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Abstract

The pressure wave expansion around a laser-induced plasma was investigated by experiments and numer-
ical simulations as part of the on-going research of repetitive-pulse laser thrusters. In the experiments,
pressure fields around the plasma called a "fire-ball” were measured. The thrust impulse was numeri-
cally estimated from the measured pressure profiles assuming a simple fire-ball expansion. As a result,
a maximum impulse of 1.1mNs was obtained by a pressure-receiver located at 21 mm apart from the
center of expansion with an input energy of 1J. Since this optimum receiver location is far enough from
the fire-ball, the heat conduction to the receiver can be neglected in a so-called ”far-field thruster.”

INTRODUCTION

In the future, air-breathing repetitive-pulse laser
propulsion will serve as an alternative propulsion
system for both ground-to-orbit launches and or-
bit transfers. Recently, Myrabo carried out laser
propulsion flight tests and numerical simulations
with a scale model named Lightcraft.[11(2] (Fig.1a)
Their scale model utilizes atmospheric air as the
propellant and therefore, since it does not carry a
propellant on-board for a lower stage, the payload
ratio is improved remarkably.

When a high-power pulsed laser beam is focused
into atmospheric air, breakdown occurs near the
focus. A spherical plasma, referred as a fire-ball,
is then formed and the the slowly decaying part
of pulse of the laser shot duration is absorbed in
the fire-ball. The laser-induced blast wave is gen-
erated by the expansion of this fire-ball. The blast
wave reflects on the nozzle wall, providing the di-
rect impulse, and such wall can be regarded as
a blast wave receiver. This blast wave also ex-
pands through the nozzle, resulting in additional
impulse. Due to these physical phenomena, the
repetitively transmitted laser energy is converted
into a repetitive thrust impulse.

In the Lightcraft, the plasma is produced in the
vicinity of the receiver surface, since a solid surface
lowers the breakdown threshold of laser power in-
tensity. The strong shockwave exerts the impulse
on the receiver. Such type of thrusters can be
categorized as near-field thrusters. The near-field
means the region where the blast wave is accom-
panied by the expansion of fire-ball. However, the
near-field thruster may have two disadvantages.
The first one is the damage to the receiver due
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to heat conduction from the fire-ball. The second
is the one that a large fraction of explosion energy
is carried away from the near-field by the outgo-
ing blast wave without exerting the impulse on the
receiver.

To overcome these disadvantages, a far-field
thruster is investigated here. It is called far-field
to indicate the region where the blast wave has
decayed to an acoustic wave and is not accompa-
nied by the fire-ball mentioned earlier. Figure 1b
shows a schematic of the far-field thruster being
modeled herein. A plasma is produced at the cen-
ter of a hemispherical receiver. The fundamental
relations between the impulse on the receiver and
the distance from the fire-ball to the receiver have
been investigated in what follows.

When the induced blast wave is very strong, the
propagation process of blast wave can be analyt-
ically solved using a self-similar solution®. The
limit of applicability of this solution is as follows,

+1
P1>>7 1P026><P0- 1)

py is the pressure behind the shock front, pg is
the atmospheric pressure, < is the specific heat
ratio. Under the experimental conditions inves-
tigated, unfortunately the post-shock pressures in
the far-field are only three times as high as atmo-
spheric pressure. Therefore, the self-similar solu-
tion cannot be applied.

In conventional spherical symmetric simulations
of the explosion, such as a TNT charge explosion,
the balloon analogue!® is often used as the source
model, in which case the blast wave propagation
is initiated by the rupture of a statically pressur-
ized volumel®. Despite the lack of modeling of
complex mechanisms such as detonation or defla-
gration, the computed blast wave propagation pro-
cess in the far-field can be made to match up to
the actual process by the adjustment of balloon
conditions keeping a low computational cost.

In this research, similarly to this balloon ana-
logue, the fire-ball encompassed by the Dblast
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wave is assumed homogeneously heated during
the laser irradiation. Chemical reactions and
detailed laser supported detonation/combustion
mechanisms were not incorporated. The measured
pressure profiles in the far-field are reproduced by
the model, and the thrust impulse is estimated at
several receiver locations.

Lightcraft

High-speed air
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Plasma @

wy—— Blast wave
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Far-fleld Thruster

Hemispherical
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Fig. 1 Lightcraft and Far-field Thruster.

