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Ignition and Maintenance of Laser-Supported Detonation Waves

~ G. WeyL* C. Rollins,* and D. Resendesf
Physical Sciences, Inc., Andover, Massachusetts 01810

Laser-driven detonation waves are being considered for use in ground to low-Earth-orbit launch applications.
This paper addresses the problem of determining minimum laser irradiance for ignition and maintenance of
laser-supported detonation waves. A means of igniting a detonation wave at low irradiance is to embed in the
propeliant thin metallic flakes that break down upon vaporization. A computational scheme has been developed
for determining the structure and thickness of the waves. Results are presented for seeded H,O, LiH, and glass

propellants in the density range 10-4 to 10~2 g/cm3.

Nomenclature

= flake radius

=area

= specific heat

=molar concentration, speed of light
= LSD wave velocity

= flake thickness

= gaunt factor

= degeneracy factor

= enthalpy per unit mass

= heat of vaporization

= Planck constant

= irradiance

= laser irradiance

= absorption coefficient

kg = Boltzmann constant

I = thickness of LSD wave

M =mass per unit area vaporized
[M],[M*]  =concentration of specie M, M *
=number density of flakes

= Avogadro’s number, 6 x 102
=number density

= defined by Eq. (7)

= pressure

= reflectivity

= temperature

= velocity

= thermal velocity

= radial velocity

= axial distance

= degree of ionization

=ion charge

= absorptivity

=mass fraction of flakes in propellant
= coefficient of the adiabat defined by Eq. (10)
= defined by Eq. (24)

= ionization energy

=energy of first excited state
= compression ratio p,/p

= wavelength

= average molecular mass

= frequency

= density

= density, defined by Eq. (29)
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o = Cross section

T = time

b, = fluence of first pulse

by = fluence to vaporize

X =inverse bremsstrahlung cross section

w =laser angular frequency

Subscripts

abs = absorbed

br = breakdown

cJ = Chapman-Jouguet conditions

e = electron

ei = electron-ion

en = electron-neutral

exp = expansion

f = flake

i =ion

j = specie j

L = laser

m = momentum transfer

ML = Mazxwell line

)4 = propellant

S = surface

sh = shock

th = threshold

14 = vapor

vbr = vapor breakdown

0 =upstream conditions

1 = excited state

Superscripts

* =edge of Knudsen layer
Introduction

HE single-pulse laser-supported detonation wave rocket

engine was introduced by Pirri and Weiss® in 1972. Doug-
las-Hamilton et al.? proposed the double-pulse version in
1978. In this concept a ground-based laser sends a beam that
is focused onto the rear of a rocket engine, vaporizing and
breaking down the propellant. The high temperatures and
pressures thus generated can provide specific impulses in
excess of 800 s. The laser generates a train of double pulses:
The first pulse determines the amount of propellant that will
be heated by evaporating a controlled amount of solid or
liquid, and the second pulse ignites a detonation wave
plasma® in the propellant. Thus, two laser pulses yield one
thrusting pulse, and the resulting plasma expands away from
the surface, becoming transparent before the next set of laser
pulses.

The vapor/propellant flowfield associated with the double-
pulsed laser supported detonation wave engine can be best
described by separating it into four stages, three of which are
shown schematically in Fig. 1. Stage 1 involves the blow off
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Fig. 1 First three stages in pulsed laser propulsion scheme: a) blow off
of propellant vapor by first pulse; b) expansion of vapor after first pulse;
c) ignition/propagation of LSD wave during second pulse.

by vaporization, sublimation, or pyrolysis/decomposition of a
certain amount of propellant material when the first laser
pulse is incident on the rear surface of the rocket. The second
stage involves the expansion of the vapor during the time
separation between the first and second pulses. The third
stage involves the interaction of the second laser pulse with
the vapor slab, and the last stage involves the expansion of
the heated vapor/plasma into vacuum/air. The most interest-
ing physics occurs during phase 3, when a plasma is ignited
and evolves into a quasi-steady-state laser-supported detona-
tion (LSD) wave? traveling at a velocity D with respect to the
vapor in front of it. It is in this wave that the low-temperature
vapor produced by the first pulse is processed by the second
pulse into a high-temperature, high-pressure partially ionized
gas (plasma).

Important issues that must be addressed for successful
design and operation of a laser-propelled rocket are 1) the
means of igniting the plasma and 2) the means in which the
absorption front propagates through the vaporized fuel.

