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The physical principles are given of laser jet engines, in which the source of energy (“fuel”) is a laser
source of electromagnetic energy located outside the flight vehicle being accelerated. An analysis is made of
two mechanisms of producing a thrust: one is the evaporation mechanism involving the evaporation of the
propulsive mass of the flight vehicle by the incident laser radiation and the other is the *“‘explosive”
mechanism due to the laser-induced breakdown of air (“explosion”) and excitation of a shock wave which
can propel the flight vehicle. The first mechanism can be used in the atmosphere and in space, whereas the
second can be used only in the atmosphere (laser air-breathing jet engine). The main characteristics of laser
jet engines (the ratio of the laser power to the thrust obtained, specific impulse, and power conversion
efficiency) are obtained and some of them are confirmed experimentally. The promising nature of the use

of lasers in jet engines of this kind is stressed.
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1. INTRODUCTION

Askar’yan and Moroz''! were the first to draw atten-
tion to the reactive impulse due to the ejection of a
vapor from a target acted upon by sufficiently strong
laser radiation, The evaporation mechanism of the
reactive recoil in pulse irradiation of solid targets of
various physicochemical compositions was investigated
theoretically and experimentally in several papers (see,
for example, 2=%%), Kantrowitz!®’ suggested the use of
the thrust resulting from the evaporation of a solid pro-
pellant of a rocket for acceleration of flight vehicles
(in particular, for launching them into an earth satellite
orbit) by a ground-based laser energy source. The
main ideas of such a laser jet engine were developed
more fully by Pirri, Monsler, and Nebolsine, '

However, the evaporation thrust mechanism is not
the only possible approach in the utilization of a laser
energy source for reactive acceleration of flight vehi-
cles. The laser jet engine discussed in'®7 is analogous
to a conventional solid-fuel rocket engine except that in
the former the surface heating and evaporation of the
propulsive mass (“fuel”) occurs as a result of surface
absorption of electromagnetic radiation and not be-
cause of self-sustaining combustion (oxidation) as in
solid-fuel rockets. However, the energy of the radia-
tion transmitted to a flight vehicle by a laser beam can
also be used to heat the propulsive mass of a rocket
by other mechanisms. For example, one can readily
conceive a laser jet engine similar to a conventional
liquid-fuel rocket except that the oxidant is now re-
placed by laser radiation heating an atomized liquid
propellant.

We can see that the principal difference between the
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laser and conventional jet engines is that in the former
case the propulsive mass need.not be a chemical fuel.
We can say that in a laser jet engine the “fuel” is sup-
plied continuously from outside in the form of radiation
energy (during the operation of the engine) but is not
carried on board the flight vehicle, as is the case in
conventional jet engines. The position of an energy
source heating the propulsive mass of a rocket outside
the flight vehicle distinguishes in a basic manner a
laser jet engine from electrojet engines investigated
recently in which the source of electrical energy is on
board the vehicle.

The supply of a “fuel” in the form of radiation energy
from ouiside makes a laser jet engine particularly at-
tractive for its use in the atmosphere. We are speak-
ing here of laser air-breathing jet engines designed for
the acceleration of flight vehicles in the terrestrial
atmosphere in which the only propeliant would be atmo-
spheric air heated efficiently by laser radiation sent
from the ground or from another flight vehicle, '’

The present paper develops the physical ideas and
considers the phenomena underlying the operation of two
specific variants of a laser jet engine, one of which
has a solid propulsive mass and utilizes the evaporation
thrust mechanism (Sec. 2) and the other is an air-
breathing jet engine with a pulse-periodic laser and the
“explosive” thrust mechansim (Sec. 3). The degrees of
development of even the physical ideas underlying these
two variants of the laser jet engine are quite different.
The evaporation mechanism of reactive recoil, which
applies to irradiation of solid targets, has been inves-
tigated for over a decade apart from the problem of
laser jet engines (see the papers cited above). The
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main physical phenomena have been thoroughly investi-
gated and our problem is to present, from a different
point of view, the results already known in principle

and on this basis to establish the fundamental character-
istics of a laser jet engine with the evaporation thrust
mechanism. In the case of a laser air-breathing jet
engine the very idea of such an engine is new ‘"% and
it is based on new physical results obtained in studies

of the interaction of CO; laser radiation pulses with
solid targets in a gaseous atmosphere, ‘%181 Therefore
our presentation of the physical basis of laser air-
breathing jet engines will be largely original.

We shall conclude (Sec. 4)by summarizing the discus-
sion and considering the prospects of practical laser
jet engines,

2. SOLID-PROPELLANT LASER JET ENGINE WITH
EVAPORATION THRUST MECHANISM

A. Physical basis of advanced evaporation of solids by
radiation.

When the surface of an opaque solid (a target) re-
ceives electromagnetic radiation flux and the density of
this flux (intensity) is sufficiently high, a process known
as “advanced evaporation” of the target is observed.
Qualitatively, this process is characterized by the fact
that the evolution of energy in the surface layer of the
target due to the absorption of the incident radiation is
so rapid that this layer becomes evaporated before
heat conduction and other heat-transfer processes are
able to remove the heat evolved in the surface layer.
Thus, under advanced evaporation conditions all the
radiation energy absorbed in a target is used to evapo-
rate it. Then, the mass density of the vapor flux j
from the target surface is given by a formula which
follows from the law of conservation of energy:

. 1—R) I
J=j+,

(2.1)
where I is the intensity of the radiation reaching the
target surface, R is the reflection coefficient of this
surface, and q is the specific (per unit mass) heat of
evaporation of the target material [the energy needed to
heat the target surface to the evaporation temperature
and the vapor energy are ignored in Eq. (2.1), which is
always justifiable in the case under discussion].

The vapor flux density j is governed, for given ther-
mal properties of the target material and a given ex-
ternal pressure p, of the gas in which the target is lo-
cated, by the temperature of the target surface 7. If
the dependence j(7) is known, the ratio (2.1) can be re-
garded as an equation describing a steady-~state surface
temperature 7 which is a function of the intensity 7 of
the radiation incident on it and causing advanced evapo-
ration, i.e., it is assumed that I>I,,, where /,, is the
threshold intensity needed for evaporation. The thresh-
old value of I,, depends not only on the thermal prop-
erties of the target and the external pressure p,, but
also it generally depends on the ratio of the geometric
dimensions of the target to the laser beam diameter d.
In the case of a laser jet engine the main interest lies
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in the situation when the beam diameter 4 is close to the
transverse size of the target (the beam “covers” the
surface of the propulsive mass of the engine facing the
laser source; see Fig. 1 below) and the thickness [ of
the target is such that during the time #,, needed to
establish advanced evaporation the energy supplied to
the target cannot penetrate to the opposite surface, i.e.,
(Xt + 1)< I (here, X is the thermal diffusivity of the
target material and p is the absorption coefficient of
the incident radiation). This condition is usually satis-
fied by bulk (but not by film) targets. Under these con-
ditions the process of heating and evaporation of a tar-
get is one-dimensional and the threshold value I,, is in-
dependent of the geometric dimensions (it is assumed
that the distribution of the intensity across the laser
beam is uniform and that the transfer of heat through
the side surface of the target can be ignored). We shall
consider specifically this case.

