with the reflector diameter Dr ~ 5 mm. 
The scheme of the experiment is shown in Figure 1. The OPD was produced by radiation 
from a pulsed CO2 laser. The pulse duration was ~ 1 µs, the duration of the front peak was 
0.2 µs. The pulse repetition rate was varied from 7 to 100 kHz, the pulse energy was 0.1-
0.025 J. The peak power was 300-100 kW, the average power of repetitively pulsed radiation 
was W= 600 – 1700 W, and the absorbed power was Wa= ηW(η≈ 0.7).  Figure 2 shows the 
shapes of the incident pulse and the pulse transmitted through the OPD region. Note that 
for a short pulse duration and high power, η~ 0.95. Because the radiation intensity at the 
focus is lower than the optical breakdown threshold in air, the argon jet was used. The 
length l of sparks along the flow was ~ 0.5 cm. 
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 (replaceable cylindrical 
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Fig. 2. Oscillograms of the laser pulse (1) and radiation pulse transmitted through the OPD 
(2) for f=50 kHz. 

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 of diameter ~ 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 

(of 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 Fm of the balance was fixed, then the jet was switched, and the reading of the 

balance decreased to F1. This is explained by the fact that the rapid jet produces a reduced 

pressure (ejection effect) in the reflector. After the OPD switching, the reading of the balance 

became F2.  The propulsion Fr produced by the OPD is equal to F1 - F2. The pressure of shock 

waves was measured with a pressure gauge whose output signal was stored in a PC with a 

step of ~ 1 µs. 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 Figure 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 Fr and Jr.  The merging efficiency depends on the parameters ω=fRd/C0 and M0= 

V/C0 (M0 < 1), where C0 is the sound speed in gas.  If the distance from the OPD region to the 

walls is much larger than Rd and sparks are spherical or their length l is smaller than Rd, 

then the frequencies characterizing the interaction of the OPD with gas are: 
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For ω<ω1, the shock waves do not interact with each other.  In the range ω<ω1<ω2, the 
compression phases of the adjacent waves begin to merge, this effect being enhanced as the 
value of ω approaches ω2.  In the region ω<ω2, the shock waves form a quasi-stationary wave 
with the length greatly exceeding the length of the compression phase of the shock waves.  
For ω<ω0, the OPD efficiently (up to ~ 30 %) transforms repetitively pulsed radiation to 
shock waves. 
In the pulsed regime the value of M0 in (1) corresponds to the jet velocity.  Because shock 
waves merge in an immobile gas, M0 ≈ 0 in (2) and (3).  The frequencies f=7-100 kHz 
correspond to Rd = 0.88 - 0.55 cm and ω = 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 (ω≈2), the first shock waves can merge.  The propulsion produced by 
pulse trains is Fr = JrηW = 0.3 N (~ 30 g), where-Jr = 1.1 N kW-1, η = 0.6, and W~ 0.5 kW. 
In the stationary regime for M0 ~ 0.7, the shock wave merge because ω>ω2 (ω = 1.8, ω2 ≈ 1.3).  
A quasi-stationary wave is formed between the OPD and the cylinder bottom.  The excess 
pressure on the bottom is δP = P-P0 = 0.54P0(Rd/r)1.64 ≈ 0.25- 0.5 atm, and the propulsion is Fr 
≈ π(Dr2 – Dj2)δP/4 = 0.03- 0.06kg. 
 

 

Fig. 3. Pressure pulsations produced by the OPD for V=300 ms-1 without reflector), f=7 kHz, 
W=690 W (a); f=100 kHz, W= 1700 W (b), and f=100 kHz, the train repetition rate φ=1 kHz, 
W=1000 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. 3c (d). 
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3. Results of measurements 

3.1 Control measurements 

The jet propulsions Fj and Fr and the excess pulsation pressure δP = P - P0 were measured 
for the model without the reflector.  We considered the cases of the jet without and with the 
OPD.  The jet velocity V and radiation parameters were varied.  For V= 50, 100, and 300 m s-

1, the propulsion produced by the jet was Fj = 6, 28, and 200 g, respectively, and the 
amplitude of pulsations was δP = 5×10-6, 2×10-5 and 3×10-4 atm.  The OPD burning in the jet 
did not change the reading of the balance.  This is explained by the fact that the OPD is 
located at a distance of r from the bottom of a high-pressure chamber, which satisfies the 
inequality r/Rd > 2, when the momentum produced by shock waves is small [3, 22].  As 
follows from Fig. 3, pulsations δP(t) produced by the OPD greatly exceed pressure 
fluctuations in the jet. 