It is well known that aerosols can ignite plasmas at
thresholds well below those for clean air breakdown. These
plasmas may develop as LSD waves,> which grow laterally
until they coalesce and block the laser beam.* One must find
conditions under which ignition on the target will occur

without any aerosol-induced breakdown. Figure 2 is a compi- -

lation of data taken at many places on aerosol-induced break-
-down at 10.6 u.* It shows the delay time to break down as a
function of laser irradiance for a range of particle sizes. It is
fortunate that the larger aerosol particles are only found near
the ground. However, dust carried by and ejected from the
rocket may pose a problem.

The object of the present studies is to devise means
for lowering both the plasma ignition thresholds of the pro-
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pellant and maintenance threshold of the LSD wave so that
aerosol-induced breakdown and laser beam disruptions due to
nonlinear effects in the atmosphere become insignificant. Cal-
culations are performed at the wavelength of the CO, laser
(A =10.6 u), but results can readily be extended to shorter
wavelengths by using the wavelength scaling of inverse
bremsstrahlung absorption.’

Prompt Ignition of Plasma

This section presents a scheme for obtaining prompt igni-
tion of plasmas at the beginning of the second pulse. It is
based on the experimental finding® that aluminum surfaces,
when submitted to CO, laser pulses (4 = 10.6 u), would ignite
plasma in air at very short times (¢ < 50 ns) when the laser
irradiance exceeded 5 x 107 W/cm?. The time was too short
for the metal surface to start vaporizing, due to the large
thermal conductivity of Al, and it was postulated that ther-
mally insulated flakes, present on the surface, would vaporize
over the times of interest and be plasma ignition sites. Elec-
tronmicrographs of Al surfaces were taken that indicated the
presence of defects that could be construed as being flakes.® .
The theory of ignition off flakes was developed by Weyl et
al.,” who confirmed that such defects could ignite plasmas
over the times and irradiances that were used in the experi-
ments.

The method proposed here to obtain rapid plasma ignition
is to embed in the solid propellant a multitude of fine alu-
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Fig. 3 Rapid plasma ignition over aluminum flakes embedded in the
propellant.
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minum flakes (thickness 4, radius @). Rapid vaporization of
the flakes and ignition of the aluminum vapor will occur at a
threshold irradiance Ith of the order of 10°8 W/cm2. The
plasma ignition sites rapidly spread and overlap, serving as
ignition sites for LSD waves that travel up the beam. The
geometry is shown in Fig. 3.

Two conditions must be met for the ignition scheme to be
practical: 1) The flakes must have retained their identity by
the end of the first laser pulse (which ejects the propellant in
order to form a vapor layer above the surface); and 2) the
fluence required to ignite plasmas and to have them overlap
must be small compared to the fluence required to drive the
LSD waves through the vaporized fuel. Condition 2 will
require a minimum threshold irradiance Ith and a minimum
mass loading of aluminum flakes. It is also important that
ignition occur at or near the surface. Once ejected, fiakes will
tend to travel with the vapor. However, we expect that, due to
the high reflectivity of the flakes, ejection of the flakes will
occur at a much later time than the start time of vaporization
of unshielded propellant.

The physics for the analysis that follows is derived from a
publication by Weyl et al.”

Heating of Flakes to Vaporization

The d is taken to be small enough that the flake is heated
uniformly. The fluence per unit area required to heat the flake
to its vaporization temperature is

by = p,CAATa~1(=3.2 Tjom?) ()

where in the last step we set p,=2.7 g/em’, C=11J/g-K,
d=02pu, « =005, and AT =3000 K. Since the heat of va-
porization of aluminum is 10 kJ/g, the fluence required for
complete vaporization of the flake is three times larger
(~10 J/cm?) than ¢, given in Eq. (1).

Breakdown of the Aluminum Vapor

It was shown in Ref. 7 that, if one can break down the
vapor before the expansion goes three dimensional, then the
breakdown times are extremely short. The characteristic time
(Texp) for three-dimensional vapor expansion is afv. For
a=5p and T=3500K (v=13x10°cm/s), we have
Toxp = 4 X 107%s. If the laser irradiance is too low to cause
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breakdown over this time, then the expansion goes three
dimensional, and a stationary shock forms around the flake
that has the purpose of shocking back the overexpanded
vapor so that the aluminum vapor stagnation pressure and
the pressure of the background vaporized propellant are
equal. The geometry for one- and three-dimensional expan-
sions is shown in Fig. 2. Breakdown in the three-dimensional
regime will occur in the shocked vapor (region 5 of Fig. 4b).
Since the vapor density in region 5 of Fig. 2b is much lower
than that in the one-dimensional expansion zone, the break-
down times will be much longer than those in the one-dimen-
sional regime. It was shown in Ref. 7 that breakdown
proceeds in two steps. In step 1 the electrons absorb laser
radiation by inverse bremsstrahlung (IB) absorption and
dump their energy into the first excited state (cross section ;)
of aluminum at 3.14 ¢V above the ground state. During this
stage the electron concentration remains constant and the
population of the first excited state increases linearly with
time. Phase 2 starts when the population of excited state is so
high that electron impact ionization of the 3.14 eV state (cross
section 6,) becomes likely. This leads to rapid breakdown by
electron avalanche. The delay to breakdown is well approxi-
mated by the duration of phase 1, which is