If the target is irradiated continuously (i.e., if the
irradiation time is > £,,), the threshold value of I,,
clearly corresponds to the minimum (at a given external
pressure p,) temperature of the condensed body~vapor
phase transition, i.e., it corresponds to the tempera-
ture T, found from the condition p(7,,) =p,, where
bs(T) is the saturated vapor pressure of the target ma-
terial (it is assumed that a target material is a single-
component substance and that p, <py, is the vapor pres-
sure at the triple-three-phase equilibrium-critical
point). If p,>p,,, the advanced evaporation always oc-
curs from the liquid phase and T, = T}, (#,), where the
latter quantity is the boiling point of the target material
at a given external pressure p,. However, if p, <py,,
the advanced evaporation takes place near the threshold
from the solid phase (advanced sublimation) and T,,
= Touni { Do), Where the latter quantity is the sublimation
temperature at a given external pressure p,. This is
the situation which occurs in the case of graphite at
atmospheric (and lower) external pressures because
graphite is characterized by p,,= 110 atm. ¥’

The determination of the dependence j(7T) for arbitrary
values of the external pressure p, and temperature T is
a fairly difficult gas kinetic problem. However, in our
case it is simplified greatly by the fact that, for a small
excess over the threshold [I>1,,, T(I)> T,,], the very
strong temperature dependence of the saturated vapor
pressure p,(T)cxcexp(~ ¢,/ T) (g, is the heat of evapora-
tion per particle) leads to the conditions p,[ T(7)]> p,.
Then, the vapor flux density j(7) differs little from the

density of the flux obtained by evaporation in vacuum

which is given, at temperatures T<T,,, where T, is
the critical temperature of the target material, by the
well-known formula (see, for example, 7 § 81):

Fae@) == p. (D)) 2o, (2.2)

where M=A/N, is the mass of the particles (4 is the
atomic weight and N, is the Avogadro number) and 7 is

DIt should be noted that if p, < Dyp but the threshold is exceeded
considerably (I/I,,>1) when T(I)>Ty,, the advanced evapora-
tion still occurs from the liquid phase.
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the coefficient of reflection of these particles from the
evaporation surface (for metals r<« 1); here and later,
the temperature T is expressed in energy units., As
shown in®? (§ 41), in this case we have j(T) = ysel ),
where the coefficient @, allowing for the reverse flux
of evaporated particles back to the target, depends
only on the reflection coefficient » and, in principle,
is always less than unity but it is numerically close to
it, Its minimum value corresponding to the maximum
reverse flux (for » « 1) is 0. 82, !

The same strong temperature dependence p(7T) al-
lows us to use the representation j(7) = af,.(T) with &
=1 [which corresponds, strictly speaking, to the con-
dition p(7)> p,] for estimating also the threshold in-
tensity I,,. It follows from Eqs. (2.1) and (2. 2) that

Lo =2 1 T o) =at=h p ) g = 0T el
(2.3)

here, q,=qM and 7, =VT,,/21M =7/4 (7 is the arithme-

tic mean velocity of the vapor particles at T'=T,,). As

pointed out above, the temperature T, in the range

De> byp is Typ(P.), whereas in the range p, <p,, it is

equal to Tpuy( 2,)-

We shall estimate the values of T,, for metals and
graphite® at p,=1 atm. In the case of metals p;,<1
atm and, therefore, we have T,,=T{>, where the lat-
ter quantity is the normal boiling point; for the majority
of metals (such as aluminum, copper, iron, molybde-
num, and tungsten), the velocity 7, lies within the range
(2-3)x10* cm/sec and the ratio 7=¢,/T{? is within
the range 12-16 (for tungsten this ratio is 17.5).% In
the case of graphite T, =T {2, =3770 °K =5.2%x10°%° J
is the normal sublimation temperature; in this case 7
=6.4X10* cm/sec and the ratio is n=¢,/ T, ~ 46.

Using these data and Eq. (2.3), we obtain ,=10° W/
cm? for metals (R=0.7) and I,,~ 3%10° W/cm? for graph-
ite (R« 1).

It should be noted that, according to Eq. (2.3), the
threshold value J,, is independent of the thermal con-
ductivity of the target. This is due to the one-dimen-
sional nature of the target heating and evaporation -
processes. However, even under one-dimensional con-
ditions the time #,, taken to establish steady advanced
evaporation generally depends on the thermal conduc-
tivity (this is always true of metals and graphite).
Therefore, in observations of developed evaporation
in the case of pulse irradiation of targets (when, in ad-
dition to the condition I>I,,, it is also necessary to
satisfy another evaporation condition, which is #,,/7
<1), the threshold intensity generally depends on the
thermal conductivity of the target. Here, 7 is the dura-
tion of a laser pulse (in experiments with solid-state
lasers the duration is usually 7~ 10 sec or 3x10™® sec).

'Numerical estimates will be obtained later mainly for these
substances because the most expensive experimental data are
available for metals and graphite is one of the most promis-
ing substances for the use in laser jet engines.

$The constancy of the ratio n=g,/ TS’ is general (Trouton—

Pictet rule) but for metals it is slightly higher than the average

value n=10-11,
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Let us now discuss this aspect in greater detail.

The time ?,; depends both on the radiation intensity /
and on the thermal properties, In the range of values
ty where f,, > (u2X)™, we clearly have (1 - R) It
=pgV Xty (p is the target material density). If 4,
< (p2x)™, the values of f,, satisfy a different equation:
(1 -R)It, =pq/u. Consequently, the dimensionless
time constant 8, = ¢, %y is given by

9. _{Zz for z>3,
Tz for zgHt, (2.4
where 2 =[x/, u,v =(1 - R)I/pq=j/p is the steady-
state velocity of the target evaporation front. The ex-

periments on metals and graphite correspond to z>3
and those on insulators usually to z<« 1, This follows
from the fact that in the case of metals and graphite we
have ux~3x10*-10% cm/sec, whereas for typical in-
sulators (1 S10% em™, x $107° cm?/sec), we have px
$0.1 cm/sec, which should be compared with the ex-
perimentally determined evaporation front velocities
u,, which lie for all these substances in the range 1-10*
cm/sec in the range of intensities from I~10° W/cm? to
I~10° W/cm? (it should be noted that higher values of
the intensity usually result in optical breakdown of the
vapor, manifested by a spark, and we no longer have
pure evaporation; this point is discussed later).

Thus, in the case of metals and graphite (and gen-
erally all the substances for which z>3), the additional
condition for the observation of advanced evaporation
in the pulse regime is f,,/7 = 22/Tu¥x<1 or I>pgVx/7(1
- R)l. In addition to the main condition I>],,, this
gives the following general condition for the observation
of advanced evaporation in the pulse regime: />max|J,,
pgVx/7(1 = R)™!] which can be expressed approximately
thus:

I>Te +2-1 L

In the case of insulators (2<< 1) the additional condition
becomes t,,/T =2z/Tutx<1 or I>pg/(1 -~ R) 1 and the gen-
eral condition is correspondingly

(metals, graphite). (2. 5a)

I>1e +25 = (insulators). (2. 5b)

L
ne
Even in the case of long laser pulses (r~103 sec), the
second right-hand term in Eqs. (2. 5a) and (2. 5b) is
usually much greater than the first. In the case of -
metals and graphite it amounts to about (2-5)x10% W/
cm? (which is in good agreement with the experimental
results: see®-%7),

We shall now return to the target surface tempera-
ture T under advanced evaporation conditions. At the
threshold intensity I=1,, the temperature is T=T,,(p,)
= Typ( De) OF Tomi( p,); If I>1,,, the surface temperature
rises. As pointed out earlier, the dependence T= 7(I)
can be determined from Eq. (2.1) by substituting
Jj=0j.a(7). We can now see that as.long as the tempera-
ture 7(/) remains less than the critical target tempera-
ture T, its rise with increasing Iis very slow be-
cause of the strong temperature dependence of the pres-
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sure p,(7T) [see Eq. (2.2)]. In this temperature range
(Tyy< T< T,), it follows from Eqs. (2.1), (2.2), and
the relationship (see™?)

Ps(T) =p. exp (_T_ZVL’GS) exp(__g‘_,)

that

Q@ _u - T
=T In In

IEV‘ TOV .

2.6)

The approximate solution of this equation, correspond-
ing to the dropping of the last term on the right-hand
side, is

T Tev,

ST TeviannUiley) * .7

T<<T,.

It follows from this formula that an increase of the sur-
face temperature by a factor of just 1.6 (which, in the
case of T,,=T{" is equivalent to approximate attain-
ment of the critical temperature 7.,~1.6T{), inac-
cordance with the Gulberg-Gouy rule) for metals (g,/

T4 =12-15) corresponds to an excess over the thresh-
old by a factor I/1,,= (1-3)x10?, According to this
formula, when the threshold is exceeded by I/I,, = 10?

the temperature rises by just a factor of 1.1, i.e., if
Ty =T% =3770 °K it gives a temperature of T= 4150 °K"
(S T..= 4200 °K).