3.2 Stationary regime 

The OPD was burning in a flow which was formed during the gas outflow from the 
chamber through a hole (Dj = 0.3 cm) to the reflector (Dr = 0.5 cm) (Figure 4). Because the 
excess pressure on the reflector bottom was ~ 0.5 atm (see above), to avoid the jet closing, 
the pressure used in the chamber was set equal to ~ 2 atm.  The jet velocity without the ODP 
was V=300 and 400 ms-1, Fj= 80 and 140 g.  The OPD was produced by repetitively pulsed 
radiation with f= 50 and 100 kHz and the average power W≈1200 W (the absorbed power 
was Wa ≈ 650 W).  Within several seconds after the OPD switching, the reflector was heated 
up to the temperature more than 100°C. 
Figure 5 illustrates the time window for visualization of shock waves with the Schlieren 
system in the presence of plasma.  Before 7 μs, the plasma is too bright relative to the LED 
source, and all information about the shock wave is lost.  At 7 μs, the shock wave image could 
be discerned under very close examination.  By 10 μs, the shock wave is clearly visible in the 
image; however, at this time the shock wave has nearly left the field of view.  A technique was 
needed to resolve the shock waves at short timescales, when plasma was present. 

 

Fig. 4. Reflector of a stationary laser engine: (1) repetitively pulsed laser radiation with f=50 
and 100 kHz, W=1200 W; (2) OPD; (3)  reflector; (4) hole of diameter ~ 3 mm through which 
argon outflows from a high-pressure chamber (~ 2atm) to the reflector; (5) reflector bottom, 
the angle of inclination to the axis is ~ 30º. 
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For f= 50 kHz and V= 300 m s -1, the propulsion is Fr = 40 g, and for V= 400 m s -1 the 
propulsion is 69 g; the coupling coefficient is Jr ≈ 1.06 N kW-1. The propulsion Fr is stationary 
because 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 Figure 5 demonstrating 
pressure pulsations δP(t) measured outside the reflector. They characterize the absorption of 
repetitively pulsed radiation in the OPD and, therefore, the propulsion.  For f= 50 kHz, the 
instability is weak (±5 %) and for f= 100 kHz, the modulation δP(t) is close to 100 %. The 
characteristic frequency of the amplitude modulation fa ≈ 4 kHz is close to C0/(2H), where H 
is the reflector length. The possible 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 
efficiency of shock waves. The jet closing can also lead 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. 
 

 

Fig. 5. Pressure pulsations δP produced upon OPD burning in the reflector with Dr=0.5 cm, 
H=4/6 cm, V=400 m s-1, Dj=0/3 cm for f=50 kHz, W=1300 W (a) and f=100 kHz, W=1200 W 
(b, c). 
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3.3 Pulsed regime 

To find the optimal parameters of the laser engine, we performed approximately 100 OPD 
starts. Some data are presented in Table 1. We varied the diameter and length of the 
reflector, radiation parameters, and the jet velocity (from 50 to 300 m s -1). For V= 50 m s -1 
the ejection effect is small, for V= 300 m s -1≈C0, this effect is strong, while for V≈ 100 ms-1, 
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 was 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 N = 15 or 30, 
depending on the frequency f. The heating mechanism was the action of the thermal 
radiation of a plasma [23], the turbulent thermal diffusivity with the characteristic time ~ 
300 µS [24] and shock waves. 
The propulsion Fr was observed with decreasing the reflector diameter and increasing its 
length. The OPD burned at a distance of ~ 1 cm from the reflector bottom. One can see from 
Figure 6 that the shock waves produced by the first high-power pulses in trains merge. For 
f= 100 kHz, the pulse energy is low, which is manifested in the instability of pressure 
pulsations in trains. As the pulse energy was approximately doubled at the frequency f = 50 
kHz, pulsations δP (t) were stabilized. The OPD burning in the reflector of a large diameter 
(Dr/Rd ≈ 4) at a distance from its bottom satisfying the relation r/Rd ≈ 3 did not produce the 
propulsion. 