_(01/‘71)1/22
I (znen)l/z XI . (2)

where y is given by®

4mey 4ne’v,,

b1 (3

T, +v2) | nmycw?
The collision frequency (for momentum transferring v,,) can
be estimated from the work of Hyman et al.’:

=107 g1 4)

The electron and neutral densities appearing in Eq. (2) are
calculated by using the saturated vapor properties from the
Clausius-Clapeyron relation and by letting the vapor expand
through a Knudsen layer.!®!! It was found in Ref. 7 that n,
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Fig. 4 Geometry fro vapor breakdown: a) one-dimensional expansion, b) three-dimensional expansion (regions 1, 2, and 5 correspond to metal
vapor). Breakdown is expected to occur first in region 2 (one dimensional) or 5 (three dimensional).
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and n could be expressed as a function of I,(W/cm?) as
follows:

n, = 6.5 x 10'3 (-’0—)1'51 (cm™?) (5)
e 107

n=26x 10" (iym (cm ) (6)
' 107

Inserting these values of the various physical parameters from
Egs. (3) and (6) into Eq. (2), making the reasonable assump-
tion (see Ref. 7) that o,/6; ~ 1, and making A = 10.6 u, one
obtains

4.8 x 10-7

Tobr = (10/107)2.25

(® )

The threshold for breakdown in the one-dimensional
regime is now obtained by setting 7,,, = Tep, (=3 x 1077 s for
a 5-u radius flake). One finds

5)\0.44
Ith =108 x <;> (W/cm?) (8)

where a is in microns.

Since the breakdown time is so short, the fluence required
to break down will be small. For a 5-u flake, the breakdown
fluence is calculated to be 0.35 Jfcm?; i.e., only 10% of the
fluence per unit area required to heat a flake to the vaporiza-
tion temperature.

Plasma Coalescence Time

In order to form a detonation wave it is required that all of
the plasma ignition sites grow and coalesce to form a uniform
plasma front: Plasmas will initially grow by expansion of the
ionized gas and by radiative transfer to the surrounding gas.
Inverse bremsstrahlung absorption by photoelectrons gener-
ated by deposition of UV radiation in the ionized gas sur-
rounding the plasmas will sustain the growth. The problem of
modeling the early stages of growth after ignition is complex,
and at this stage we can only present rough estimates of this
growth. Complete ionization of the aluminum vapor will lead

to an overdense plasma at . = 10.6 g (.5 =10 cm™3) if T

exceeds 107 W/em?. This will occur when the temperature
exceeds 12,000 K. If we assume that the plasma expands
at sonic velocity, we obtain an expansion velocity of 3 x 10°
cm/s. However, the expanding plasma drives a shock through
the surrounding vaporized propellant, which tends to' slow
down the expansion. Since IB absorption per unit mass scales
linearly with p, the more the expansion is impeded by the
surrounding gas, the greater the heating rate of the plasma.
One expects the expansion in the early stages to be similar to
a blast wave with continuous energy input from the laser
beam. The blast wave will envolve into a detonation wave
when the shock is strong enough and the amount of partially
ionized material between the shock and the aluminum plasma
core is large enough to start attenuating the radjation that
reaches the core. Lencioni?’ took fast-framing camera pictures
of laser-supported detonation waves ignited off aerosols sus-
pended in air which showed that they expanded radially at half
the Raizer velocity: :

1 1 2_ 113
oLy 1[0~k ©
2 2 Po

where y is defined by

H—H=2 7 (10)

py—1

The velocity o, is, in effect, the sonic velocity at the Chapman-
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Fig. 5 Plasma coalescence time.

Jouget conditions, which are reached asymptotically behind
the shock.