Thus, we reach a very important (particularly in the
case of laser jet engines) conclusion that the target
surface temperature 7T under advanced evaporation con-
ditions is independent of the intensity of the incident
radiation I in a wide range of this intensity and is es-
sentially governed by the heat of evaporation of the tar-
get material ¢,. In the case of metals and radiation in-
tensities in the range 10° - 3x 10" W/cm?, the target
surface temperature T lies within the range T{) ST
ST,.=1.6TLY; in the case of graphite an increase in the
incident radiation intensity from I~ 3X10° W/cm? to
I=3x10" W/cm? increases the temperature from T
= 3770 °K to T=4150 °K. In the case of laser jet engines
the upper limit of this range of intensities (3% 107 W/
cm?) clearly exceeds considerably the realistic poten-
tialities even when the most optimistic forecasts are
made as to the future development of laser technology.
Therefore, in considering laser jet engines one should
assume intensities of I~ 10°-10° W/em? and, conse-
quently, temperatures close to 7= T{ (in the case of
graphite we should consider temperatures close to
79, = 3770 °K).

This conclusion seems to be discouraging in applica-
tion to laser jet engines because there is no longer any
serious advantage in using a laser energy source rather
than a chemical one: modern rocket fuels make it pos-
sible to attain gas mixture temperatures of ~ 3000
4000 °K in the combustion chamber, i.e., the tempera-
tures are of the same order as those that may be ob-
tained by advanced evaporation on the surfaces of solids
with the highest boiling (sublimation) temperatures.
However, there is an advantage in the sense of the work-
ing temperature of the gas or vapor. This advantage
derives from the fact that the working temperature of
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the vapor in a laser jet engine may be increased con-
siderably (by a factor of 2. 5-4, 5) using the same laser
radiation flux which evaporates the target. We shall
now consider this important point in greater detail.

A vapor jet ejected by a target is penetrated by laser
radiation falling on the target. There is a certain range
of radiation intensities I (the width of this range depends
on the wavelength and this point is discussed later) in
which the evaporation process is stable, i.e., the vapor
interacting with the incident radiation is not converted
into a strongly absorbing plasma and there is no signif-
icant screening of the target by the vapor. However,
this does not mean that the vapor temperature remains
equal (or close to) the surface temperature 7. In fact,
the stable state corresponds to a vapor temperature
higher by the factor mentioned above and this is due to
the interaction with the radiation, A suitable construc-
tion of a laser jet engine may ensure that this higher
temperature is the working temperature of the vapor
(see Sec. 2b). '

Potential heating of a laser jet by radiation can be
found on the basis of hydrodynamics of combustion in-
volving an interaction between a moving vapor and elec-
tromagnetic (in particular, optical) radiation. As in
normal combustion accompanied by a release of the
chemical energy, we can have subsonic (“slow combus-
tion”) and supersonic (“detonation”) regimes of prop-
agation of “optical” discharges. The first ideas on
these processes were put forward by Ramsden and
Savic!®! (“optical detonation”) and by Bunkin etal. 1%
(“slow combustion of an optical beam”), This part of
hydrodynamics has now been developed much further
(see Raizer’s monograph®°?),

We shall assume that the target surface is plane. We
shall first ignore the possibility of interaction of the in-
cident radiation with the vapor and consider the nature
of motion of the vapor in a region whose linear dimen-
sions are of the same order as the laser beam diameter
d (in the case of a laser jet engine, we shall consider a
region of the order of the transverse size of the pro-
pulsive mass of a rocket; see above and Fig. 1) and we
shall assume that this region is adjacent to the target
surface. The influence of an external pressure p,<1
atm can be ignored (this point is discussed later).

From the kinetic point of view, this region is separated
from the target being evaporated by a thin Knudsen
layer (its thickness amounts to several mean free paths
of the vapor particles), beyond which the true hydro-
dynamic flow of the vapor takes place. In a hydro-
dynamic analysis the boundary of this layer is a surface
of weak discontinuity beyond which a transient vapor
rarefaction wave is formed (see, for example, #*! § 92),
On the discontinuity surface the velocity of flow is al-
ways equal to the local velocity of sound ¢,=vVyTy/M

(v is the constant of the Poisson adiabat of the vapor),
the vapor temperature is Ty=§,7, and its pressure is
Do=B:p(T), where T is the target surface temperature,
B, and B, are coefficients smaller than unity and de-
pendent on the reverse flux of the evaporated particles
back to the target. A kinetic calculation of these coef-
ficients for »<« 1 (for example, metals) gives g, ~0. 65
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and B,~0.2 (see®), §4),

The time taken to establish (from the beginning of the
evaporation process) the steady-state values of all the
hydrodynamic parameters in the vapor flow region:
under discussion is governed by the condition > d/c;.
In the layer of thickness x< 4 adjoining directly the tar-
get (x is the distance along the normal to the target sur-
face) the flow of vapor is basically planar and one-di-
mensional so that the steady-state values of the hydro-
dynamic parameters are independent of the coordinate
x and, in particular, the steady-state velocity of flow
in the layer is # =¢;, Outside the layer the vapor jet
begins to expand laterally and, therefore, the steady-
state values of its density p;, pressure p,, and tem-
perature T; decrease monotonically with the coordinate
x and the velocity # =, (%) rises monotonically from
(%)min =%, (0) = €y; clearly, at all points in this region
the flow is supersonic [%,(%)>c,(x) =V¥T,(x)/M ]. How-
ever, it should be noted that although in the region xSd
the lateral expansion of vapor jet is slight, the values
of py, p1, T1, and »; may vary severalfold. For ex-
ample, when the jet diameter increases by 30%, the
density of a monatomic vapor (y=5/3) falls by a factor
of about 3, the temperature by a factor of 2.1, and the
pressure by a factor of 6.2, whereas the velocity rises
by a factor of 1. 7 (the expansion is assumed to be adia-
batic). However, even after this considerable reduction
in the pressure, it is still higher than the atmospheric
value p, =1 atm, because p, =p,/6. 2= 0.2p,(7)/6.2
=0,034p,(7) and p(7)210° atm. This means that the
influence of the external pressure on the vapor flow in
the region xSd can usually be neglected (unless we are
dealing with experiments at higher external pressures

Pe)-

We now have to allow for the possible interaction be-
tween the vapor jet and the laser beam penetrating it
on the way to the target surface. At the vapor tempera-
tures under consideration 7,~ T, corresponding to
single ionization of the vapor atoms, the absorption of
the optical radiation is due to the photoelectric and
bremsstrahlung effects and the absorption coefficient
L, is given by the Kramers-Unsdld formula (see, for

example, %2 Chap, V, § 6):

% Sn SNT
— e~ T =Y
Hy= Kot s Mo 31/3 Tic (Aw)3

(2.8)

where N is the density of atoms in the vapor, 7w is the
photon energy, c is the velocity of light, A=A - 7w, and
A is the energy of single ionization of the vapor atoms,
Near the target surface, where the vapor has not yet
fully expanded (x¥<« d), we have N=j/Mcy=(1 - R)I/q,c,,
T,=Ty+B8, T, and, consequently

NTy=8, ‘;H —c’o- ()

Hence, for metals and graphite [(1 - R)/1=2x10% c,

" =VB YT/ M =(5-10)x10* cm/sec] and 7~10° W/cm?, we
find that NT,=0.15~0, 3 J/cm® and the pre-exponential
factor g in Eq. (2. 8) is always of the order of 10° cm™
for fiw=1 eV. However, since in this range of the -
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vapor temperatures T, and photon energies (fo~1 eV),
we have A/T,, > 1, the absorption coefficient of the
vapor y, is very small (for example, for a typical value
of A/T,= 30, the coefficient is 1,~10"'° cm™), This
estimate would seem to indicate that the vapor formed
as a result of advanced evaporation of targets is so
transparent that it cannot be heated to any significant
degree by the laser radiation (particularly since away
from the target surface the vapor temperature and den-
sity fall as a result of its expansion). However, the
real situation is different: a “cold” vapor jet traveling
from the target to meet the incident radiation may be
“ignited” by a stable optical discharge in the same way
as a cold jet in a gas burner. Moreover, the gas tem-
perature rises behind the combustion front.

