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Propulsion by Absorption of Laser Radiation
A. N. PlRRI,* M. J. MONSLER,t AND P. E. NfiBOLSINEj
Avco Everett Research Laboratory, Inc., Everett, Mass.

The results of an experimental study of the physics of propulsion by absorption of radiation from a remotely
stationed high-power laser are presented. Both pulsed and steady-state simulation experiments were performed
utilizing a megawatt peak power pulsed CO2 laser. The steady-state simulation experiments were carried out in a
vacuum chamber with graphite, Lucite and lithium fluoride as solid propellants. The pulsed experiments consisted
of ballistic pendulum measurements of thrust, wall pressure traces, and streak camera records of plasma velocity
to deduce the efficiency of a laser powered pulsejet, where air is utilized as fuel. Results indicate that for steady-state
propulsion a high ratio of thrust to laser power (~ 10-100 dynes/w) can be obtained by using the laser to simply
vaporize a suitable solid propellant. However, for high specific impulse (~1000 sec) it is necessary to add energy
to the vapor in a stable manner. This may require gaseous propellants with external control over the absorption
characteristics for stable heating in a throatless nozzle. The pulsejet experiments resulted in a ratio of thrust to
laser power ~ 25 dynes/w. In order to increase the efficiency of propellant mass utilization, shorter laser pulses with
higher power are desirable.

Nomenclature
A = area
C = coupling coefficient
E = laser energy
g = acceleration of gravity
/ = impulse
Isp — specific impulse
K = absorption coefficient
m = propellant mass flow rate
M = mass loss of propellant
P = laser power
p = pressure
R — radius of plasma
T = thrust
t = time
u = particle velocity
p = density
r\ = power conversion efficiency
ip = pulse time
ie = mass expulsion time

Subscripts
1 = in front of shock
2 = behind shock
e = exit plane
a = air

I. Introduction

THE concept of propelling a vehicle by absorbing radiation
from a remotely stationed high-power laser was introduced

by Kantrowitz.1'2 While admittedly speculative at this time, the
utility of this concept deserves careful evaluation, particularly for
launching high volume, small payloads into Earth orbit. An
artist's conception of a laser powered rocket is shown in Fig. 1.
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Laser propulsion combines, in principle, the high specific
impulse of nuclear or electric propulsion with the high thrust/
weight ratio, and safety, of chemical rockets. Because the radia-
tion absorbing propellant may be a high-temperature plasma,
the specific impulse can be made very large. Because the energy
source is on the ground, large payload/vehicle weight ratios are
possible. These two fundamental advantages may only be
exploited, of course, if two objectives are achieved. First,
transmission of a well-collimated high-power laser beam must be
accomplished; second, large lasers and power generation facilities
must become both technically and economically feasible. A
parametric analysis and optimization of possible missions along
with estimates of cost per pound of payload have recently been
made by Rom and Putre.3

In Ref. 4, a preliminary series of theoretical calculations and
experiments were performed in order to determine the efficiency
of converting laser power into thrust. Two methods for obtaining
thrust by absorbing laser radiation were discussed. The first
involved simply the rapid evaporation of a solid which absorbs
the radiation to produce a jet of hot vapor. If, in addition, the
vapor absorbs a fraction of the incident laser energy, it may be
possible to obtain stagnation temperatures of 5000-12,000 K. By
expanding this hot gas to convert all of the thermal energy into
exhaust velocity, a specific impulse of 1000 sec seems feasible. If
the vapor becomes fully ionized, the model of Basov et al.5
predicts that a steady-state thrust can be achieved with a constant
power laser when the plasma absorption length is of the order of
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Fig. 1 Artist's conception of a laser-powered rocket.



SEPTEMBER 1974 PROPULSION BY ABSORPTION OF LASER RADIATION 1255

NOZZLE

STATIONARY
ABSORPTION REGION

PARABOLIC MIRROR
SURFACE

Fig. 2 Schematic of parabolic nozzle used in steady-state simulation
experiments.

the beam diameter. In an atmosphere, however, the physics of the
early time interaction between a high-power laser beam and a
surface_is strongly influenced by the presence of air above the
surface. Before a steady-state jet of absorbing vapor can be
obtained, the air above the surface may break down, and a
radiation-driven (often called laser-supported) detonation wave
may be initiated.4'6 Once the wave forms, all of the laser radia-
tion is absorbed in the shocked air behind the detonation, and the
surface ablation stops. However, since this air is shocked to a
high pressure,., it may be possible to propel the vehicle by
repetitively pulsing the laser and utilizing the strong detonation
waves initiated with each pulse to provide thrust. This is the
second method of using the absorption of laser radiation to
power a rocket. By using the nozzle as a mirror, say in the
form of a parabola, we can focus the transmitted laser power.
Air breakdown then occurs in the focal region of the parabola.
Thrust is obtained with no propellant other than the air which is
present. If a means of replacing the air ionized during the
breakdown process is provided between laser pulses, the thruster
operates as a laser powered pulsejet. Preliminary experiments
with this device were also discussed in Ref. 4.