As will be shown in the section on maintenance threshold of
LSD waves, an LSD wave has a finite thickness Z over which
absorption of laser radiation takes place. Therefore, for an
LSD wave to be well established there must be a minimum
mass per unit area in the wave for almost complete absorp-
tion of laser radiation. If M is this minimum mass per unit
area, then the time to establish the wave will be of order
M|[D. As an example, which will be discussed in more detail,
consider an LSD wave in water vapor with 1% Li seed,
po="2x 1072 gfcm® and I, = 8.8 x 107 W/cm?>. Its structure is
shown as curve 4 of Fig. 9. We have L ~0.0lcm, M =
10~*g/em?, and D =8 x 10°cm/s. One derives from these
numbers a time to form the wave 1 =M/D =1.2x 1075
and a fluence to establish the wave I,¢ =0.02J/cm? The
radial expansion velocity of the wave is ~4 x 10° cm/s, which
is comparable to the sound velocity of a 12,000 K aluminum
plasma that we calculated previously.

We calculate the time for plasma overlap as follows. The
area of each plasma centered on a flake, in a plane perpendic-
ular to the laser beam, will grow with time as

A@t) = 7t|:a + J o) dt’:|2

The plasma overlap time  is given by the condition

nnt:a + JT v,(t") dt’]2 =1 (11)
o

where 7 is measured from the time to break down.

Let B(<1) be the mass fraction of aluminum flakes in the
propellant: -

g =22 ra? Nd (12)

Pr

If a mass M(=¢,/H,) per unit area of propellant has been
vaporized by the first pulse, then the number per unit area of
flakes exposed to the second pulse is

__M
 ma’dp,

ny (cm™32) (13)

Solving Eq. (6) for t and using the expansion velocity given
by Eq. (4), we obtain

<£2_df’f_”v>”2_a
T =l:<i>1/2—a:|v‘l N (14)

T T <(y2—1)1>1/3
4p,
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Consider Eq. (14) under the conditions I,= 10® W/cm?,
po=1x10"?gjem?, a=5pu, H,=2kl/g(H,0), p,=2.7g/
cm?, and y = 1.2. The results are shown in Fig. 5. Figure 5
shows, for example, that for ¢, =3 Jjcm? and B = 1073, the
plasmas, once ignited, will have coalesced after 5x 10~ 7s.
Having chosen 7 = 10® W/cm?, we find that this corresponds
to an extra fluence per unit area of 0.5 J/cm? that has to be
added to the fluence of 3 J/cm?® required to start vaporizing
the flakes and to the fluence 0.1 J/cm? required to ignite the
plasmas. Thus, the total fluence required to form detonation
waves for this case is 3.6 J/cm?, and the elapsed time is 36 ns.

Maintenance Threshold of LSD Waves

After ignition of a plasma, a LSD wave will propagate in a
direction counter to the laser beam and process the propellant
vapor that has been generated by the previous pulse. The
structure of the LSD wave is shown in Fig. 6. We have a
shock propagating through the propellant at velocity D.
Behind the shock there is an absorption zone where the laser
energy is absorbed. Following strong shock theory the com-
pression ratio across the shock is pg/po=0@"+ D/(y —1),
where 7’ is defined by Eq. (10) for conditions behind the
shock. The density decreases as one travels away from the
shock until it reaches the asymptotic Chapman-Jouguet con-
dition® p.;/po=(y +1)/y. For a perfect gas y =y’. For an
imperfect gas, however, as shown in Ref. 13, the relation
Perlpo=(y + 1/y still holds with good accuracy if one de-
fines y by Eq. (10), using Chapman-Jouguet conditions for H,
p, and p. In contrast to laser-supported combustion (LSC)
waves,” where radiation transport plays an important role in
the propagation of the wave, LSD waves are hydrodynamic in
nature and require that ionization buildup by direct absorp-
tion of laser photons. This requires that there be some ioniza-
tion behind the shock. The degree of ionization behind the
shock determining how much electron-neutral inverse brems-
strahlung absorption occurs will determine the thickness of
the-LSD wave, 1.¢., the distance between the shock and the
absorption zone. Though under typical operating conditions
the temperature in the absorption zone is expected to be quite
high (7" = 12,000 K) and the absorption length to the laser
radiation quite small (1 < 100 y), the temperature behind the
shock is much smaller (7 <6000K) and the absorption

length much longer (1> 1mm). A means to decrease this

absorption length and, concurrently, to reduce the threshold
irradiance for maintaining an LSD wave is to add a small
amount of easily ionizable seed such as Na, Li, etc., in the
propellant. The seed would be significantly ionized behind the
shock and allow more absorption to occur bringing the
temperature up to values at which ionization of the propellant
species takes over. We can treat the seed as a perturbation on
the thermodynamics and fluid dynamics. Assume that a
steady LSD wave is propagating through the (vaporized)