 

Fig. 6. Pressure pulsations δP in the OPD produced by pulse trains with φ=1.1 kHz, f=50 
kHz, W=720 W, N=15, V=300 m s-1, Dr=1.5 cm, H= 5 cm, Dj= 4 mm, and F= 4.5 g. 

Table 1 presents some results of the measurements. One can see that the coupling coefficient 
Jr strongly depends on many parameters, achieving 1 N kW-1 in the stationary regime and 
0.53 N kW-1 in the pulsed regime. 
At present, the methods of power scaling of laser systems and laser engines, which are also 
used in laboratories, are being extensively developed [10, 25]. Let us demonstrate their 
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application by examples.  We observed the effect when the OPD produced the 'negative' 
propulsion Ft = -97 g (see Table 1), which correspond to the deceleration of a rocket. The 
value of Jr can be increased by approximately a factor of 1.5 by increasing the pulse energy 
and decreasing their duration down to ~ 0.2 µs. An important factor characterizing the 
operation of a laser engine at the high-altitude flying is the efficiency Im of the used working 
gas. The value Im = 0.005 kg N-1s-1 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, Fr will considerably exceed all the other forces. The gas-dynamic effects 
that influence the value of.Fr, for example, the bottom resistance at the flight velocity ~ l km 
s-1 should be taken into account. 
 

 

Table 1. Experimental conditions and results. 

Note. Laser radiation was focused at a distance of 1 cm from the reflector bottom; * six holes 
of diameter 5 mm over the reflector perimeter at a distance of 7 mm from its exhaust; **six 
holes of diameter 5 mm over the reflector perimeter at a distance of 15 mm from its exhaust. 
Thus, our experiments have confirmed that repetitively pulsed laser radiation produces the 
stationary 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. The impact of thermal action 

A laser air-jet engine (LAJE) uses repetitively pulsed laser radiation and the atmospheric air 
as a working substance [1-3].  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 [26] 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 
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under the action of shock waves and laser plasma is eliminated.  These problems can be 
solved by using high pulse repetition rates (f~ 100 kHz), an optical pulsed discharge, and 
the merging of shock waves [12, 13].  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 Rk 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 region of radius r0 in which the absorption of 
energy for the time ~ 1 µS 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 Rr.  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 Fm of the repetitively pulsed propulsion over the 
stationary force Fs upon accelerating a rocket of mass M.  It is obvious that Fs = Ma, where the 
acceleration a = (10-20)g0 ≈ 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 P0) produces the propulsion Fj(t) and 
acceleration a of a rocket of mass M. The momentum increment produced by the shock wave is: 

  

(4)

 

Here, Fa is the average value of the propulsion for the time ta of the action of the 
compression phase of the shock wave on the reflector, and Fm ≈ 2Fa.  By equating δPi to the 
momentum increment δps = F/f= aM/f over the period under the action of the stationary 
propulsion Fs, we find: 

  
(5)

 

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

  
(6) 

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-1 [3, 13, 26].  
The action time of the compression phase on the reflector is ta ~ Rc/V, where V≈ k1C0 is the 
shock-wave velocity in front of the wall (k1 ~ 1.2) and C0 ≈ 3.4 × 104 cm s-1 is the sound speed 
in air.  The length Rc of the shock wave compression phase can be found from the relation: 

  
(7)
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Here, h is the distance from the spark centre to the reflector surface and Rd ≈ 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 P0).  In this expression, Rd is measured in cm and P0 in atm.  The 

cavern radius can be found from the relation: 

  
(8)

 

The final expression (8) corresponds to the inequality r0/Rd < 0.03 – 0.1, which is typical for 

laser sparks (r0 is their initial radius).  Let us find the range of P0 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, 22, 26].  This corresponds to the inequality 

Rk<h<Rd. By dividing both parts of this inequality by Rd, we obtain Rk/Rd < h/Rd < 1, or 0.25 < 

h/Rd < 1. As the rocket gains height, the air pressure and, hence, h/Rd decrease.  If we assume 

that at the start (P0 = 1 atm) the ratio h/Rd = 1, where h and Rd are chosen according to (2), 

then the inequality 0.25 < h/Rd < 1 is fulfilled for P0 = 1 – 0.015 atm, which restricts the flight 

altitude of the rocket by the value 30 - 40 km (h = const). 

