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Abstract

Basically laser propulsion can be achieved either by LSC (Laser
Supported Combustion Wave) or by LSD (Laser Supported Detonation
Wave) as a mechanism for a propellant gas to absorb laser radiation.
Although LSC has been studied by Keefer, Kemp and others [2, 3, 5,]
since laser propulsion was proposed in the beginning of 1970’s, virtually
no analyses on LSD have been attempted since Raizer [17] gave a full
description of laser nuclear fusion where he presented several attempts
to analyze and found out possible mechanisms on laser absorption by
strongly heated gas.

In the present analysis the structure of a LSD is shown by solving
one-dimensional gasdynamic equations taking account of inverse bre-
msstrahlung absorption of laser energy incident on the front shock
wave. The structure of the detonation consists of (i) a shock wave
heating the low-temperature non-absorbing propellant gas up to a very
high temperature enabling it to absorb laser radiation, (ii) followed by
a thick absorption region where the subsonic flow is accelerated by
exothermicity to the sonic velocity. Virtually all the laser energy is
utilized to raize the temperature of this region until an equilibrium
state is established between the radiation at incident laser wavelength
and the bremsstrahlung radiation emission from the heated gas.

The Chapman-Jouguet condition is imposed to determine the pro-
pagation velocity of the detonation as an eigen value for a given laser
intensity; radiation equilibrium is achieved at the sonic state. In
practice, the calculation is performed in a manner that an eigen-value
laser intensity is searched for a given detonation velocity to satisfy
the C-J condition. Out of four conservation equations, the energy and
radiative transfer relations contain radiation terms in differential forms
which are integrated using the RK method.
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The results show that the thickness of a detonation wave is several
mm through several microns and the propagation velocity D, satisfies
a relation given by Raizer (Ref. 1);

D=[2G"=D1o/0s17,

which gives the propagation velocity of the order of 50 km/sec for the
laser intensity [,==108 w/cm?2.

A multi-dimensional laser detonation using the spherical coordinate
is partly analyzed as well.

1. Introduction

As shown in Fig. 1(a), the laser is thrown into a laser engine system on a
pulsed mode, successively repeating a series of the processes; (i) breakdown of
gas, (ii) laser absorption, (iii) generation of a shock wave and (iv) exhaust of a
high-temperature gas. In the present analysis, the process is modeled into a plane
steady shock wave generated by an incident laser energy, as shown in Fig. 1(b).
Prior to the arrival of a strong shock wave, a laser radiation is propagating
through a low-temperature gas that is assumed transparent. Once the incident
laser penetrates the shock wave, it is absorbed by the gaseous medium due to the
high temperature generated by the shock wave heating. The mechanism of laser
absorption is inverse bremsstrahlung under the temperature range of the present
problem (much lower than nuclear fusion temperatures).
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The shock wave in turn is supported by the exothermicity caused by the
absorption of the laser. This is fully identical to a shock wave supported by the
energy released from the chemical reaction behind the shock wave. Thus a combined
shock wave and exothermic laser absorption can be called as a laser-supported
detonation.

If we are interested only in the propagation velocity of the laser detonation,
the application of Chapman-Jouguet condition would be enough to yield the velocity.
However, it is also important (i) to discover the structure of the absorbing region
behind the leading shock wave, (ii) to find out the practical lower limit of the
laser intensity that can support a detonation, and (iii) to acquire an equilibrium
state between laser absorption and bremsstrahlung radiation emission at the Chap-
man- Jouguet point, which actually determines the accurate exothermicity and as a
result the accurate propagation velocity.

Therefore we solved an eigen-value problem for a set of onedimensional
conservation equations containing the terms of radiation absorption and emission.
Unlike the conventional gasdynamic equations, we had to include one more equation
for the radiation intensity at the laser wave length.