In this paper, our progress toward a further understanding of
the physics of the propulsion process is presented. Pulsed and
steady-state experiments were performed utilizing a megawatt
peak power, pulsed 10.6ju CO2 laser. Steady-state simulation is
obtained by making the size of the rocket nozzle such that the
typical exhaust flow time is much less than the laser pulse time.
The objective of the experiments was to measure the ratio of the
thrust obtained to laser power (defined as the coupling
coefficient) and the specific impulse, and determine the power
conversion efficiency of both the solid propellant steady-state
thrusting devices and the laser powered pulsejet. In Sec. II our
steady-state experiments with both a simple ablation rocket and a
more sophisticated device, which utilizes the parabolic nozzle to
focus the transmitted laser power onto a solid propellant, are
described. The data obtained with the laser powered pulsejet
are presented in Sec. III. Section IV concludes with a discussion
of future directions toward maximizing the efficiency of convert-
ing laser power to thrust.

II. Steady-State Propulsion Experiments
A steady-state laser propulsion system is a system whose thrust

remains constant in time while the laser beam continuously
provides the energy source for converting propellant potential
energy to exhaust kinetic energy. The simplest propulsion system
which accomplishes this consists of a solid propellant whose
surface is continuously being vaporized by laser irradiation. The
temperature of the vapor is dictated by the phase change of the

propellant, and for most materials this temperature is approxi-
mately 1000-5000 K. At these temperatures the vapor is usually
transparent to the incoming flux so that laser radiation con-
tinuously reaches the surface. It will be seen that this type of
propulsion system offers a very high thrust per unit laser power.
However, the exhaust velocity is limited since the maximum
exhaust gas temperature is the temperature at which the
propellant vaporizes. If the laser intensity is increased, the
amount of ablated mass increases without increasing the exhaust
velocity. Therefore, the rocket has a limited specific impulse,
usually ~ 100-200 sec. To increase the specific impulse and still
preserve the steady-state nature of the flow, it is necessary to
volumetrically add significant energy directly to the vapor. One
possible way of doing this is shown schematically in Fig. 2.

The rocket nozzle in Fig. 2 utilizes a parabolic reflector which
is both a mirror for the laser radiation and a nozzle for the
exhaust gases. The parabolic reflector takes the incoming laser
beam, whose flux magnitude will be below the maximum flux
that can be propagated through the atmosphere, and focuses it
upon a rod of solid propellant located at the focus. The
vaporizing propellant thus passes through a region of high laser
intensity (~ 107-109 w/cm2) and is heated to high temperatures.
The high-temperature gas then expands converting its thermal
energy to kinetic energy. This yields a higher specific impulse than
the simple evaporation system. The drop in density and tempera-
ture in the expansion allows the exhaust to be transparent and
the radiation to penetrate through to the subsonic region of the
flowing vapor. If the high intensity region contains a plasma of
unit optical depth (KR ~ 1), the flow will remain steady.

A. Experiment Configuration
Experiments were performed to examine the feasibility of the

above concepts for steady-state laser powered propulsion
systems. Since laser propulsion requires intensity and power
levels higher than attainable with present day CW lasers, the
experiments were performed with a 10.6 \i pulsed electron-beam
sustainer type laser. This laser has a maximum 100 //sec pulse
length and operates over a range of approximately 15-60 joules.
It is possible to do steady-state experiments using a pulsed
laser if the scale of the rocket nozzle is sufficiently small that
there can be many flow times per pulse. Experiments were done
first with a simple evaporating solid propellant consisting of
Lucite and then with the parabolic reflector containing propellant
rods of various materials.

Before the experiments are described, it is necessary to define
the relevant parameters which determine the performance of
these laser powered thrusters. The first important parameter is the
coupling coefficient, which is the ratio of thrust to laser power.
Since a pulsed laser was utilized, an average coupling coefficient
is defined as

(1)

(2)

C= T(t)dt g\ P(t)dt = I/E
Jo I Jo

Similarly, an average specific impulse is defined as

JSP = ujg = I P T(t)dt I I 'm(t)dt = I/Mg

The efficiency of converting laser power to power in the exhaust
is defined as

r\ = (mue
2/2P) (3)

For a value averaged over the pulse time, r\ can be written in
terms of the coupling coefficient (expressed in mixed units of
dynes/w) and the specific impulse (in units of seconds) as4

A ballistic pendulum was used to determine the impulse
delivered to the thruster, and the propellant mass loss was
obtained by weighing the solid propellant before and after each
laser pulse. A typical power vs time history of the CO2 laser
pulse is presented in Fig. 3. This history was obtained by
splitting off a small area of the beam and passing it into a gold-
doped germanium detector. The power rises to a peak of 106 w
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Fig. 3 Laser power vs time of 60 joule, 10.6 n pulsed electron-beam
laser.