In fact, we can assume that in the vapor flow region
under discussion (¥Sd) at some distance from the target
surface a transverse hotter layer of optical thickness
6=[u,dx is established by some agency (for example,
by the use of an external source, by analogy to a match
used to light a gas burner). Existence of a layer of this
optical thickness is clearly equivalent to the evolution
of energy in this layer at a specific rate

_ (1R (1—e® ;44 Re®
Q= 7 lo=——%

@—1)g (2.9)

here, we have used Eq. (2.1) with the substitution of
I=Lexp(~ 8), where [ is the intensity of the radiation
incident on the layer in question from the laser source
side; it is also assumed that the lateral expansion of
the jet is slight so that the vapor flux density j changes
only slightly. If the specific heating rate @ is insuf-
ficient so that the velocity of the resultant detonation
(more exactly, optical detonation) wave vp (relative to
the vapor) is less than the velocity # of the arriving jet,
such a layer cannot be maintained by the radiation and
the vapor jet “blows it away.” However, if up>, this
hotter vapor layer begins to expand in both directions
because of the absorption of the laser radiation energy
until the layer position becomes stable: this produces
a steady-state optical discharge in the vapor jet. The
discharge boundary facing the laser source is always
located at the point where fast three-dimensional ex-
pansion of the vapor begins, i.e., at the distance x~d
from the target surface., The steady-state discharge
layer thickness Ax and the vapor temperature in this
layer 7, [and, therefore, the optical thickness 6

= p,(T,) Ax] are governed by the specific heating rate
Q=Q(T3, Ax), given by Eq. (2.9), which must be such
as to ensure that the detonation wave velocity is equal
to the velocity 1 =, (x) of the “cold” vapor arriving
from the target, i.e.,*

U (x) = vp (Q), (2. 10a)

and, moreover, the heating rate must ensure that the

U1t should be noted that the existence of an optical discharge
has no influence on the distribution of the hydrodynamic
parameters of the vapor along the x axis [and, in particular,
the velocity #,(x}] ahead of the vapor front because its flow
is supersonic (x> c,).
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gas velocity behind the detonation front #%,(Q) is equal to
the velocity of sound ¢, =vy7;/M (Chapman-Jouguet
rule), i.e.,

T,= 3L 1 Q). (2.10D)
The feedback mechanism ensuring the stability of an
optical discharge in our case is as follows: an ac-
cidential increase in the optical thickness of the dis-
charge above its steady-state value 6 reduces the ra-
diation intensity I=1J,exp(- 6) on the target surface,
which always reduces the vapor flux density j[see Eq.
(2.1)] and its initial temperature 7,=8,T [see Eq.
2.7] and, consequently, it reduces the absorption co-
efficient of the vapor pu,, i.e., the optical thickness of
the layer. Conversely, when 9 falls accidentally, the
vapor density and its temperature 7, increases, the
absorption coefficient 1, also increases, and the optical
thickness returns to its steady-state value.

We can use Egs. (2.10a) and (2. 10b) to find the dis-
charge temperature 7, and the thickness of the steady-
state discharge layer Ax only if we know the dependence
of the velocity % on the coordinate x. Determination of
this dependence is a separate hydrodynamic problem.
However, if we are interested only in the discharge
temperature T, there is no pressing need to find this
dependence because, as will be shown immediately,

T, depends only logarithmically on Ax and, therefore,
we can quite accurately assume that Ax=d. Then, Eq.
(2.10a) becomes redundant. Equation (2. 10b) can be
simplified, again with logarithmic precision, if we sub-
stitute w, = W2(y-1) @/(r+1), i.e, we assume that the
detonation wave is always strong. ¥ Then, according

to Eq. (2.9), we find that the steady-state value of
the optical thickness can be described approximately
by

g Y1 ‘l—-Ri_TA[

41 1—R )2 A T,
2y(y—1) 1+R g1 }

THe-O\TFR) 9 T L (2.11)
and the temperature 7, can be found, in accordance with
Eq. (2.8), from the equation A/T; =1n(6,/6), where 8,
=pogAx=puod. An approximate solution of this equation
is

T=BA, A=ln{20Z0 4R 0 o (200 14R Lo}

(2.12)

5)In general, the velocity of a gas behind the front of a detona-
tion wave is (see'?!! §120)

A = C s A

(e =Y¥T,/M is the velocity of sound ahead of the detonation
wave front). In the case of a strong wave, when (¥’ -1)Q
>>c¥, we then obtain the formula for u, quoted in the text. If
('y -1)Q ~cl, this formula gives only the order of magnitude
of u,, which—as shown later—is quite sufflclent for the deter-
mination of T,. The case @ -1Q <<.ctis excluded from the
consideration of the steady-state regime because then the
velocity of the detonation wave is vpxcy <uy.

1)())
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The value of the logarithm A is practically independent
of the thermal properties of the target material and of
the incident radiation intensity I, and is always very
close to 10 (for 8y = u,d~10°-10*, the values of A lie
within the range 9-11),

Thus, the steady-state temperature T of the target
surface being evaporated is always governed basically
by its heat of evaporation ¢, [see Eq. (2.7)], whereas
the vapor temperature T,= T, near the surface (¥<d) is
basically governed always by the ionization energy of
the vapor particles A (reduced by the photon energy #w)
and in most cases it is much higher than the tempera-
ture of the surface 7. The heated vapor jet is separated
from the colder target surface by a “cold” vapor layer
which is in supersonic motion. According to Egs.
(2.11) and (2.12), the optical thickness 6 of this jet is
always ~A™!, i.e., it remains small compared with
unity. It means that there is no significant screening
of the target by the vapor.

We shall now demonstrate that in the case of metals
(with the exception of such refractory materials as
tungsten and molybdenum) and graphite the vapor tem-
perature T, exceeds the target temperature by a factor
of 2.5-4.5. We shall do this by transforming Eq.
(2.12) to an expression of the type Ty/ Ty =(A/q:)(qy/
To)/A. In the case of metals (with the exception of
tungsten and molybdenum) and optical-frequency radia-
tion (Aw=1 eV), we have A/q, =23, whereas n=gq,/
TV =12-15; hence, we find that 7/ 7' =2, 5-4,5,
For graphite, the corresponding ratio is 4/¢;= 0. 65,
but ¢,/ T, ~ 46, therefore, T,/ T =3 and the vapor
temperature is 7,~12000 °K. In the case of tungsten
and molybdenum we have, respectively, A/¢,=0. 75,
g/ T=17.5and 8/¢,=0.9, q,/T{V'=15.5; we thus
find that in the case of these two metals T,/ T{0’~1.3,
i.e., the temperature T, exceeds the target surface
temperature 7 only slightly (if at all).

The steady-state heating of the vapor by radiation
was first noted in*2*), A direct (spectroscopic) deter-
mination of the temperature T, during quasicontinuous
irradiation (7 ~107% sec, A=1.06 u, I~10" W/cm?®) was
first reported in®*! (for bismuth and aluminum). The
results of these measurements were in good agreement
with the above theoretical conclusions on the degree of
heating of the vapor. These experiments also showed
that the appearance of an optical discharge in vapors
was spontaneous, i.e., that it resulted from fluctua-
tions. This is an important point in the theory of laser
jet engines. The importance of the existence of a
steady -state heated vapor layer will become clearer
later (see Sec. 2b).