T(163 K), p/p

————

X% % X X

AXIAL DISTANCE (ARBITRARY UNITS)

-
>

Fig. 6 Structure of laser-supported detonation wave. Laser beam is
incident from the right. The wave is traveling toward the right (increas-
ing x). The shock is at x,; main absorption occurs in the hashed zone
between x, and x;. Conditions are close to Chapman-Jouguet for
x < xy.
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propellant at velocity D. Conservation of mass and momen-
tum in the framc of thc wave takes the form

pU = poD (15)
p+pU*=py+poD? (16)

Solution of Egs. (10) and (11) leads to the Maxwell line in
P/po v$ 1 = (po/p) space shown in Fig. 6. All of the points in
the LSD wave lie on the segment of the line that extends from
Hen tO Yy In order to find the Chapman-Jouguet conditions
we must add the conservation of energy equation:

1 1 I x
H+-U?=Hy+=-D>+—2 (1 —exp— ’
+2 0+2 +p0D<1 exp fkdx) (17

* The last term in Eq. (17) represents the energy per unit mass

absorbed by the propellant at a distance x in the wave
measured from the shock front. The Chapman-Jouguet condi-
tions are only reached asymptotically. They correspond to
that point on the Maxwell line where x—»oo and
exp — [*k dx’ >0, so that the last term in Eq. (17) is I,/
(po D). The solution to Eqs. (15-17) is carried out as follows.
We rewrite Eq. (17) as

1 1 I
H+-U?~Hy—=-D*="32
2 073 D (18)

Since H is a function of p and p, the right-hand side of
Eg. (18) is perfectly specified as we go down the Maxwell
line from point 4. Elimination of U and D from Egs. (15),
(16), and (18) yields a family of Hugoniot curves for various
values of I. These curves are shown schematically in Fig. 7. It
is well known that the Chapman-Jouguet point corresponds
to the point at which the Hugoniot curve is tangent to the
Maxwell line.!* Although the normal procedure for studying
LSD waves!® is to fix I,, calculate the Hugoniot curve corre-
sponding to this I, and find the point of tangency of this
curve with a line originating from point B (n =1, p/py=1),
we use the opposite procedure. We fix D, i.e., the slope of the
Maxwell line, and evaluate the right-hand side of Eq. (18) as
we march down the Maxwell line from point 4. The value of
1., which corresponds to the irradiance absorbed, increases
until it reaches a maximum I, = I, corresponding to Chap-
man-Jouguet conditions, and then decreases as one goes to
larger (unphysical) values of p,/p. The laser irradiance in our
approach is a derived quantity. However, in order to obtain
an approximate value for I,, one can use the results of a
constant y approximation to the gas properties, where y is
defined by Eq. (10). One would then solve Eq. (9) for [, as a
function of D.

In order to determine the structure of the LSD wave, we
need a length scale along the Maxwell line. This is determined
by the magnitude of the absorption coefficient. From the
equation of state of the propellant, assuming equilibrium
conditions, one can determine 7 and also the degree of
ionization as a function of p and p, ie., as a function of
location on the Maxwell line (ML). The absorption coefficient
k which is due to electron-neutral and electron-ion collisions,
can therefore readily be determined. Since

dI d x , _ _ Qf
<d_77>ML =a—r; |:IO(1 —exp —J k dx ):|ML—k(I0 I [d”]ML

(19)
we can obtain the length scale by integration:
" (dI/dy) d
s = [ G 20)
e Ko—1D)
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Fig. 7 Integration line for calculating structure of LSD wave.

Though, in principle, the thickness of the LSD waves is
obtained by carrying out the integral up to n =75, we

cannot carry out the integral because it diverges logarithmi-

cally as I approaches I,. For practical considerations we may
define the thickness as that corresponding to a large fraction
(e.g., 99%) of the laser beam absorbed and define the upper
limit #,,,, as that corresponding to I../I,(=0.99).