after 25 /xsec and decays gradually for the remainder of the 100
/zsec pulse. The actual experimental arrangement is shown in Fig.
4. The major components are the laser, a vacuum box, and the
pendulum. The vacuum box was made of clear Plexiglass with a
salt window to admit the infrared radiation. The pressure was
varied from 10~3-1 atm, but all of the results presented, except
for the first experiment with Lucite and no parabolic nozzle, were
performed at the lowest pressure to eliminate the air effects on the
thrust. The burn patterns shown in Fig. 4 were taken at the
indicated stations to determine how the spatial distribution of
intensity varies with distance, particularly up to the point where
the beam enters the parabolic nozzle. When the nozzle was
utilized, an auxiliary He-Ne laser was used (see Fig. 4) to
illuminate a diffuse reflector on the back of the pendulum. The
movement of the pendulum leaves a streak of light on the film
of an open-shutter camera, corresponding to the greatest deflec-
tion. The deflection is then used to compute the impulse delivered.

B. Results
The first experiment was performed with a simple Lucite

cylinder which had a hole in one end to form a nozzle. Since
Lucite has a low vaporization temperature and its vapor does
not ionize readily, it was anticipated that a steady-state jet of
transparent vapor would result. The hole was 0.5 cm deep and
0.6 cm in diameter. The cylinder was placed in the ballistic
pendulum arrangement and from the pendulum deflection a
coupling coefficient of 92 dynes/w was calculated. By weighing
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Fig. 4 Experimental arrangement for steady-state simulation experi-
ment.

the cylinder before and after, and using Eq. (2), we obtained a
specific impulse of 88 sec, and an exhaust velocity of approxi-
mately 9 x 104 cm/sec. Thus, the ratio of laser pulse time to flow
time was approximately 18, sufficiently long to insure steady-
state propulsion. The simple Lucite rocket achieved a large thrust
to laser power ratio from a large mass flow of propellant. The
power conversion efficiency, from Eq. (4), was approximately
40%.

The remaining experiments were performed with the parabolic
reflecting nozzle since our objective was to obtain a high specific
impulse. The nozzles used were made of copper, and the parabolic
surface was gold coated. Both the exit plane diameter and the
length of the nozzle were approximately 2.5 cm. The nozzle itself
weighed 35 g, and solid propellant rods of various composition
extended into the focus of the parabolic reflector. The rods were
0.075-0.15 cm in diameter, and the laser intensity upon the surface
of the rods was calculated to be 1-5 x 107 w/cm2. Propellant rods
of Lucite, graphite and lithium fluoride were used in these
experiments.

The results of the measurements of coupling coefficient and
specific impulse are summarized in Fig. 5. Typical pendulum
deflections were from 0.5 to 3 cm, and propellant mass losses
ranged from 0.5 to 1 mg. The scatter in the data along with a
5% error in reading the deflections is incorporated into the
shaded regions of the graph. Lines of constant power conversion
efficiency are also drawn. It can be seen that the highest specific
impulse was obtained with graphite and ranged from 100-500 sec.
The coupling coefficient was between 2-3 dynes/w. These para-
meters yield [from Eq. (4)] a power conversion efficiency of 2-7%.

An unfortunate feature of graphite was that it would condense
on the walls of the parabolic nozzle, and invariably one-third of
the vaporized carbon provided thrust while two thirds condensed
on the nozzle walls. Only the propellant mass which left the exit
plane of the nozzle was considered when computing the specific
impulse. Clearly, condensation on the mirror surface of the
nozzle is detrimental for steady-state operation, and solid
propellants whose vapor products remain gaseous upon expan-
sion must be used. Lucite did not condense as much as graphite
and only a small amount of condensate (compared to total mass
evaporated) was found at the vertex of the parabola. The coupling
coefficients for the Lucite experiments were significantly higher
than for graphite, but the specific impulse did not exceed 200 sec.
The propellant rod was often consumed, while the graphite
propellant rod only suffered a layer of mass loss near the focus.
The conversion efficiency with Lucite was approximately 10-20%.
For comparison, the results obtained with the plastic Lucite
cylinder, described above, are also presented in Fig. 5. The lower
laser intensity resulted in a higher coupling coefficient with lower
specific impulse. However, the power conversion efficiency was a
factor of two higher. The experiments performed in the parabolic
nozzle resulted in higher specific impulse and thus, there may
have been heating of the vapor with the higher laser intensities.
The lower efficiency is unexplained, but may be a result of
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Fig. 5 Summary of coupling coefficient and specific impulse results.
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increased losses when the propellant vapor is heated. No
nozzleless experiments were performed under similar conditions
with graphite; however, published results7'8 for ruby laser
irradiation of graphite in vacuum indicate similar values for
coupling coefficient, but much higher particle velocities. However,
pulse times were much shorter,7'8 resulting in extremely high
intensities, and no clear comparison can be made.