The optimal distance h satisfies the relation h/Rd ≈ 0.25bi where bi ≈ 4 - 5. By substituting h/Rd 

into (7), we find the length of the shock-wave compression phase and the time of its action 

on the reflector: 

  (9) 

  

(10)

 

Where s1=0.37bi0.32/(k1C0)≈9×10-6bi0.32. From this, by using the relation ∆=Fm/Fa=2/(Fta) we 

find: 

  
(11)

 

Of the three parameters Q, W, and f, two parameters are independent. The third parameter 

can be determined from expression (6). The conditions l/f~ta and ∆ ≈ 1 – 2 correspond to the 

merging of shock waves [12]. 

The important parameters are the ratio of ta to the propagation time tz = L/Cm of sound over 

the entire rocket length L (Cm is the sound speed in a metal) and the ratio of tz to 1/f. For steel 

and aluminum, Cm = 5.1 and 5.2 km s-1, respectively.  By using (10), we obtain: 

  

(12)

 

Here, L is measured in cm and Cm in cm s-1. Expression (12) gives the energy: 
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(13)

 

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 Cm/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 ∆, U, and Rk for laboratory 
experiments and a small-mass rocket.  We assume that bi = 4, J=5×10-4 N s J-1, and s1 = 1.4×10-

5.  For the laboratory conditions, M ≈ 0.1 kg, Rr ≈ 5 cm, L= 10 cm, and a = 100 m s-2.  The 
average value of the repetitively pulsed propulsion F1P is equal to the stationary propulsion, 
FIP = Fs = 10 N; the average power of repetitively pulsed radiation is W=FIP/J = 20 kW, and 
the pulse energy is Qp = W/f.  We estimate the frequency f and, hence, Qp ≈ Q for the two 
limiting cases. 
At the start, P0 ≈ 1 atm and the cavern radius Rk is considerably smaller than Rr.  Here, as in the 
unbounded space, the laser plasma is cooled due to turbulent thermal mass transfer.  For Qp < 
20 J, the characteristic time of this process is 2-5 ms [8,9], which corresponds to f = 500 – 200 
Hz.  If Rk ~Rr (P0 < 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 ~ 0.5C0/Rr -850 Hz.  Let us assume for further 
estimates that f = 200 Hz, which gives Qp = 100 J.  We find from (7) and (8) that ∆ = 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 P0 = 1 
and 0.01 atm, the cavern radius is Rk = 2.5 and 11.6 cm, respectively. 

5. The dynamic resonance loads 

Let us make the estimate for a rocket by assuming that M ≈ 20 kg, Rr ≈ 20 cm, L = 200 cm, 
and a = 100 m s-2. The average repetitively pulsed propulsion is FIP = FS = 2000 N, the 
average radiation power is W=4MW, for f= 200 Hz the pulse energy is Qp = 20 kJ, ∆ = 12.6, U 
= 1, Rk = 14.7 and 68 cm (P0 = 1 and 0.01 atm), and Fm = 25.6 kN = 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 Fs.  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 Cm/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.  Calculations 
and experiments [28] have confirmed the possibility of producing the stationary propulsion 
by using laser radiation with high laser pulse repetition rates.  The method of scaling the 
output radiation power is presented in [10]. 
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6. Matrix of reflectors 