9. Mathematical Formulation of Plane Detonation

First, a physical model is introduced for a laser-supported detonation. A deto-
nation consists of a leading shock wave followed by a laser absorption region. We
consider that the present propellant is a purely atomic hydrogen gas, in front of
the detonation, which is partly ionized after the passage of the leading shock wave
and then immediately reaches ionization equilibrium throughout the absorption
region. Therefore, the Rankine-Hugoniot relations exclude the heat of dissociation
and the chemistry behind the leading shock wave is controlled only by the Saha
equation and the neutral plasma assumption. In addition, the ionization energy is
not taken into the equation of energy conservation. Other than equilibrium
ionization chemistry, all the real gas effects are excluded from the analysis
where a constant value is assumed for the specific heat ratio y=1.4. Note here that
the present rather naive physical model can easily be augmented by implementing
all the real gas effects like equilibrium or non-equilibrium chemistry (dissociation,
ionization and other reactions) and temperature dependency of each enthalpies.

The conservation of mass, momentum and energy can be written in the plane
one-dimensional coordinate system as [4]
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where p, u, p and E, denote the mass density, gas velocity, pressure and specific
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internal energy. g¢.,, indicates the enmergy absorption caused by inverse bremsstra-
hlung (watt/m3) while J shows the emission due to bremsstrahlung (watt/m3). It
is noted here that the shock wave is considered infinitesimally thin and thus all
the transport phenomena are neglected. The calculated results indicate that even
the case of weak shock waves yields only 100 microns of absorption region and
therefore the precursor phenomena as well as finite shock wave thickness may
need to be taken into account in the future.

The above three equations are reduced to the following forms after integrating
once and applying the boundary conditions in the uniform flow in front of the
leading shock wave:

0o (Ds—1uy) =p(D;—u), )
0oL (Ds—u0)*+RT ¢ ]=p[ (D;—u)?*+ RT], ®)

po(Ds—~uo)CpTo+—é—po(Ds—uo)z+Soqaode

—S:de:p(Ds——u)CpT+—§—p(Ds-u)2, (6)

where the flow is assumed steady and the gas is perfect. As will be stated later,
the concentrations of all the existing chemical species are calculated from the
equilibrium conditions. In other words, we assume here that the flow is in both
thermodynamic and chemical equilibrium. Non-equilibrium cases can be analyzed by
solving the gasdynamic and radiation intensity equations along with the species
conservation and internal energy transfer equations.

3. Bremsstrahlung

The bremsstrahlung is an important mechanism of energy loss from a plasma,
releasing electromagnetic waves during the collision between an electron and an ion.
In contrast, there is the absorption of this f, and in addition the induced emission
from the absorption. The overall emission from the bremsstrahlung is obtained
from the detailed balance among these phenomena as

Jy=¢cU,, K, (1—eh/hT), 0]

where [, dv denotes the emission power density at frequency interval v, v-+dy,
while U,p the energy density of the electromagnetic waves with the absorption
coefficient K,. The reciprocal of K, i. e. the average mean free path of photon
re-absorption, is usually longer than 1 cm that is much greater than the thickness
of the absorption region in the present laser detonation; thus, the emission has
only to be considered from the bremsstrahlung.

Integrating the power density in terms of entire frequency range, we obtain
the following power density appearing in Egs. (3) and (6):
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J= 327r< anTe>1/2 Z%e® nn,

3 3m, m.Cc3h
=1.42x10"*° /T n;n, (watt/m?), ®

for a hydrogen plasma consisting of neutral, ion and electron species. Here T, n;
and 7, indicate the temperature, ion number density and electron number density.

4. Inverse Bremsstrahlung

In contrast with the previous bremsstrahlung, the translational energy of an
electron oscillated by the incoming radiation can convert to the translational energy
of ions and neutral species due to the collision with the electron. This is called
the inverse bremsstrahlung or classical absorption.

Since the mechanism of absorption of an incoming laser is the inverse
bremsstrahlung, the laser intensity can be determined by the following equation:

dl
405537&—: "_Ka[7 <9>
which can be integrated, after taking account of the boundary condition I =], at
£=0 (at the shock wave), into

I=I,0", r=S:K,,,dx, (10)

Assuming that a CO, laser (10.6 wm) is irradiated into a hydrogen gas, the
absorption coefficient K,., caused by the collision between an electron and a
neutral atom, and K,.; by the collision between an electron and an ion, are summed
up to provide the total absorption coefficient K, :

K=K oont Ko, 1w
Kopn=1.6X10"% /T, n,n,

expl —0.0122/T, (1—5. 281074/ T) ], (12)
K= (2. 44510742/ /T ) mm; (1?77 —1) (13)

Once we have obtained the distribution of the number densities of existing chemical
species, it becomes possible to evaluate the absorption coefficients, enabling us to
integrate the gasdynamic equations (4) through (6).