The values of specific impulse obtained in the above experi-
ments are not as high as desirable for projected applications
of laser propulsion.1"4 It appears that with graphite and Lucite
as propellants insufficient heating took place in the vapor and the
results were more characteristic of steady-state jetting of an
essentially transparent vapor. This was confirmed by a drum
camera photograph of the vapor exhausted from a nozzle
containing a graphite propellant rod. This photograph is
presented in Fig. 6a. The lower left corner of the luminous
region corresponds to the exit plane of the nozzle at close to
time equal zero. The observed luminosity in Fig. 6a indicates a
fairly uniform exhaust throughout the 100 /zsec laser pulse. This is
characteristic of steady-state vaporization of the propellant;
however, the average exhaust velocity deduced from the
measured specific impulse corresponds to a stagnation tempera-
ture only slightly higher than the vaporization temperature of
graphite at several atmospheres pressure. Therefore, it appears
that there was insufficient heating of the graphite vapor to
obtain a specific impulse of 1000 sec or greater. In order to
increase the vapor absorption, experiments were performed with
lithium fluoride. Lithium fluoride is a low molecular weight
solid which is stable in a laboratory atmosphere. Lithium is
easily ionized and will absorb strongly via inverse bremsstrahlung.
Lithium fluoride propellant rods were inserted into the parabolic
nozzle; however, results for coupling coefficient and specific
impulse were not significantly measurable. The results were not
plotted in Fig. 5, and drum camera photographs indicate that
the poor performance was a result of the initiation of strong
laser-supported absorption waves in the vapor. A typical photo-
graph is presented in Fig. 6b. Because of strong vapor absorption,
immediately after the propellant rod begins to evaporate, a
laser-supported detonation wave4'6 was initiated. The vaporiza-
tion stops, and the wave can be seen to propagate up the laser
beam. The resulting nozzle flow was unsteady, and over the 100
//sec pulse time, negligible average thrust was recorded. In some
cases, after the first detonation wave was initiated, it propagated
up the laser beam until the vapor became transparent. Subse-
quently, more propellant evaporated and a second wave was
initiated which again propagated up the beam until it expanded.
The process repeated leading to pulsating flow and a low average
specific impulse.

The reason for the observations described above along with a
proper choice of operating conditions for steady-state propulsion,
can be deduced by examining the absorption characteristics of
the propellant vapor. A typical calculated coefficient for the
absorption of 10.6 \JL laser radiation by inverse bremsstrahlung is

Fig. 6 Rotating drum camera photo-
graphs of exhaust from parabolic
nozzle, a) Graphite, E — 42 joules,
b) Lithium fluoride, E = 31 joules.
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Fig. 7 Inverse bremsstrahlung absorption coefficient of carbon vs
temperature for 10.6 // radiation.

presented in Fig. 7. This particular calculation was made utilizing
relations for neutral-electron and ion-electron inverse brems-
strahlung presented in Ref. 9. Figure 7 presents the absorption
coefficient of carbon vapor as a function of temperature for three
values of vapor density. The rapid rise in the absorption
coefficient with increasing temperature at constant density occurs
when the vapor is only partially ionized. Once the vapor becomes
fully ionized the absorption coefficient ~ T~3/2. In the partially
ionized region the absorption is both neutral-electron and ion-
electron inverse bremsstrahlung while in the fully ionized region
absorption is solely via ion-electron interactions. Initially, when
the propellant vaporizes, the vapor is transparent; the absorption
coefficient at the initial vaporization temperature and cor-
responding density is in the partially ionized region labeled
"transparent vapor" in Fig. 7. The value of the heating rate
depends upon the magnitude of the absorption coefficient and
will either be too small to result in significant heating (e.g., graphite
and Lucite) or be sufficiently large to start a rapid rise up the
absorption curve. The vapor rapidly becomes opaque and
absorption waves are generated leading to unsteady flow (e.g.,
lithium fluoride). Stable heating will occur when the vapor is fully
ionized so when the gas is heated further, it becomes more
transparent. The heating zone will remain stationary a short
distance above the surface in the expanding flowfield.

We can conclude from the above discussion that steady-state
propulsion will be best achieved with a propellant whose vapor
absorption coefficient (either from inverse bremsstrahlung or
other absorption mechanisms) is large and decreases with
increasing temperature. For a propellant that absorbs via inverse
bremsstrahlung, an ideal propellant may consist of a low
molecular weight substance that contains a small fraction of
easily ionized seed (e.g., H2 or He plus Li or Cs). The seed
becomes fully ionized and transfers energy to the low molecular
weight species, accelerating it to a high velocity.