This matrix consists of N-element single reflectors, pulse-periodic radiation with a repetition 
rate of 100 kHz, pulse energy q and average power WC. All elements of the matrix are very 
similar (Figure 7), radiation comes with the same parameters: qm = q / N, Wm = WC / N. The 
matrix of reflectors creates a matrix of OPD, each one is stabilized by gas flux with velocity -
VJm. OPD’s have no interactions in between. Elements structure of the matrix of reflectors 
could help find the solution for better conditions of gas flux penetration. In our case the 
number of reflectors was N = 8. Larger values of N are not reasonable.  
The following estimations are valid for the boundary conditions: WC = 20 MW (Wm = 2.5 
MW), f = 105 Hz, q = 200J (qm = 25J), arm = 0.3.  Index 1 is for – P0 = 1 atm. (Start of 
“Impulsar”) and index  2 for  P0 = 0.1 аtm. (end of regime). 
Radius of cylinder for each reflector 

( )1 3

2

1 2 1 2 1 3

0.430.2
15.5

m J mdJm r
rm

m m

q PR R
R cm

Nδ δ= = = =  

Focus of reflector ~ 5 つm. The size of matrix ~ 90 つm. Additional pressure is: 

δPm1 = 1.56 atm. and δPm2 = 0.55 atm. 

Force acting on matrix: 

Fam1 = 100⋅103 N, Fam2 = 35.6⋅103 N. 

Specific force for each element of the matrix (for MW of average power): 

Jm1 ≈ 4000 N/MW, Jm2 ≈1500 N/MW. 

The velocities of gas flux in the reflectors of matrix: 

VJ1= 2520 m/s, VJ2 = 5440 m/s 

Flight control in this case can be done by thrust change for the different elements of the 
matrix of reflectors. At the same time, such a configuration could be very helpful in the 
realization of efficient gas exchange in the area of breakdown behind of the reflectors 
(Figure 7). 
Thus, an OPD can be stationary or move at a high velocity in a gaseous medium. However, 
stable SW generation occurs only for a certain relation between the radiation intensity, laser 
pulse repetition rate, their filling factor, and the OPD velocity. The OPD generates a QSW in 
the surrounding space if it is stationary or moves at a subsonic velocity and its parameters 
satisfy the aforementioned conditions. The mechanism of SW merging operates in various 
media in a wide range of laser pulse energies. The results of investigations show that the 
efficiency of the high repetition rate pulse-periodic laser radiation can be increased 
substantially when a QSW is used for producing thrust in a laser engine [13, 14]. 

7. Super long conductive canal for energy delivery  

Powerful lasers are capable to create the spending channels of the big length which are 
settling down on any distances from a radiator. At relatively small energies of single 
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Fig. 7. “Impulsar” engine scheme based on QSW. ╅) Focusing system, ╆) – OPD matrix, 
creating flat QSW; ╇) Plasma created inhomogeneities; 1) OPD elements; 1’) Model of OPD 

(Distance  from 1’ to 4: less 10 つm); 2) Flat QSW, (P – P0)/P0 ≈ 0.5 – 3; 2’) Radial QSW, (P – 
P0)/P0 < 0.1; 3) Main beam, q ~ 100 J; 3’ – focused beams q ~ 3-5J, creating QSW matrix; 4) 
Matrix of focusing elements and air injecting system; 5) OPD matrix of plasma decay; 5’) 
OPD plasma turbulence ; 6)  Gas flow; 7) Nozzle. 

impulses the lengths of channels make about hundreds of meters. Since 1970 the successful 

attempts of their usage were undertaken for solution of problems of interception of 

lightning and blocking of overload waves on electric lines. The traditional lightning 

protection systems being used currently are not always in a position to ensure the desired 

level of efficiency. This stimulates the quest for new approaches to solve this problem. Laser 

protection against lightning is one of the most prospective trends that are being developed 

actively at present [29,30]. 