5. Number Density

Since we have assumed an ionization equilibrium state throughout the flow
field, the number densities of the electron, ion and neutral species are solved from
the Saha equation:
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nin, _ 28, ( 2rm T >3/2exp(

e - 2B (2 P, 26=a., (14)

and the neutral plasma assumption #,=#; and the equation of state

b= n+n+n,)kT, (15)
As to the temperatures, the equilibrium condition postulates
T,=T,=T,=T, (16)

Here E1, g; and g, are the ionization energy and the statistical weights. In addition,
h is the Planck constant, % the Boltzmann constant, m, electron mass, ¢ electron
charge, Z degree of ionization, v laser frequency and ¢ light speed.

6. Method of Calculation and Discussion of Results

For a given propagation velocity of a Chapman-Jouguet detonation an appro-
priate laser intensity is solved as an eigen value using an iteration method shown
below.

(i) First, the condition in front of the leading shock wave is set: T, #,=0,
Ro, Py, o, eo, M50, Nyo-

(ii) The propagation velocity is given: D,.

(iii) The Rankine-Hugoniot relations and the Saha equation give the cond1t10ns
immediately behind the leading shock wave, since chemical equilibrium is assumed
throughout the region behind the shock wave. This procedure needs iterations: T,
%1, P1, Py, Ry, Rer, Bi1. Hp1.

(iv) The Chapman-Jouguet point where M=1 holds is determined from the
continuity, momentum and Saha equations, needing iterations: T, #,, P2, R, P2,
Negy Nizy Npz.

(v) Since gq5s=J holds at Chapman-Jouguet point (M=1), we can determine
I,.

(vi) Determine an optimal grid size for the integration, in other words, in
order to be proportional to 1/K,.

(vii) Derive u(x) by integrating the energy equation.

(viii) Derive T, R, n,, #;, #, (%) using the Saha equation and iteration.

(ix) Derive I, p, p ().

(x) If T and # both satisfy the Rankine-Hugoniot relations, then the location x
is the position of the leading shock wave. The quantity 7 at this location is I,
(the eigen value of the laser intensity). Otherwise, we go back to (vi) and repeat
integration one step further.

We note here that the integration is performed from the downstream Chapman-
Jouguet point up to the upstream shock wave; reverse integration. Using this
procedure, there is no need for searching the Chapman-Jouguet value for the laser
intensity 7,.

The distributions of the local temperature, velocity, radiation intensity etc. are
shown in Fig. 2 through 9 for the propagation velocity 20~70 km/sec. The results
illustrate the thickness of the detonation wave of the order of 10 microns for the
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Fig. 2. Structure of a one-dimensional steady Chapman-Jouguet detonation propagating
at a velocity Ds;=30 km/sec under the laser intensity [,=1135.15 gigawatt/m’.
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Fig. 7. (a)~(c). Ibid for D,;=60 km/sec.
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laser intensity I,=(1~10) x1012 w/m?.

The calculated results show the following characters with respect to the
solution :

(i) As a function of the laser intensity, the obtained propagation velocity
shows the same tendency with the result of Raizer, as shown in Fig. 10. However,
the observed quantitative deviations between the two results are as high as 20 %;
the present results are lower than the curve of Raizer:

D=[2G"=1Lo/00J'°, an

This may be attributed to the négiect of the dissociation and ionization energies
of the propellant gas in the present numerical analysis.