III. Pulsed Propulsion Experiments

In Sec. II, efforts to obtain 'a steady-state thrust and high
specific impulse with a laser were described. It was shown that
in order to obtain steady thrust with high specific impulse and
high efficiency, it is necessary to design a system in which the
high-temperature plasma remains stable. Any oscillatory
behavior in the absorption zone will lead to inefficiency and
a pulsating phenomena. If an unstable absorption zone leads to a
low efficiency rocket, it may be possible to obtain significant
thrust at a high specific impulse by pulsing the laser.

The way to obtain large thrust and high specific impulse with a
pulsed laser that is discussed here is an outgrowth of various
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Fig. 8 Laser-powered pulsejct.

experimental and theoretical programs in laser effects.6'10"13 It
was found by researchers that when a high power laser is
focused to a large flux on a surface in an atmosphere, a highly
absorbing plasma forms and a relatively high coupling coefficient
is obtained with very little mass loss. It has been concluded that
the high radiation flux leads to a breakdown above the surface
of either the small amount of vaporized material or contaminated
air above the surface, and a laser-supported detonation wave,
which propagates up the laser beam, is initiated. The high
pressure behind this wave yields a significant force on the surface
and thus thrust may be obtained with only air as the propellant.
Provided the pulse is sufficiently short that the high pressure
region remains in the vicinity of the surface, this method may
be an efficient propulsion mechanism. An additional effect is that
after the laser beam is turned off, since the force is a result
of shocking the air above the surface, there exists a time over
which the high pressure gas relaxes to one atmosphere. Thus,
there is thrust after the laser pulse terminates. A combination
of this result plus the use of air as a propellant leads one to
explore the possibility of a pulsejet for a propulsion system in
the atmosphere. In space, obtaining thrust by initiating a
succession of breakdowns in a nozzle with a pulsing laser
requires that the fuel be supplied from an on-board system.

A. Laser Powered Pulsejet Concept
A schematic of the laser powered pulsejet concept is shown

in Fig. 8. By containing the shocked air within a nozzle, a
greater amount of the over-all shock kinetic energy is directed
into force, and the air specific impulse is increased. When the
nozzle is parabolic, the laser energy impinging upon the polished
inner surface is focused to a high flux. The subsequent air break-
down initiates the detonation wave and this wave propagates
toward the exit of the nozzle, converting all of the high pressure
gas behind it into a force on the nozzle wall. Thrust is obtained
for the time it takes the wave to propagate down the wall to the
exit plane of the nozzle. Since this time can be much longer than
the laser pulse time, we must redefine the average power conver-
sion efficiency. In Eq. (2) the integrals are now over the thrusting
time instead of the laser pulse time, and in Eq. (1) the integral
in the numerator is over the thrusting time while the integral of
the laser power remains over the pulse time; Eq. (4) remains
unchanged. The coupling coefficient in dyne-sec/joule is now in
terms of the over-all impulse delivered to the nozzle. In Ref. 4
the maximum measured value of the coupling coefficient was
40 dyne-sec/joule for a 60 joule, 25 /xsec laser pulse. This value
decreased to approximately 15 dyne-sec/joule when the energy
was increased to 300 joule with a 25 /xsec pulse. It is believed that
the decrease in the coupling with increase in laser energy was
because the laser beam area at the nozzle exit plane was much
smaller than the exit plane area. The average laser flux at the
nozzle exit was 5 x 106-107 w/cm2. This flux was sufficient to
sustain the laser ̂ supported detonation wave initiated by the

breakdown; the wave raced out of the nozzle, decreasing the
coupling coefficient.

The present experiments were performed to determine the
dependence of the coupling coefficient upon the beam area at the
entrance to the nozzle, laser energy, and pulse time. It was
desirable to obtain as much information as possible from a
single pulse experiment in order to assess how efficient a propul-
sion device a multiple-pulsed pulsejet becomes. The 60 joule,
10.6 /^, 100 jusec pulse electron-beam laser was also used for this
experiment. However, these experiments were performed in
laboratory air, and the focal length of the telescope was made
as large as possible to insure a close to parallel beam. The
principal diagnostics included a ballistic pendulum, in order to
determine the over-all impulse delivered, and a rotating drum
camera, in order to observe the plasma formation in the nozzle.
In addition, pressure transducer stations were placed at various
points along the wall of the nozzle in order to monitor the
pressure vs time history throughout the thrusting pulse.