Application to LSD Waves in Various Prbpellants

Seeded Water

Calculations were performed for LSD waves in water vapor
seeded with lithium. Water is a good candidate fuel since it
can be stored as ice and leads to a gas with low average
atomic weight (4 = 6 g/mole) after processing through an
LSD wave (no molecular recombination is expected upon
expansion for the densities and time scales of interest). Also,
a low average atomic weight is necessary for high specific
impulse. A computer program was written to determine con-
ditions on the Maxwell line. Thermochemical properties of
water and its components were obtained from the JANAF
tables.!* These tables, which are valid for T < 6000 K, were
extended to temperatures up to 20,000 by evaluating partition
functions and using the methods described in the introductory
chapter to these tables.!* The code uses, as a subroutine, an
equilibrium code that calculates p and A as a function of p
and T. The constraint dp/d(1/p) = constant, which must be
satisfied along the Maxwell line, was used to relate AT to Ap
as one marches along the line. The k that is needed to
determine the length scales can be written as

k= (Xejne Z nj + Xeineni)(l - C€Xp — th /kT) = ken + kei
’ 1)

where the sum over j extends over neutral species. The last
bracket in Eq. (16) takes into account stimulated emission.
The variable y,, is given by Kramer’s formula!® (1 in cm)

_136x10°%

Kei = ﬁ

where T is Kelvins, and following Zel’dovich and Raizer,'®
the free-frec IB absorption coefficient was augmented by the
factor e®2/*T to include bound-free absorption. The G has
been calculated by Karzas and Latter!” and may be taken
equal to 1.16 for the wavelength and temperatures of inter-
est.!® The cross section for electron-neutral IB collisions with
oxygen atoms has been calculated quantum mechanically by
Geltman'® and for collisions with hydrogen by Stallcop.?® We
show their results in Fig. 8. For the results presented later the
segment AB on the Maxwell line was split into 40 equal
intervals in which pure propellant properties and values of 1
were. evaluated. This. generated a data file that was used to
study the variation of LSD wave structure with amount of
seed by use of Eq. (20) after evaluation of k. The electron

Z23Gpe®™LhT) (22)
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concentration in the presence of seed was calculated by solv-
ing the Saha equation®":

n,[M ™) gt €
£ 48 x 1012 T2 ——L )= 2
] X e exp kT B(T) (23)

where for lithium ((M] =[Li)g* =1, g =2, and ¢, =5.4¢V.
Let ¢ be the molar concentration of seed in the water and y its
degree of ionization. We can write to a first approximation
that the electron density is the sum of the density, due to
ionization of pure propellant in the absence of seed and the
ionization of seed atoms, i.c.,

H, =N+ 0=n4+cyn (24)
Inserting this expression for s, in Eq. (19) we get

yen(n. + yen)

T =BT (29)
where 7 = p(na,y/18) and n,y(=6.02 x 10%%) is Avogadro’s
number. Equation (25) leads to a second-degree equation for
y that can readily be solved. Inserting this value into Eq. (24),
we then calculate the increase in electron density due to the
presence of seed. The absorption coefficient in the presence of
seed is

k(¢) = k,,(c = 0) <1 + ni> +k,(c=0) (1 + ni>2 (26)

e, €0,

where k., and k,; are the electron-neutral and electron-ion IB
absorption coefficients of the propellant (water) in the absence
of seed and are given by Eq. (21). The approximation that we
used in Eq. (24) is expected to be quite good when § > n,,
and 6 <€ n,,, but will lead to an error by at most a factor of
two in electron density when é = n,,.

We have used Eq. (26) in Eq. (14) to scale LSD waves in
pure propellant to waves in which a varying amount of seed
has been added. Results are shown in Figs. 9-12. These
correspond to initial conditions p, =2 x 1073 g/cm® and
D =8 x 10° cm/s with lithium seed atom fractions ranging
from 0 to 3%. The laser irradiance for D = 8 x 10° cm/s was
calculated to be I, = 8.8 x 107 W/cm?. The calculations were
stopped at a distance where 99% of the laser beam has been
absorbed.

Figure 9 shows density vs distance. We see from this figure
that addition of 0.03% molar concentration of seed reduces
the thickness of the LSD wave from 0.24 to 0.06 cm, i.c., by
a factor of four. The compression ratio starts out at the shock
wave with a value of 9.75 corresponding to a y =1.23 and
ends with a value of 1.97 corresponding to a y of 1.03. Figure

CROSS SECTION (10-36¢mS)

(] 5,000 10,000 15,000 20,000
TEMPERATURE (K)

Fig. 8 Electron neutral inverse bremsstrahlung absorption cross section
at 10.6 u for electron collisions with H and O.
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Fig. 10 Pressure in LSD wave. Same conditions as in Fig. 9.