(ii) At any detonation velocities, there is an equilibrium between bremsstrahl-
ung emission and inverse bremsstrahlung absorption, leading to zero net radiation
heat transfer (¢q,s=J) at the Chapman-Jouguet point, as shown in all the detona-
tion profiles in Figs. 2 through 9;

(iii) Below D,=30 km/sec, it is interesting to see that the thickness of the
detonation (from the shock wave to the C-J point) suddenly starts increasing.
Although a steady detonation profile is calculated without. difficuity, for example,
at D,=20 km/sec shown in Fig. 9, the detonation might be difficult to generate in
reality; due to multi-dimensional instabi-
lities, heat loss to lateral directions and
different absorptioin mechanisms (inverse 2010
bremsstrahlung is not effective any more)-
From the order of tens of microns at
D, >30 km/sec, the thickness of the
detonation jumps to 15 mm at D;=20 lo=- 57FFoTy
km/sec, three orders of magnitude higher.

This shows that the limit of laser deto-
nation is close to D,=20 km/sec and
I,=332 GW/m?=0. 332 MW /mm?. .

(iv) For a low propagation velocity E
(D,=20 km/sec), the absorption gradually =
occurs downstream of the leading shock 101
wave. The temperature immediately behind °
the leading shock is only 7000k, since the "B
Mach number corresponding to D;=20 km

12

18

tRaizer’s equation

©

/sec is only 15 in the present atomic 6
hydrogen gas and, in addition, the increase
in the particle numbers (neutral atom into 4

O rHumerical Analysis

ion and electron) due to ionization.

i I I ! I
0 20 40 60 80 100
D. km/s

Fig. 10. Calculated detonation velocity Ds
as a function of laser intensity
I,. Comparison is made with
Raizer’s theoretical results.
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7. Analysis for Detonation of Spherical Symmetry

Now we consider a case where at time =0 (initially) a laser is focused onto
a point of spherical symmetry, generating a spherical blast wave behind which the
laser absorption occurs due to the above-mentioned mechanism.

This is different from the above plane one-dimensional problem in the following
respects:

() A nonsteady problem starting from the point of symmetry. In the actual
calculation, the initial condition is set up for a wave which has slightly travelled
from the center. We can assume a finite-size region in the center that has known
physical properties.

(i) There are two radiation intensities, one I3 directing inward and the other
I3 directing outward. The former is the incoming laser intensity whereas the
latter corresponds to the reflected and emitted part of the radiation.

(iii) Since the entire process is strongly nonsteady, it would be better to allow
non-equilibrium chemistry.

Based on such considerations, we utilize the following fundamental equations to
do numerical analysis:

Mass;
ag;p I 87’5;)% —0, (18)
Momentum ;
aya‘;u I 0729(232;RT) —2roRT =0, 19
Energy;
arz(é—puzwr%r) N arZ(%—pu“.—p%f}uT)
or ‘ or
+r2{§‘:(—K,,I;—Kvlt+21v>dv}
7By (ke k) (mina— Snin,) =0, (20)
Intensity ;
87621,‘1; + 8(—g;€15) —cr?(—K,I;+],) =0, €2y
Intensity ;
0Ly B0 s K154 7,) =0, @2



A Strong Shock Wave Supported by the Absorption of Laser 179

10X10° )
9F To=1.0X10" whe
~ 8F
v7&\
T
il 1649 psec 1.664 isec 1.678 psec
“r O psec
3._
2k
11
, | | | | l
’ 5 10 = - n
e

Fig. 11. History of temperature distribution in laser detonation during
the initial phase of propagation. Formation of a shock wave and
temperature rise due to laser absorption are observed.

Electron conservation;

orin, , oriumn,
T
2 | 1 2 —
-7 (kna'rke><<nenn'—’K_neni)—“o (23)

Here the rate constants k,. and %, the heat of reaction E; and equilibrium
constant K are introduced.

An example calculation was perfomed for a set of parameters shown below:
The temperature at the center 7,=6000 k, p.=1 atm, the velocity #.=0 and the
laser intensity /,=101'¢ watt/m2. The initial phase of the solution is shown in
Fig. 11. As a numerical scheme, we used the MacCormack 2nd-order explicit
method. While a shock wave is being formed, the temperature is increasing behind
the shock wave due to the absorption of the incident laser. Further study is under
progress.
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