The advanced evaporation and the steady-state heating
of the vapor near the target surface (¥<d) described
above occur as long as the radiation intensity is not too
high, so that an electron avalanche does not develop in
the vapor, i.e., as long as a “laser spark” does not
appear in the vapor (see®?), In the evaporation mech-
anism of thrust in a laser jet engine this effect should
naturally be avoided because it results in strong plasma
screening of the target (propellant) from the incident
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radiation, which stops the evaporation,® If the irradia-
tion is continuous, the target evaporation becomes
pulsating and thelaser beam power isnot used efficiently,

Consequently, the pure evaporation mechanism (i.e.,
the mechanism which is not interrupted by laser sparks
in the vapor) can be obtained only if the intengity I of the
radiation incident on a target lies within the range I,,
<I<Iga, where I, is the threshold of the development
of an electron avalanche (spark) in the vapor. This
pure evaporation mechanism can readily be achieved in
the visible and near infrared range. This is due to the
fact that in this frequency range the value of I, is
usually several orders of magnitude higher than I,
This is confirmed by the experimental results and is
readily supported by the following theoretical estimates.
An electron avalanche develops in a vapor (see®®®)) if
the rate of increase of the energy of free electrons in
the vapor due to the inverse bremsstrahlung (5¢/6f),
=47€%lvy,/mew® (e and m are the electron charge and
mass, and vy, is the effective frequency of collisions
between electrons and vapor particles, governed by the
transport scattering cross section™) at least exceeds
the maximum rate of energy losses suffered by elec-
trons because of elastic collisions with the vapor par-
ticles (68 /6t)e1= (2m/M)vy,A. Hence, we obtain the
lower limit of I, 4:

A V)

Lva>640" 557

(W/em?), (2.13)
where A is the atomic weight and A =27¢/w is the wave-
length of the incident radiation. For the majority of
simple substances (and, in particular, in the case of
metals) we have A(eV)/A>0. 03 (for graphite, 0.09).
Therefore, if A= 1y, I, >2X10® W/cm?, whereas the
advanced evaporation threshold is I,, ~10°-10® W/cm?
{as given above).

In the far infrared range (in particular, in the case
of CO; laser radiation of A=10, 6 wavelength), the
evaporation I, and electron avalanche I, thresholds
may be so close that it will be difficult or impossible
to realize the pure evaporation mechanism (for details
see!'®) and Sec. 3 in the present paper).

Thus, the evaporation mechanism of thrust (dliring
continuous irradiation) can be realized effectively only
in the visible and near infrared range, where we can
readily avoid the appearance of an optical breakdown
(spark) in the vapor.®’ We shall now consider in detail

8)1f the target is in air, a spark may initiate an optical detona-
tion wave traveling opposite to the laser beam (see!!?)),

our expression for (Se/8t)g is valid if w2>> 4, which is
obeyed in the situation discussed above right up to the far
infrared range.

8)Although formally even in the near ultraviolet range the pho-
ton energy is fiw <A and the one-photon photoelectric effect
is still impossible in the vapor,
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the main characteristics of the evaporation mechansim
of thrust.

B. Principal characteristics of evaporation reactive thrust :
mechanism

We shall now consider two types of target (nozzle):
a plane target alone and a plane target with an expanding
nozzle (Fig. 1). The first type of target (Fig. la) can
be regarded as the limiting case of a Laval nozzle with
maximum under expansion; the second type (Fig. 1b)
can be treated as an ordinary Laval nozzle, which we
shall regard as calculated.® For both types of target
the steady-state thrust force F is given by the well-
known formula

F = Gu,; (2.14)

here, Gy=Sj=S5(1 — R) L,exp(~6)/q is the rate of con-
sumption of the propellant (S is the target area equal to
the laser beam area); this expression is derived using
Eq. (2.1) and w, is the velocity of the vapor at the noz-
zle edge. In the case of a plane target without a noz-
zle, we have u, =¢o=VyTo/M=VB,¥YT/M, i.e., the vapor
velocity is governed by the target surface temperature
T (see Sec. 2A); the additional heating of the vapor by
the radiation in the region x<d thus has no influence
on the velocity %, and, consequently, it does not affect
the thrust force F. An expanding nozzle allows us to
heat the vapor additionally so as to increase the thrust
force. The part of the nozzle located beyond the det-
onation wave front (at a distance x ~ d from the target
surface) can be regarded as the throat section. In this
section the velocity of flow of the vapor is equal to the
local velocity of sound ¢, =v¥T,/M (Chapman-Jouguet
rule). A fast adiabatic expansion of the vapor in the
expanding nozzle begins beyond this section. The vapor
velocity #, at the edge of the nozzle, where the pressure
is equal to the external pressure of the ambient gas
(air) p,, is given by the well-known relation which fol~
lows from the Bernoulli equations and from the Poisson
adiabat (see, for example, **5%):

"’e=l/zi_: cz]/ri _—vii (ﬁ_:)w—l)/v s (2.15)

where p, is the vapor pressure in the throat section
(behind the detonation wave front at x=d). Since the
lateral expansion of the vapor in the region x¥Sdis
slight, it follows from the law of conservation of the
vapor momentum that the pressure is pa= py=B20,(T)
(see Sec. 2A) or, if we use the relationship j(7)
= 0frac{T) and Egs. (2.1) and (2. 2),

T

_ 2nBy {—R Ige~®
= i >ir

a i—r q

(2.16)

n (), v()=

2

We shall denote the values of the velocity #, for the
targets without and with a nozzle by (2,); and (2%,);;. The
ratio of these velocities is

9)The main concepts and terminology of jet engines can be
found in, for example {2},
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I =} ng-—i 1) ‘/Tz l/ ?+1

In the case of a monatomic vapor (¥=5/3) heated to T,/
T=3, we find (assuming that §,= 0. 65)

G g 313 (22) ],

(2.17a)

(2.17b)

Under typical experimental conditions (4= 3x10® W/ cm’,
g~10* J/g), it follows from Eq. (2.16) and the experi-
mental results that the pressure is p,~10~30 atm. As-
suming that p, =20 atm, we find that if p, =1 atm, then
(%)11/ (%)= 3. 8, whereas for p, =0.1 atm, this ratio
is=4.1.

Thus, the use of a nozzle ensuring the calculated flow
regime should increase (other conditions being con-
stant) the thrust force F by a factor of about 4. The
vapor flow velocity (4,);; can be estimated from (z,);
=~ 4VB, vT/M =V16B,¥q/7, where for metals characterized
by 7=12~15 we have v16B;7/7 =1 and, therefore, (%)
= w/?,whereas for graphite characterized by n=~ 46 we
have v16B,7/n =1/Y3 and, therefore, (%);;=Vg/3~6
km/sec if g=1.2x10° J/g.

One of the most important characteristics of laser
jet engines, which governs the possibility of their con-
struction and use, is the scale factor, defined as the
ratio of the laser beam power P, =S, needed fo produce
a given thrust force F. It follows from Eq. (2.14) that
this scale factor is

Hence, we can see that the nozzle reduces almost four-
fold the scale factor. Since in all cases we an assume
approximately that u,« Vg, it follows from Eq. (2.18)
that Py/Focvq.

This means that the minimum scale factor is ob-
tained if easily vaporized substances are used as tar-
gets. Substituting in Eq. (2.18) the velocity #, = (4, )1
=Vq and ¢°/(1 - R)=2 (this applies, for example, to
bismuth), we obtain the following estimate

F~0.8Vg (kW/kef),

where ¢ is given in joules per gram. For ¢=10° J/g
the scale factor is (Py/F)= 20 kW/kgf . This scale fac-
tor, corresponding to relatively easily vaporized sub-
stances, is of the same order as that attained at pres-
ent in the best variants of electroreactive rockets and
is slightly less than the values that are obtained under
optimal conditions for ordinary jet engines with chem-
ical fuel if the value of P, is understood to be the ther-
mal power evolved in the combustion chamber (see
Table on p. 126 in™®%h),

In the case of graphite [(«,);;~ Vg/3, €’(1 - R)=1],
Eq. (2.18) gives (P,/F)=190 kW /kgf.