B. Experimental Procedure
The beam directly from the optical telescope of the laser was

passed into an aluminum parabolic nozzle similar to that in Fig.
8. The nozzle was 10.5 cm long and had an exit plane diameter
&1 cm. It was initially desired to utilize the beam area equal
to the exit area of the nozzle; however, when a beam of this
size was passed into the nozzle, no breakdown was observed.
Since the beam area under these conditions is approximately 35
cm2, the peak flux is only of the order of tens of kilowatts per
square centimeter at the exit plane. The optical quality of the
parabola is apparently not sufficient to ensure a high enough
flux in the focal region to cause a breakdown. Polished
aluminum has a reflectivity > 0.9 at 10.6 //; however, it was found
that any oxide coating on the inner linings of the parabola
would yield sufficient absorption of the beam to further reduce
the peak flux at the focus. Occasionally, a breakdown was
obtained and thrust was measured after the inside of the para-
bola was cleaned with an abrasive material. The beam area at the
exit plane was then reduced until a consistent breakdown and
measurable thrust was obtained. This was then considered to be
the largest beam area that would yield significant data. With
this area as a reference, the beam area was reduced and
dependence of the coupling coefficient upon beam area was
recorded. Four beam areas were experimented with, the areas
ranging from 5 cm2 down to 1.5 cm2. The lowest average flux
at the exit plane of the nozzle was ~105 w/cm2.

C. Coupling Coefficient and Surface Pressure Results
A plot of the coupling coefficient vs energy is presented in

Fig. 9. The laser was operated in the energy range from 10 to 60
joules and the pulse time was varied between 25-100 //sec. The
open points shown in Fig. 9 denote the coupling coefficient
obtained when the peak power of the laser was kept constant
and the energy was varied by changing the pulse time: the solid
points are those results obtained when the energy was reduced by
lowering the peak power at a fixed pulse time of 100 /xsec. The
results are shown for the different beam areas ranging from 5
cm2 down to 1.5 cm2. It can be seen that when the peak power
was constant, the coupling coefficient with the smallest beam
areas was approximately constant with increase in energy, while
with the largest beam area there was a significant scatter in the
coupling coefficient data as the energy was increased from 40 to 60
joules. Since occasionally a failure to break down the air was
observed with the larger beam sizes, the scatter in the coupling
coefficient data for the 5 cm2 beam can probably be attributed
to the poor optical quality of the parabola along with oxide
formation on the surface. It is felt that only the smallest beam
area results represent meaningful data. When the pulse time was
maintained at 100 /zsec and the peak power varied (solid points),
the coupling increased by approximately a factor of 3 when the
energy was doubled. Since breakdown and plasma heating is flux
dependent, this result is not surprising. However, the rate of rise
of the coefficient is not easily explained. Coupling coefficients of
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Fig. 9 Coupling coefficient results for pulsejet experiment.

25^0 dyne-sec/joule have been reported previously,4'14 but only
with a nozzle arrangement containing the plasma. Nozzleless
results10"13 obtained off flat surfaces have not exceeded 10
dyne-sec/joule.

Celesco LD-25 pressure transducers with a 1 /isec response
time were placed into holes drilled in the wall of the nozzle
at several stations. The transducer surfaces were located flush
with the inside wall of the nozzle and were acoustically insulated
from the wall. Typical results for the pressure profiles are
presented in Fig. 10. The location of each station is indicated by
its distance x measured along the nozzle axis from the nozzle

STATION i
X s 1.5 cm

STATION 2
x = 5 cm

STATION 3
x * 8.5 cm

STATION 4
x * 1(0,5 cm

J P = 4.2

T p = 2,6 atm

To r 1,6 atm

nose toward the exit plane. The results are for a 60 joule, 100
//sec laser pulse. Time is 50 /*sec per division and for each
photograph the lower curve denotes the pressure transducer trace
while the upper curve denotes what was seen by a photodiode
detector mounted facing into the nozzle exhaust at an angle to the
axis. Thus, a rise in the photodiode trace indicates the presence
of a luminous plasma. The blip at the left of the pressure trace
denotes the turn-on of the laser sustainer and electron-beam
voltages. The laser pulse begins approximately 20 //sec after this
time and at this point a luminous plasma can be seen and is
detected by the photodiode. Shortly thereafter, the pressure wave
generated by the breakdown passes the first station. This is
followed by a region of gas absorption and a slight rare-
faction before the pressure at Station 1 relaxes to ambient.
Station 2 indicates a similar profile only beginning at a time
approximately 100 //sec after the laser pulse begins. In the trace
labeled Station 3, the turn-off of the laser pulse can be seen and
is indicated by the two blips approximately 120 /isec after the
electron-beam and sustainer voltages were turned on. It should
be pointed out that between Stations 1̂ , the scale on the vertical
axis is positive down and was changed in order to increase the
resolution; therefore, one should not interpret the increasing
peaks as an actual increase in the peak pressure amplitude. The
actual peak pressure values are indicated to the right of each
photograph. After the laser pulse has terminated, the gas then
relaxes and the trace at Station 4 (the exit plane of the nozzle)
resembles more closely that of a classical shock wave followed by
an expansion fan. This is the profile that would be expected as
the shocked gas emerges from the nozzle. The end of the laser
pulse is also coincident with a decrease in the luminosity of the
plasma, as can be seen from the photodiode traces at Stations
1̂ .