EXPERIMENTAL SETUP

FOR AIR-PLASMA PRODUCTION
An air plasma was produced using a 10-J-pulse

TEA COs; laser in a quiescent air at standard con-
ditions. The temporal profile of the laser power
was measured using a photon-drag CO; laser de-
tector (Hamamatsu photonics-B749) as shown in
Fig.2. At first, a leading edge spike appears. The
peak power of the spike is 12MW with 0.2us width.
Then, a slowly decaying tail follows the spike. The
average power of the tail is 2MW with S5us dura-
tion. A cross section of the laser beam is a square
of 30mm X 30mm. Since the transverse mode is a
multi-mode, it is difficult to estimate the minimum
spot diameter and the intensity at the focus. The
laser beam was focused using an off-axial parabola
mirror, whose focal length is 19.1mm.
Shadowgraphs were taken to observe the tem-
poral variation of density discontinuities around
the plasma. The measurement system is shown
in Fig.3. An ICCD camera with a high-speed gat-
ing (Oriel Instruments InstaSpec™ V ICCD detec-
tor, Model77193-5) was employed. The exposure
period was lus. An optical emission from a gap-
switch of a laser discharge tube was utilized to trig-
ger the gate of the camera. The gap-switch emis-
sion was detected ahead of the laser irradiation by
a photo-sensor through an optical fiber, and the
signal was transmitted to a delay-circuit (Stanford
Research Systems, Inc. Digital Delay/Pulse Gen-
erator Model DG535), enabling photographs to be
taken with any delay period from the laser inci-
dence. A He-Ne laser was used as the light source.
A spherical blast wave is driven by a rapid ex-
pansion of the laser-produced plasma. It prop-
agates outward and then decays as an acoustic
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wave. The decaying process of the blast wave was
measured in the far-field using a quartz pressure
gauge (Kistler-603B, natural frequency: 400KHz.)
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Fig. 2 Temporal profiles of laser power.
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Fig. 3 Schematic of measurement system to obtain
shadowgraphs.

NUMERICAL METHOD

Modeling and Governing equations
On the fire-ball surface, the side of laser inci-
dence expands faster than at the other side be-
cause the laser energy supports the blast wave.
Therefore, the expansion speed of fire-ball practi-
cally depends on the laser incident direction. How-
ever, the propagation process of the blast wave
in the far-field is independent of the laser inci-
dent direction, so that the flow field is assumed
spherically symmetric and 1-D spherical symmet-
ric Navier-Stokes equations are adopted as the
governing equations. The region encompassed by
the blast wave is regarded as the fire-ball in which
the gas is homogeneously heated during the laser
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irradiation (0 ~ 5us). The source term in the en-
ergy equation is given as.

. _ 7L ZDIaser

= Tres [W/m®] (0<r<Rp).

)
Here, the measured temporal profile of the laser
power, Plaser, shown in Fig.2 is used. Rp is the
radius of the fire-ball, which is computed at every
time-step as the position of shock front during the
laser irradiation. 7, is the fraction of incident laser
energy that is absorbed in the plasma. Although
7z, is intrinsically a function of the density and
temperature of plasma, 775, is chosen as a tuning
parameter in his study and tuned so as to have
the same pressure pulses in the measurements and
the computations.

For air in at standard conditions, the break-
down threshold of laser power intensity is e =
1012 ~ 10 MW /m? at the CO, laser wavelength
of 10.6um. Breakdown occurs at the spot where
the intensity of incident laser beam is equal to this
Lireax. An initial fire-ball radius after the break-
down, Thayo, is determined as,

Prax = TTea0 X Toreak = Tbano = 0.62 ~ 1.95 [mm].

(3)
The maximum laser power, Ppax, is 12MW. The
initial Rp is set identical to this rya 0. As 7Tpano
in the above-mentioned range did not affect the
induced flow field in the far-field at all, the ry.y0
was set identical to 1.95mm in this calculation.
Numerical scheme and boundary condition
A so-called Simple High Resolution Scheme!®! is
used for the estimation of a numerical flux. The
spatial accuracy is increased to the third order by
using MUSCL interpolation!”). The time accuracy
is increased to the forth order by using a four-step
Runge-Kutta scheme. Calculations are conducted
at nine different locations of the receiver. The ori-
gin of spherical coordinate is set at the focus. The
receiver is placed at Ry,o. = 18mm ~ 34mm from
the focus with the interval 2mm. In all cases, the
grid resolution Ar is 0.02mm. On the receiver, the
flow is assumed stagnated and the wall tempera-
ture is set identical to 300K.

RESULT AND DISCUSSION

Experimental Results

The shadowgraphs are shown in Fig.7. At t =
Ous, precisely at the beginning of the laser inci-
dence, a strong emission from the plasma is ob-
served. At t = 4us, the emission is weakened and a
blurry discontinuity is observed. At t = 7us, after
the laser irradiation takes place, a discontinuity
appears in shadowgraph at this time. It propa-
gates outward subsequently. At about t = 13us,
the discontinuity is split into two discontinuities.
The location of these discontinuities are plotted

3
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t = Tus

t = 40us = 50us

Fig. 7 Shadowgraphs after the laser irradiation.

as a function of time in Fig.8. R is the distance
from the focus. The outer one continues to prop-
agate outward, whereas the inner one stays near
at R = 12mm. The outer one would be a shock
front driven by the expansion of the laser-produced
plasma and the inner one a boundary of the laser-
produced plasma.

This can be confirmed by comparing these (R, t)
plotted results with the ones obtained using for-
mulas of analytical models. The diagram for in-
ner discontinuity is fitted to the formula of a Drag
modell®), which expresses an expanding radius of
laser-produced plasma in a non-vacuum atmo-
spheric condition. On the other hand, the diagram
for the outer one is fitted to the formula of Se-
dov solution of the point blast explosion theory!3],
which is known as an analytical solution for the
propagation of a strong spherical blast wave. The
formulas are as follows,

x 1—exp(~t/7) (Dragmodel) (4)
()

Rinner

Router &< t2/% (Sedovsolution)
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Fig. 8 Position-time plots of the discontinuities.