. While using this approach, it is assumed that the lightning discharge channel being 

developed is guided towards the conventional rod of the metal lightning rod along the 

plasma channel formed as a result of the laser induced breakdown of the atmosphere. This 

method is based on the concept of an active lightning rod, when a laser beam can be used 

for “triggering” and guiding a positive ascending leader from the tip of a lightning rod to a 

negatively charged thunderstorm cloud. It is expected that in contrast to the traditional 

approach, the use of laser spark will make it possible to control efficiently the very process 

of protection from lightning, ensure the selectivity of lightning capture, and provide safety 

of tall objects and large areas. Conductive canal in this case is about 10-15m long and main 

advantage of the approach is due to immediate appearance of laser produced prolongation 

of the lightning rod. But maximum length of the laser produced breakdown in the air was 

registered on the level of 100m and limited by optical method of laser energy delivery into 

the focal point. Where is the way to get conductive canal of much longer length?  
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The same goal to produce long conductive canal has ongoing French-German program 
“Teramobile”, based on femto - second multi-photon lasers technology. But the goal is to get 
very long canal with very low level of electrical resistivity in comparison with canals 
produced by infrared laser radiation breakdown.  The ionisation of  air,  produced by ultra-
intense and ultra-short pulse can be put to use to channel bolts of lightning. As a 
“Teramobile” burst propagates it creates a sort of straight filament of ionised air, which 
should conduct electricity. If the laser were directed toward a dark and threatening 
thunderhead, it would trigger a lightning bolt that could be safely pushed away from doing 
harm. This capacity has already been demonstrated over a distance of a few meters only 
with a laboratory version of lightning, and tests on a more natural scale are limited by very 
high filaments resistivity. So what do we do with a mobile terawatt laser, if it is not good 
enough for the lightning control ? It can  be used very effectively to study the propagation of 
intense laser light in the atmosphere, detect pollution, and control the parameters of fast 
objects in the space. Ultra - high intensity brings its own special qualities; it modifies 
significantly the index of refraction while it induces a focusing of the light beam along its 
path, the effect of the latter being to produce a self - guiding laser burst which can travel 
hundreds of meters. Another effect is that the luminous spectrum widens to yield a white 
laser whose light is composed of a wide range of wavelengths, which is important for a 
wide spectrum of applications. 
There upon the well known program of creation of “Impulsar” represents a great interest, as 
this program in a combination with high-voltage high - frequency source can be useful in 
the solution of above mentioned problems. The principle of “Impulsar” operation can be 
shortly described as follows [31]. 
Jet draught of the offered device is made under influence of powerful high frequency pulse-
periodic laser radiation. In the experiments the CO2 laser and  solid - state Nd YAG laser 
systems were used. Active impulse appears thanks to air breakdown (<30km) or to the 
breakdown of vapour of low-ionizable material saturated by nano – particles (dust plasma), 
placed on the board in the vicinity of the focusing mirror - acceptor of breakdown waves. 
With each pulse of powerful laser the device rises up, leaving a bright and dense trace of 
products with high degree of ionization and metallization by nano - particles after ablation. 
The theoretical estimations and experimental tests show that with already experimentally 
demonstrated figures of specific thrust impulse the lower layers of the Ionosphere can be 
reached in several ten seconds that is enough to keep the high level of channel conductivity 
with the help of high frequency high voltage generator. 
The space around globe represents a series of megavolt class condensers created by Earth 
surface, the cloudy cover, various layers of ionosphere and radiating belts. With the help of 
supported by high - voltage source of trajectory trace of “Impulsar” it is possible to create a 
conductive channel of required length and direction.   In process of the optical vehicle lifting 
and conductive channel following it, the breakdown characteristics of the interval with 
decreasing for 5 orders of magnitude (90 km) density considerably reduce, than the process 
must be prolonged by the expanding of micro-discharges net and develop as self - 
supported process in the external field of all studied interval. It is important to notice, that 
presence of such an orbital scale channel allows us also to perform a number of important 
experiments from the Earth surface as well as from space. Ball and bead lightning 
investigation is the most interesting application for the long conductive canal technology 
based on “Impulsar” due to the intriguing possibility for investigator to set up the stationary 
laboratory with variable boundary conditions for effective tests. Most likely, their nature is 
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multiple. It would appear that natural ball lightning may be not one phenomenon but many, 
each with similar appearance but with different mechanisms of origin, different stability 
criteria, and somewhat different properties dependent upon the atmosphere and the 
environment present at the time of the event. 
Consideration of a large set of available applications of high power high repetition rate 
pulse-periodic lasers  give us strong confidence to open  on that basis a new horizons of 
instrumental space science  and wide spectrum of very new and important  applications. 
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