The most significant result to come from the pressure traces
is the observed small pressure rise across the shock wave as it
propagates down the nozzle. Nowhere does the peak pressure
rise above 4.2 atm. This can be seen more dramatically in Fig.
11 where the pressure jump across the shock is plotted as a
function of position x as the wave propagates toward the exit
plane. The low peak pressure implies that the initial shock
produced by the breakdown was fairly weak by the time it reached
the first station. Only a small fraction of the total laser energy
has apparently gone into the initial breakdown volume and the
remainder of the laser pulse is volumetrically absorbed in the
gas behind the shock as it propagates down the nozzle. It can
also be seen from Fig. 11 that when the power was kept constant
and the pulse time varied, the peak pressure was virtually un-
changed. This supports the hypothesis that increasing the pulse
time only increased the amount of energy volumetrically
absorbed in the gas behind the shock produced by the break-
down. Also, as the peak power was reduced to two-thirds its
value, the peak pressure decreased. Thus, the peak pressure in the
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Fig. 10 Pressure transducer traces. E = 60 joules, ip = 100 /isec, 50
/isec/div. in time.
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Fig. 11 Peak pressure behind shock wave vs axial position in nozzle.
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NOZZLE

Fig. 12 Schematic of arrangement for drum camera photographs and
actual observed plasma formation.

wave is essentially power dependent. This is consistent with a
breakdown formulation for the energy source. A reduction of the
power by two-thirds yields approximately an equivalent reduc-
tion in the peak pressure at the stations along the wall.

D. Plasma Formation
A rotating drum camera was used to observe the formation

of the plasma in the nozzle. The slit was cut along the axis of
the nozzle as is shown in Fig. 12. From the observations, the
average velocity of the luminous front along with the volume of
air that was heated can be deduced.

The photograph in Fig. 12 shows the time evolution of the
plasma produced in the nozzle when the laser energy was 60
joules and the pulse time was approximately 100 //sec. Time
t = 0 at the focus of the parabola is the lower right-hand corner
of the luminous region. The time and position axes are noted,
and for the 100 /isec laser pulse the plasma has propagated 3 cm
toward the exit plane. The average velocity of the leading edge of
the luminous region is approximately 5 x 104 cm/sec, and the
average laser flux approximately 3 x 105 w/cm2. Since the beam
area at the exit plane is only 2 cm2, the flux is still constant
throughout the observed region and thus, the position vs time
trajectory of the leading edge is fairly straight. From the photo-
graph it appears that after the laser pulse has ended, the
expansion of the gas yields a cooling of the plasma from the
plasma leading edge toward the nozzle nose. From Fig. 11 the
pressure ratio across the shock is « 3, and using shock tables this
corresponds to a shock Mach number of approximately 1.6. This
is consistent with the observed velocity of the leading edge of
the plasma which corresponds to a Mach number ^1.5. The
shock wave is weak and the laser energy is dumped volumetrically
into the gas behind the wave. The flux is not high enough to
sustain a classical laser-supported detonation wave, where the
laser energy is absorbed in a thin region directly behind the
shock. It can be seen from Fig. 12 that the luminosity behind
the leading edge of the plasma is fairly constant and thus the
plasma is probably optically thin to the laser radiation. The
shocked gas is absorbing radiation almost uniformly.

E. Power Conversion Efficiency
From Eq. (4) the power conversion efficiency is proportional

to the product of the coupling coefficient and specific impulse.
The specific impulse depends upon the mass of air that is utilized

to obtain thrust. More specifically, for the present experiments,
this mass is the mass of air that has exited the nozzle as a
result of the thrusting process. For the case of the laser energy
equal to 60 joules and a pulse time of 100 //sec, this mass
can be calculated by utilizing the pressure trace at Station 4 in
Fig. 10. At every time when the overpressure is greater than unity,
the particle velocity is positive. In the exit plane every particle
with a positive velocity will exit the nozzle. The density profile
and particle velocity profile which corresponds to the observed
pressure trace can be estimated by using the normal shock equa-
tions. From Fig. 10, the pressure ratio across the shock when it
crosses the exit plane p2/Pi « 1.6 to 2.0, where p2 is the pressure
immediately behind the shock and p^ denotes the ambient
pressure. From shock tables the shock Mach number «1.37 and
the density and particle velocity immediately behind the shock
wave become p2/pi « 1.6 and u « 1.9 x 104 cm/sec. Now, the
mass of air that exits the nozzle can be written

f'.
Ma= peue

Jo
Afdt (5)

pe and ue are functions of time and are determined from the
shock profile. ie denotes the time period during which mass is
being expelled from the nozzle. From Fig. 10, ie « 75 //sec.
Assuming a linear profile for the properties behind the shock,
we can write