Easily vaporized substances, which are desirable in
order to minimize the scale factor, are undesirable
from the point of view of another important character-
istic of jet engines, which is the specific impulse Fg,

568 Sov. Phys. Usp., Vol. 19, No. 7, July 1976

equal to the ratio of the thrust force F to the rate of
consumption of the propellant mass gG (g is the a¢-
celeration due to gravity). According to Eq. (2.14),
F,,=F/gG=u,/g and, consequently, it depends in the
same way on the specific heat of evaporation as the
ratio of the laser power to the thrustobtained; F,p< Vq.

Thus, difficult-to~vaporize substances should be used
to obtain the maximum specific impulse. One of such
substances is graphite for which g~ 1,2x10° J/g and
(#4,)11=Vg/3 = 6 km/sec, which exceeds the maximum
velocity of flow in the most efficient two-component
chemical fuel of the oxygen-hydrogen type (#g.,=5.2
km/sec). The specific impulse is then F,,= 600 sec,
which exceeds the specific impulse obtained in jet
engines with a conventional chemical fuel (for example,
it is twice the specific impulse of the Vostok launch
rocket and 2, 2 times the specific impulse of the Saturn-
5 launch rocket) but is less than the specific impulse
achieved in current electroreactive rockets,

Finally, we shall consider another characteristic of
laser jet engines with the evaporation thrust mech- .
anism, which is the efficiency of conversion of the laser
power into the useful (thrust) kinetic energy flux in the
vapor. This is known as the power conversion efficien-
cy and is denoted by 7y:

Gul 4_p ¥}

Mr="3 2P, 28 T.

(2.19)

It is clear from the above formula that the efficiency
Ny i8 completely independent of the specific heat of
evaporation and in the case of a laser jet engine with a
nozzle it amounts to 20-30%.

These estimates of the characteristics Py/F, F/gG,
and 1y are given for a device with a nozzle and they are
correspondingly poorer for a laser jet engine without
a nozzle: Py/F increases by a factor of 4 and F/gG de-
creases by the same factor, where 71, decreases by a
factor of about 15. These “poorer” values should be
compared with the known experimental data all of which
have been obtained for plane targets (see™*7), The
experimental values of P,/ F and F/gG are in good
agreement with the above estimates.

3. LASER AIR-BREATHING JET ENGINE

In the realization of the basic idea of a laser air-
breathing jet engine, which is the use of laser radiation
in heating the atmospheric air reaching the engine, it
is necessary to ensure that the intensity of the radia-
tion in the heated zone is sufficiently high and that the
air is characterized by a strong (nonlinear) absorption
with an effective photon path not exceeding the dimen-
sions of the heated zone. On the other hand, the in-
tensity of the laser beam traveling through the atmo-
sphere should be less than the nonlinear absorption
threshold. This means, in particular, that such an
air-breathing engine should always include a device for
focusing of the laser beam,

The required strong absorption laser radiation inside
a heated zone can only be achieved by the formation
and maintenance throughout the irradiation period of an
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optical discharge in the air in this region. There are
several ways in which optical discharges in gases can
be made self-sustaining®®? but not all of them can be
used efficiently and stably in an air-breathing engine.
We shall consider only the specific variant of this
engine which we investigated both theoretically and ex-
perimentally. ®®] The physical basis of this investigation
was given in our earlier papers™!?! dealing with the
low-threshold breakdown of gases near solid targets by
CO; laser radiation,

In the variant under consideration a laser air-breath-
ing jet engine is operated in the pulse-periodic (pulsat-
ing) regime because of the corresponding nature of the
laser emission (“pulsejet concept”). Each radiation
pulse is assumed to cross the atmosphere without signif-
icant absorption and to reach a parabolic reflector
which is in the rear part of a flight vehicle and is at-
tached rigidly to this vehicle. The pulse radiation in-
tensity reaching the reflecting surface should be below
the damage threshold (in particular, below the evapora-
tion threshold) of the reflector material but sufficient to
exceed the optical breakdown threshold of the air in the
focal region of the reflector. This main condition is
easiest to satisfy by the use of CO, lasers (or other
lasers emitting in the far infrared range when these
are developed with the necessary average output power
and a sufficiently high efficiency). This preference fol-
lows from the fact that the breakdown threshold of air
(and of gases in general) can be reduced quite consider-
ably in the far infrared by placing in the focal region an
auxiliary solid target which initiates the low-threshold
breakdown, 121 At atmospheric pressure the break-
down threshold of air at A=10. 6y falls to 105-10" w/
cm? for pulse durations 7~10"°-10"® gec, i.e., itis
2-3 orders of magnitude less than the breakdown thresh-
old of pure air in the absence of such a target. The
phy sical explanation of this effect is given int%], The
point is that initially the breakdown (electron avalanche)
develops in a dense vapor which appears near the target
surface as a resuit of its evaporation (or, more exactly,
as a result of the evaporation of its surface layer whose
physicochemical composition may differ considerably
from the target material itself) under the action of the
leading part of a laser pulse. This is why the CO; laser
radiation (and, in general, long-wavelength radiation)
is preferred (see the paragraphs in Sec. 2A dealing with
the optical breakdown-spark formation-in a vapor).
According to Eq. (2, 13), the lower limit of the thresh-
old intensity Jyye at A=10. 61 i8 Ippa>5.4 X107 A (eV)/
AW/em®?, 1t is shown in®?! that in the case of atomic
vapor this lower limit is close to the true value of the
breakdown threshold which, in its turn, is usually close
to the target evaporation threshold (see Sec. 2A).

Breakdown (a spark) in the vapor causes the region
of strong absorption to expand rapidly to the surround-
ing air (by heating and ionization) and, therefore, op-
tical breakdown of air occurs in the focal region giving
rise to an explosion in which a large part of the laser
pulse energy is evolved. This explosion in the focal
region excites a shock wave in the surrounding cold air
and this shock wave presses on the reflector which thus
acts also as a pressure plate., If before the arrival of
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the next laser pulse the region inside the reflector is
refilled with cold air with the initial parameters, pulse-
periodic irradiation should produce a sequence of shock
waves with an average thrust F,,=J/7,, where J is the
total mechanical impulse transferred to the flight

vehicle by one shock wave and 7, is the repetition period '
of the radiation pulses.

We shall now consider the selection of the optimal
values of the laser pulse duration 7 and repetition peri-
od 7. The pulse duration 7 should be sufficiently long
to ensure that the optical breakdown of air takes place
and a major part of the laser pulse energy E is ab-
sorbed in the breakdown plasma., The breakdown de-
velopment time in the case of CO; laser radiation in-
tensities I~ 107 W/cm?® is ~ 10 sec (see'*?)), Conse-
quently, it is necessary to satisfy the condition 72 10™®
sec. On the other hand, 7 should be sufficiently short
s0 that during the pulse the shock-wave front does not
travel too far away from the center of the explosion,
i.e., it should satisfy the condition 7<« R/v,,, where
R is the focal length of the reflector and v,, is the ve-
locity of a shock wave in air, which depends on the
amount of energy supplied to the explosion E;: v
< (E,/pR*Y? (p is the density of cold air). Thus, we
must satisfy the condition 7« (oR°/E;)'/2. We shall
show later that under optimal operating conditions in a
laser air-breathing jet engine we should have R/(E,/
p)/2<1/2 (p, is the external pressure of air). Hence,
we obtain the final estimate of the upper limit to the
pulse duration:

1/2E1/3
v Lo 3.1)
On the basis of Eq. (3.1) and with p, =1 atm, we obtain;
if E;~1 J, then 7« 10 sec, i.e., the optimal value
is 7o ~ 1078 sec; if E;~10° J, then 7, 10*sec, i.e.,
Topt lies within the range 10-°-10"° sec.

The repetition period of laser pulses 7, should, on
the one hand, exceed the time needed to fill the space
inside the reflector, (which also acts as the pressure
plate) with cold air which has the necessary initial pa-
rameters. This time is of the order of D/c,, where D

'is a characteristic dimesion of the reflector and c, is -

the velocity of sound in cold air. If D~ 30 cm, we find
that 7,>10"® sec. On the other hand, in practical sys-
tems the pulse repetition frequency 1/ T, should be suffi-
ciently high to ensure the necessary average laser beam
power P = r /r,)SI,. Innumericalestimateswe mayas-
sume that the optimal off-duty factor is 7, /r ~3 X102 (when
the pulse repetition frequency is 1/7,= 300 Hz and the
pulse duration is T7~10"% sec) and that the average power
P,, represents 0. 3% of the pulse power SI,.