10 shows the pressure in the LSD wave; it decreases by a
factor of slightly less than two from shock to Chapman-
Jouguet conditions. The temperature, shown in Fig. 11, in-
creases from the shock value of 6700 to a value near
12,000 K. The absorption coefficient in the wave is shown in
Fig. 12. It is seen to first increase with distance and then
decrease. The decrease in k is due to the rapid decrease in
density as one approaches Chapman-Jouguet conditions.
Even though the degree of ionization n,/n increases, this is
more than counterbalanced by a decrease in n. This is cer-
tainly true at 0.3% seed, where the seed is completely ionized
as one approaches the Chapman-Jouguet point, and the de-
crease in k is due solely to the decrease in n. One sees from

0 .02 04 06 .08 10 .12 .14 .16 .18 .20 .22 .24 .26
THICKNESS (cm)
Fig. 11 Temperature in LSD. See Fig. 9 for conditions.

Fig. 12 that the maxima in k for curves 4 and 5 exceed the
maximum k for pure propellant (H,O) up to the Chapman-
Jouguet conditions when the concentration of seed exceeds
0.3-1%.

Lithium Hydride (LiH)

LiH is an interesting propellant because it leads to vapor
products with low average molecular weight and because Li,
which has an ionization energy of 5.39 eV, is readily ionized
at temperatures in excess of 5000 K. When heated, solid LiH
decomposes into vapor products following the reaction

LiH(s) — Li + 1H, 27

The saturated vapor pressure, obtained by use of an equi-
librium code using the JANAF thermochemical data'* for the
solid and vapor products, is well approximated by

P, (atm) = 1.01 x 10° exp — (16,120/T%) (28)
One readily verifies from Eq. (28) that P, increases from 0.15
to 8.7 atm as the temperature of the surface increases from
1200 to 1700 K. It is easy with such a propellant to operate in
a regime where the plasma formed from ionization of Li is
overdense to the CO, laser radiation. When this occurs, there
will be some reflection of the radiation at the overdense
surface, thereby reducing the efficiency of the coupling. If we
assume that only lithium becomes ionized, then we can pre-
vent the overdense condition by operating in a regime so that
[Li] + [Li*] <n,, where n,(=10" cm~3) is the critical elec-
tron density at the laser wavelength (10.6 y). This leads to the
following condition on the density:

Y y 71.94n, _s 3
= <—————<69%x10 cm 29
Poc T+ 1 Pcr 7+1 Nag X g/ (29)

where in the last step we set y =11, n, =10 cm™, and

where we used the fact that there is 1 mole of Li in every
7.94 g of propellant.

Such a low density can be achieved either by operating at
low enough irradiance in the first pulse (stage 1 in Fig. 1) so
that the density of the vapor leaving the surface satisfies
inequality [Eq. (29)] or by allowing a sufficient time between

_ the first and second pulse for the vapor to expand to
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Fig. 13 Teniperature in expanded LiH vapor at p =6.9 x 10—5
gfem>,

p <69 x107° g/cm>. The vapor, upon leaving the surface,
expands through the Knudsen layer, which is approximately
three mean free paths thick. The half Maxwellian velocity
distribution of particles leaving the surface is converted at the
edge of the Knudsen layer into a full Maxwellian distribution
of particles flowing at a sonic velocity with respect to the
surface. Following Anisimov,!® the temperature and density
drop across the Knudsen layer for a monatomic gas
(y = 1.667) is given by

T* =0.669 T, (302)

p*=0.308 p, (30b)

In the case of saturated LiH vapor we expect that the
effective y for calculating expansion across the Knudsen layer
will be y =1.55 (=17/11) if we assume that vibrational
degrees of freedom and chemistry are frozen. This slight
change in y will weakly affect the expansion, the factor 0.308
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Fig. 14 Properties of LSD waves in LiH vapor for p,=6.9 x 10—5
g/em®. a) Ninety-nine percent absorption thickness. b) Electron density
at CJ point.

being replaced by 0.305, and 0.669 replaced by 0.725. The
threshold irradiance corresponding to p* = p,. can then be
calculated from the conservation of energy under steady-state .
vaporization:

m[H,(T,) — H,] = Ith(1 — R) (31)

where m1 = p*\/(ka T*/u) and p(=5.29/N,y) is the average
molecular weight of the vapor. Since P, = (p,/wWkyzT,, we can
solve Eqs. (28) and (31) for Ith:

Tth = 3.3 x 1010 1 172 eXp — (16’120/Ts)[H(Ts) - Hp]
kyT (1-R)

5

(32)
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Fig. 15 Ninety-nine percent thickness of LSD wave in glass vapor.
T, =2750 K; p, as indicated on curves.

where T, is given by the solution of

p*=69x10"5  glem® =0.305 p,
=31 x 101°< £ )exp(—16.120/Ts) (33)
kBTs

The solution to Eq. (33) is T, =1650K. Inserting this
value into Eq. (32) and setting R =0.05, u =8.79 x 10~ g,
H(ZS) —H,=3.79 x 10* J/g. We find that Ith = 4.7 x 10° W/
cm?.