VL A vpi/K2;j/«•«;•-; ,Q

Substituting Eq. (6) into (5) and using p2/pi = 1.603, pl = 1.25 x
10 3 g/cm3, w=1.9x!0 4 cm/sec, ie w 75 //sec, we obtain
Ma « 47 mg of air. Substituting a coupling coefficient of 25
dyne-sec/joule, / = 1500 dyne-sec and Ma = 47 mg into Eqs. (2)
and (4) we obtain a power conversion efficiency of approximately
4%. This is a much lower efficiency than we had hoped to obtain
with this device. However, the pressure and plasma observations
indicate that the low efficiency is a result of the long laser pulse.
By using a long pulse laser, more laser energy was converted into
volumetric heating of a large volume of gas instead of creating a
high pressure behind a laser-supported detonation wave. It was
also found, by measuring the wall temperatures, that much of the
hot plasma conducted its heat to the nozzle wall. As much as
one-third of the laser energy may have ended up in the nozzle
wall.

IV. Summary and Conclusions

Experiments were performed to simulate the physics of
propulsion by absorption of radiation from a remotely stationed
high-power CW or pulsed laser. The steady-state experiments
were done with solid propellants, and the results indicate that a
high ratio of thrust to laser power can be obtained by simply
using the laser to vaporize a solid surface. However, in order to
obtain a high specific impulse it is necessary to add energy to the
vapor in a stable manner. The best way to do this seems to be to
utilize a gas propellant which has been seeded to provide some
external control over the absorption characteristics. A mixture of
low molecular weight propellant and a small percentage of an
easily ionizable alkali metal as a seed may provide the
characteristics necessary to obtain a stable heating zone in a
throatless nozzle. Recently, Buonadonna et al.15 have described a
laser heated wind tunnel where the gas is heated upstream of the
throat of a standard nozzle by passing the beam through a
window. For propulsion this would eliminate the need for a
throatless nozzle. However, it would require a window material
that will tolerate transmission of significant laser intensities along
with high pressures and temperatures for long periods of time.

The pulsed laser experiments were performed with the laser-
powered pulsejet configuration. Thrust was obtained by initiating
an air breakdown in the nozzle, and low power conversion
efficiency was characteristic of a long, low-power laser pulse. A
high ratio of thrust to laser power was obtained when compared
with results obtained for breakdown above surfaces. By shorting
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the pulse, an increase in the efficiency of mass utilization may be
expected. Thus, future experiments should be done with higher
power, shorter pulse lasers. The advantage of a short-pulse system
is that the thrusting time will be much greater than the pulse
time, and quasi-steady thrust may be obtainable by a series of
short laser pulses such that each succeeding thrusting pulse begins
before the previous one ends. It is necessary, however, to design
an efficient propellant feed system to complete this system.
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Heat Pipe Model Accounting for Variable Evaporator and
Condenser Lengths

C. L. WILLIAMS*
Westinghouse Electric Corporation, Pittsburgh, Pa.

AND

G. T. COLWELLf
Georgia Institute of Technology, Atlanta, Ga.

A correlation model is established for the steady-state performance of a horizontal heat pipe operating below
the capillary limited heat rate and with internally self adjusting evaporator and condenser lengths. The length
along which condensation occurs is found to depend on the axial vapor Reynolds number. The partially saturated
evaporator length, and the corresponding length along which evaporation occurs is found to depend on the detail
wick geometry and the evaporator meniscus radius. These dependencies are corroborated by experimental data
from a cylindrical heat pipe with working fluids of water and methanol. The experimental wick consists of two
layers of 100 mesh stainless steel screen separated by a thin liquid region. Comparison of correlation predictions to
experimental results of this study and others show agreement to within 15%.

Nomenclature
Aw = wick total cross-sectional area, ft2

/ = function
hvl = latent heat of vaporization, btu/lbm
Xeff = effective wick thermal conductivity for two layers of screen

(btu/hr ft °R)
Kt = liquid thermal conductivity, (btu/hr ft °R)
Ks = wick solid thermal conductivity, (btu/hr ft °R)
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Kw = effective wick thermal conductivity for one layer of screen,
(btu/hr ft2 °R)

K = wick friction factor (inverse permeability), I/ft2

/eff = liquid effective frictional length, ft
/ = design length, ft
L = active length, ft
m = mass flow rate, Ibm/hr
n = number of layers of screen
P = pressure, lbf/ft2 absolute
Qe = evaporator heat-transfer rate, btu/hr
rc = wick pore radius, ft
rm = evaporator meniscus radius, ft
rv — vapor space radius from heat pipe axis, ft
rw = outer radius of wick, ft
rws = wick-solid radius (one-half wire diameter for mesh screen), ft
Re = Reynolds number
few = evaporator average temperature at outer wick surface, °R