We shall now turn to the more complex problem of
the optimal position of the center of the explosion, i.e.,
of the position of the focal region relative to the reflec-
tor surface. We shall first consider this problem qual-
itatively. It follows from general considerations that
the average thrust force is F,,=G,u, where G, is the
average consumption of air per period and « is some
effective velocity of flow of the hot air. At this stage
we can ignore the counterpressure of the surrounding
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air so that we have G, ~pR'/T, and u~ v,, ~VE;/pR°.
Hence, we obtain

F,V~PT_‘:’(%)1/2=(_ip‘_)i/z(‘%)a/zpw’

(3.2)
where P,,=E;/1, and Ry=(E,/p,)*’3 is the characteristic
dynamic length. It follows from Eq. (3.2) that the ratio
of the laser power to the thrust obtained, i.e., the
scale factor, i8 P,,/Fa, « (R/Ry)%/2, so that the scale
factor decreases when the parameter R/R, is increased.
However, this formula is valid only if R/Ry<« 1, when
the counterpressure is unimportant, If R/R,>1, the
‘counterpressure is important and a shock wave reaching
the reflector (pressure plate) is weakened so that the
scale factor begins to rise again. A minimum should be
observed at R/Ry~1, which corresponds to the optimal
(from the point of view of the thrust force) operation of
a laser air-breathing jet engine.

A more rigorous analysis including allowance for the
counterpressure can be made using the theory of point
explosions, The total pressure impulse J transferred
by a shock wave to an axisymmetric surface (when the
center of the explosion is located on the axis of this
surface) can be deduced by dimensional analysis in the
form (see p. 279 in®%);

J=V/Z?D3f(-§;}%); (3.3)
here, E, is the energy evolved at the center of the ex-
plosion; in our case we have E, =aE, where E is the
laser pulse energy and « is the efficiency of energy
transfer found experimentally. Our experiments (see
Fig. 3 later) demonstrated that in the case of sufficient-
ly high values of E the value of o tends to unity. The
other notation used above is as follows: p is the density
of the cold air in the space adjoining the internal side of
the reflecting surface and it should be noted that this
density need not be equal to the external density of air
p.; R is the distance of the center of the explosion from
the vertex of the reflecting surface, which—in our
case—is the focal length of the parabolic reflector; D

is the characteristic transverse dimension of the reflect-
ing surface, which is the paraboloid diameter; fis the
dimensionless function of the geometric parameter R/D
and the dynamic parameter R/R,.

Equation (3. 3) can be used to obtain a more general
expression for the ratio of the laser power to the thrust
force P,,/Fq. If we assume that the efficiency of
energy transfer is close to unity, i.e., if E;= E, we
find that

PaVN_E_l_ ‘izkm
&=

3.4
Fav (R/R0)*/? 11 (R/D; R/Rg) ’ (.4

where ¢, =\/yp,7p, is the velocity of sound in air; the
dimensionless function is f, =V¥A(R/D)*. The formula
(3. 4) yields the conditions for the dynamic similarity

of the ratio of the laser power to the thrust developed
in a laser air-breathing jet engine:

(3.5)

% == const, =const.

—F __
(Ei/Pe)Ua
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In the geometrically similar case (R/D=const), these
conditions are satisfied if the energy input per pulse is
E=const - p,R®,

The dependences of the functions f and f; on the ratio
R/R, describe the influence of the counterpressure of
the surrounding air; this pressure increases with the
value of R/R,. Therefore, for a given value of the pa-
rameter R/D, an increase in R/R, results in a monoton-
ic fall of the functions f and f;. Hence, it follows from
Eq. (3.4) that the ratio of the laser power to the thrust
P,,/F,, has a minimum at some optimal value (R/Rg)op;
this optimal value (R/Ry),,: and the corresponding mini-
mum ratio of the laser power to the thrust depend on
R/D. This dependence can be obtained approximately
from the following considerations.

The optimality condition is clearly equivalent to the
calculated nozzle condition, i.e., in the present case
the pressure at the points on the reflector furthest from
the focus is most of the time equal to the external pres-
sure p,. Numerical calculations dealing with point ex-
plosions allowing for the counterpressure (see pp. 273-
274 in™8)) enable us to rewrite the above optimality con-
dition in the form

Rmax
Ho

~

o]

R ~ A2
i ("l?o') opt > RmaslR ° (3.6)

where R,,, is the greatest distance of the points on the
surface of the reflector from the focus. In the case of
axisymmetric surfaces the ratio R,,./R can always be
expressed in terms of the geometric parameter R/D,
If the condition of Eq. (3. 6) is satisfied, the pressure
in the shock-wave front is p,, ~ 3p,, whereas the pres-
sure behind this front rapidly reaches a steady value of
0. 35p4, = b, i.e., it rapidly falls to the external pres-
sure.

In the case of a parabolic surface of interest to us,
we have Ry, =R+L=R[1+(D?/16R%)] (L is the length of
the paraboloid) and it follows from Eq. (3.6) that

R 2
(E)Op.N 1+ (DIARE * 3.7
Hence, we can see that (R/Ry),,, $1/2, which we have
used above in deriving the condition (3. 1).

In those cases when the dynamic length R, is given
(i.e., when the energy input E, and the external pres-
sure p, are given), the optimal ratio (R/Rg),,: corre-
sponds to the optimal focal length R,,,. Then, Eq. (3.7)
allows us to find R,,, as a function of the diameter D if
we substitute R=R,,. Solving this equation, we obtain

Ropm 22 [1-)/ 1= (2]

Hence, it is elear, firstly, that for a given value of R,
the optimum (i.e., the “calculated nozzle”) exists only
in the range of diameters 0 < D< R,;. It also follows
from Eq. (3. 8) that the length of the paraboloid corre-
sponding to the optimal focus is L, =D?/16R,, > R,
(this follows when we take the equality sign in the above
range so that D=Dy,=Ry). It means that, for a given

(3.8)
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R,, the optimal focus is always inside the paraboloid
(or on its axis for D=Dg,, =R,).

We shall also note that the existence of a maximum
calculated diameter D,,,= R, implies that the minimum
pulse intensity over the aperture of the calculated re-
flector is (it is assumed that a=1)

) 4 2/3El/3
4P T 2270 (W/em?).

ntD2 it
1347 -4

I= (3.9)
This estimate applies to the case 7=10"° sec, p,=1 atm,
and E is expressed in joules. If we assume that the
maximum intensity I reaching the reflector surface is
10® W/em?, it follows from Eq. (3.9) that the maximum
laser pulse energy E at which we can still use the
“calculated (theoretical) reflector” is approximately

50 kJ; then, Dp..=(E/p,)!/3=~80 cm.

The above method of obtaining the dependence of the
optimal ratio (R/Ry),,: on the geometric parameter R/D
does not give us the corresponding value of the minimum
ratio of the laser power to the thrust P,/F,,. This
ratio can be found only if we know the function f,(R/D;
R/R,) which occurs in Eq. (3.4). A theoretical deter-
mination of this function is quite difficult but it can be
found numerically. It should also be noted that in ob-~
taining the minimum value of the ratio of the laser
power to the thrust we are ignoring the dependence of
the resistance of air on the geometric shape of the
flight vehicle. Clearly, such allowance is essential in
optimization of the total force acting on the flight ve-
hicle.