If I > Ith, then the density p* > 6.9 x 10~° g/cm®. Before
the second pulse is applied the vapor must be allowed to
expand adiabatically. We will have

71 0.55
T= T*<i*> 14T, (ﬁ>
p P

where in the last step we used the results for y = 1.55. Setting
p =69 x 107° g/em’, we can calculate T as a function of 7.
The result is shown in Fig. 13.

Calculation of LSD waves in LiH was performed using the
same algorithm as for seeded water. We show in Fig. 14a the
(99% absorption) thickness of the detonation wave as a
function of laser irradiance for upstream density p = p, =
6.9 x 10~* g/fcm®. Figure 14b shows the electron density at the
Chapman-Jouguet point. We have also plotted as dashed lines
results at double the critical density. The plasma becomes
overdense at I =1.07 x 10° W/cm? for p = 2p,,.

Glass

We have carried out calculations on glass because LSD
waves are readily ignited in vaporized glass products and can
be maintained at relatively low laser irradiances. Though the
specific impulse is expected to be quite low because of the
hl_gh average molecular weight of the vapor products, the ease
with which experiments can be carried out at low laser pulse
energies makes glass an interesting material to compare pro-
pellant performance with theoretical calculations. Experi-
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ments investigating LSD waves in a soda lime glass have been
reported earlier.??

We show in Fig. 15 calculations of L.SD wave thickness in
a soda lime glass of composition (SiO,)}(Na,0),10(Ca0)g 4.
Glass has a short absorption depth of 5 at 7 = 10.6 4 and is
readily vaporized by the first laser pulse when the fluence
exceeds 2 Jfem?, The vapor pressure at 3000 K is 6 atm, and
the main vapor component is SiO. )

Discussion

Previous assessments of the case for ground to orbit laser
propulsion!® suggest that such a system will be superior to
chemical rockets when the specific impulse (impulse per unit
weight of propellant consumed) reaches about 800 s and the
efficiency (directed kinetic energy of exhaust gases divided by
input laser energy) approaches 40%.

The hydrodynamics of detonation wave propagation in
realizable exhaust gas distributions require that the laser pulse
duration be less than or about 1 s, whereas considerations of
beam propagation through the atmosphere require peak irra-
diance to be less than about 10® W/cm? (depending on the
wavelength). The combination of these constraints yields the
requirement that propellant mass processed per cycle will be
less than or about 1 mg/cm? The amount of not fully pro-
cessed mass that remains in the wave at the time that it
reaches the edge of the exhaust gas distribution must be small
compared to the total processed mass. Allowing a factor of 10
for this consideration yields an estimate that, for a reasonable
thruster, the detonation wave should only contain less than or
about 100 pg/cm?. It is clear from Fig. 8 that only the curves
corresponding to the relatively high seed percentages of 1 and
3% readily meet this condition. The difficulty is even more
pronounced at lower irradiance.

Considerable progress has been made toward understand-
ing the laser-propellant interactions that will occur in laser
supported detonation wave thrusters for ground to orbit
vehicle launch. Results suggest that suitable propellants can
be realized, but must be carefully engineered. In the section
on prompt ignition of plasma a specific scheme was presented
that can yield plasma ignition at reasonable fluences. How-
ever, the scheme requires that a significant number of local
ignition sites, such as thin flakes of aluminum, be dispersed
throughout the propellant during manufacture. In the section
on maintenance threshold of LSD waves we have shown that
maintenance of the detonation wave will require that the
propellant include a high percentage of a low ionization
potential element. This, too, presents a significant challenge to
the propellant designer. Other propellant requirements are
that it must be structurally strong to withstand the repeated
impulsive loads encountered on each thrust cycle, it must be
of low average atomic weight to obtain the desired specific
impulse, and it must be highly opaque to the laser beam so
that the solid does not melt from an excessive heat load
accumulated from pulse to pulse in the repetitive train that is
likely to last about 10 min. Ongoing experimental work is
focused on the design, fabrication, and proof testing of a
suitable propellant.
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