We carried out experiments in which we determined
that the absolute values of the ratio of the laser power
to the thrust P,,/F,, for various values of the parameter
RR,.' We used a CO, laser emitting pulses of 7~10"¢
sec duration. In the first series of experiments the
pressure was received by hemispheres of diameters D
which were varied from 4 to 15 cm, Radiation was
focused by a lens approximately at the center of curva-
ture of the hemisphere (Fig. 2a). The energy of the
laser pulses was also varied up to E~50 J. In all cases
the breakdown of air at the focus occurred without any
initiation,

First, we determined the energy transfer efficiency
a=E;/E. Two graphite calorimeters were used in
measuring the energy E reaching the focusing lens and

i0These experiments were carried out under the direction of A.
1. Barchukov and the authros of the present paper by a team
headed by V. I. Konov and comprising A. A. Lyubin, N. L
Chapliev, V. P. Ageev, A. S. Silenko, G. P. Kuz’min, and
N. N. Kononov,
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the energy E; transmitted by the breakdown plasma

(in this case the hemisphere was moved out of the beam).
The values of the efficiency o =(E - £;)/E were deter-
mined as a function of E (Fig. 3). We found that an in-
crease in the incident energy E increased the efficiency
a and at the maximum energies used in our experiments
(E=50 J), the efficiency reached about 75%.

The total mechanical impulse J transmitted to the
surface (pressure receiver) by a shock wave created in
optical breakdown was deduced from a deflection of a
ballistic pendulum, whose “lens” was the hemisphere
itself. We obtained numerous experimental values of
the ratio J/E; (reciprocal of the scale factor known as
the coupling coefficient) as a function of the dynamic
parameter R/R, (Fig. 4a), where R=D/2 was the radius
of this hemisphere.

As expected from theoretical ideas (discussed above),
at some particular value of R/Ry=(R/Ry),, the coupling
coefficient J/E; had a maximum (the scale factor or the
ratio of the laser power to the thrust P,,/F,, had a min-
imum). In our experiments on a hemisphere we found
that (R/Ry)e,e= 1. 5; in this case the maximum value of
the coupling coefficient was (J/E;)psy= 20 dyn - sec - J 1,
which corresponded to the minimum value of the scale
factor P,,/F,. =~ 50 kW/kef.

In a second series of experiments the pressure re-
ceiver was a parabolic surface with a geometric pa-
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rameter R/D=1/17, which acted also as a focusing el-
ement (a lens was not used—see Fig. 2b). Optical
breakdown of the gas (the experiments were carried
out in air and in helium) again occurred always without
initiating devices. The pressure impulse J was mea-
sured in a similar manner, The efficiency of energy
transfer o was not determined in the second series.

Figure 4b gives the experimental values of J/E plot-~
ted as a function of the parameter R/R, (for air and
belium). According to Eq. (3.7), if R/D=1/7, the
optimal value of (R/Ry),, for air is approximately 0.1,
We were able to reach this value of R/R; and then the
coupling coefficient J/E increased still further. Clearly,
one should assume that the experimental value of J/E
= 45 dyn* sec -J ~* obtained for (R/Ry)=0.1 for air was
close to its maximum value., The corresponding mini-
mum value of the scale factor P,,/F,, was then approxi-
mately 22 kW/kgf, i.e., it was close to the scale
factors estimated for the evaporation mechanism in the
case of easily vaporizable targets (g=10® J/g, see Sec.
2a) and also for the best variants of electroreactive
rockets,

4. CONCLUSIONS

The idea of using a laser energy source located out-
side a flight vehicle in creating a reactive thrust is
still in the laboratory stage. It is difficult to say def-
initely whether it will lead to real laser jet engines.
This will depend primarily on future developments in
high-power laser technology. We shall now estimate
the necessary laser powers from the above results for
the main characteristics of laser jet engines,

We shall first consider a laser jet engine with the
evaporation thrust mechanism and estimate the specific
laser power, i.e., the power P, necessary to accelerate
the final mass of a flight vehicle M, to its final velocity
V.. The length of the vehicle trajectory in which a
laser jet engine can operate is limited by the divergence
of the laser beam. Even in the case of the most opti-
mistic estimates of the minimum divergence of high-
power laser beams in the atmosphere, we cannot ex-
pect divergence angles smaller than 10°° rad. Then,
the maximum length of the active part of the trajectory
Hg ., cannot exceed 100 km (when the diameter of the
nozzle target is D~1 m). This means that acceleration
of a flight vehicle by a laser to the specified final veloc-
ity V; would require sufficiently strong acceleration
throughout the active part of the trajectory, including
the initial section. The main interest clearly lies in
the case when the initial acceleration is ay=F/M;> g
(M, is the initial mass of the flight vehicle). We shall
assume that this condition is satisfied.

Using Eq. (2.19) and the Tsiolkovskii formula

% < eValve 4.1)
we find that the specific laser power is
Tl = e (Ve — Shle. 4.2)

My~ 2np F

where a, =ayexp(V,/u,) is the final acceleration (the
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thrust force is assumed to be constant). Hence, we can
see that, for a given initial acceleration @, and power
conversion efficiency 71, the specific laser power is
minimal when the propellant flow velocity is %, = V.
Since the velocity #, depends on the specific heat of
evaporation g, we find that a given final velocity V, can
be obtained for minimal specific power Py/M, if the
propellant has a certain specific heat of evaporation q.
When the calculated nozzle is used so that u,= Vg, the
optimal heat of evaporation is gy, = Vi, Thus, in
launching a vehicle to an earth satellite orbit, when
V,2 8 km/sec, the optimal heat of evaporation is g,
210°J/g, i.e., one has to use materials which are
very difficult to evaporate. Even graphite, for which
%, Vq/3 ~6 km/ sec, is not an optimal material (but
close to it).

It also follows from Eq. (4.2) that the specific power
P,/ M, increases with the final acceleration a,. Near
an optimum, when the velocity ratio V,/y, differs little
from unity, the initial a, and final a, accelerations may
differ only severalfold and, therefore, in estimates we
may assume that a,~ V3/H_,.. If V,Z8 km/sec and
H,,,2100 km, we find that 4,2100g; then, the specific
power for graphite (= 6 km/sec, 7,=0.3), is Py/M,
210* W/g.

Consequently, in launching to a satellite orbit a
vehicle with a final mass M, +100 kg one would have to
evaporate M, - M, = M, [exp(V,/4,) - 1]= 300 kg of graphite
by a laser beam of P2 10° W power in ¢~ V,/a,~ 10 sec.
A stationary laser unit with this power output would
solve the problem of repeated use of power sources
needed to inject light satellites into terrestrial orbits.

However, it is very doubtful whether such a “superlaser”
could be built at present.

The situation simplifies greatly if we consider the
acceleration of smaller final masses M, to lower ve-
locities V, by lower accelerations. For example, if
M,=25kg, V,=1km/sec, and a=25¢, the use of a
propellant with the heat of evaporation ¢, =10° J/g
requires a laser power of Py= 107 W; then, the mass of
the “propellant” is 43 kg and the acceleration time
(laser operation time) is = 3 sec. Such powers will be
achieved in the near future using, for example, CO; or
CO lasers. However, it should be noted that the fast
acceleration of relatively light vehicles in the atmo-
sphere by laser jet engines can be performed more
readily with laser air-breathing engines.

The main advantage of laser air-breathing jet engines
over all others is that the propellant is atmogpheric air
and, therefore, the final mass of the vehicle M, is equal
to its initial mass M,. Moreover, because of the sim-
plicity of the operation of such an air-breathing engine
(we are speaking here of the pulse-periodic variant .
discussed above) one may approach a situation in which
the payload of a flight vehicle is close to its total mass
M,. Consequently, relatively small thrusts F,,~1000
kgf would be sufficient to achieve high initial accelera-
tions of flight vehicles (for example, to several tens of
g). According to our estimates, a thrust of ~1000 kgf
would require the same average laser power P,,~10" W,
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as in the case of a laser jet engine with the evaporation
mechanism. It should be noted that for P,,=10" W and
laser pulse repetition frequency 1/7,= 300 Hz the energy
in each laser pulse should be E =30 kJ; then, accord-
ing to our estimates, the maximum diameter of the
calculated reflector i8 Dp,,= 70 cm.

The authors are grateful to B. V. Bunkin, A. I
Barchukov, and V. I Konov for discussing various sub-
jects considered in our paper.
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