In the Drag model, the time constant for the de-
cay of the plasma expansion, T, was Sus, which is
same as the duration of the laser pulse. The en-
ergy input via laser beam is assumed a driver of
the expansion of the heated region against the at-
mospheric pressure. The expansion pushes the at-
mosphere out and drives a blast wave into the far-
field. The measured plots and theoretical curves
are in good agreement as shown in Fig.8

The pressure in the far-field was measured us-
ing a pressure gauge. The gauge was put on a
wall facing perpendicularly to the direction of the
wave propagation and the wall was moved from
R = 18mm to 35mm. The measured pressure his-
tory at R = 20mm is shown in Fig.9. The shock
is reflected on the wall, resulting in a sharp spike.
Negative gauge pressure is observed in the follow-
ing part of the pressure pulse. This negative phase
is typical of spherical blast waves.

The magnitude of the peak pressure is around
3atm at R = 20mm and decreases as it propagates
outward, while the pulse width increases gradually.
The shock is too weak to use the point blast explo-
sion theory (a similarity solution) for the analysis
of wave propagation.

Numerical Results

Figure 10 shows a comparison between mea-
sured and computed positive pressure pulses at
different locations of receiver. Closed circles indi-
cate the measured values and open circles indicate
the computed values. When 71, is 10%, the com-
puted values agree well with the measured values.
As a result, 7y, is assumed 10% to reproduce the
measured pressure waves.

Since the laser transparency measured behind
the focus is only 2% in this experiment, 7, was un-
expectedly small. There are two possible reasons
accounting for this: One is due to the fact that

4
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Fig. 9 Temporal variation of the pressure on the
wall placed at 20mm.
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Fig. 10 Positive pressure pulse.

the energy consumed for dissociation and ioniza-
tion in the fire-ball is neglected in the simulation.
And the other is the possibility that some part of
laser energy may be reflected or deflected by the
plasma.

Figure 11 shows the variation of pressure, den-
sity and temperature profiles with interval of 5us
from the laser termination t = 5us to t = 30us. As
the wave propagates, its amplitude gradually de-
cays. The negative pressure phase appears from
t = 10us to 15us. The pressure near the fo-
cus gradually recovers to the atmospheric pres-
sure. (Fig.12) Finally, the pressure wave becomes
a spherical acoustic wave and propagates in the
undisturbed region.

Although the region behind the blast wave is
homogeneously heated until ¢ = 5us in this sim-
plified model, the boundary of high temperature
region is already separated from the blast wave at
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files.

= 5us. This is because the laser intensity is not
high enough to maintain the laser supported det-
onation. After that, the high temperature region
expands until its pressure drops to atmospheric
pressure until 15us. Finally, the boundary of the
high temperature region becomes stationary near
r = Tmm. The temperature is kept at almost 300K
outside of this region. Therefore, if the receiver is
to be located further than the boundary, heat con-
duction to the receiver would be negligibly small.

Figure 13 shows the history of the pressures on
the receivers placed at » = 20mm and 34mm.
It contains positive and negative pressure phases.
After the pressure rapidly rises up on the receiver
by the reflection of incident shock, it decreases
into the negative pressure phase and finally returns
to atmospheric pressure. The negative pressure
phase area increases proportionally to the distance
from the focus.

The thrust impulse, I, is defined as a product of
the time integration of prec — Patm and the area of
receiver. The p, 1s the pressure on the receiver.

I=nR2, x / (Prec — Patm) dt. (6)

The thrust impulse is estimated separately accord-
ing to the pressure phase. The positive impulse is

t

defined as Ipos = TR2: X [, (Prec — Patm) dt, the
.. t

negativeis Ipeg = wR2 % tlz (Prec — Patm) dt, and

. t .
the net is Iy = WR?EC X t: (Prec — Patm) dt. to is
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the time when the blast wave arrives at the re-
ceiver, t; is the time when the negative pressure
phase appears, and t; is the time when the pres-
sure recovers to the atmospheric pressure. The
thrust impulses are shown in Fig.14. |Ineg]| is the
absolute value of the negative impulse. The posi-
tive impulse increases in proportion to the distance
in the range from r = 18mm to 34mm.

While the pressure decays inversely with Ryec
in the far-field, the receiver area increases in pro-
portion to R2 . As a result, the positive impulse
increases in proportion to Rpe.. Since the nega-
tive impulse also increases with Ry.c, the increases
in both positive and negative impulse cancel out
almost completely in the far-field.

In order to estimate the optimum location of re-
ceiver Ropt, the maximum impulse Ir .y, is calcu-
lated in several absorbed energy values from 0.5J
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to 4.0J. Figure 15 shows Rypt, Imax, and Riimit
which is the limit position of expansion of the fire-
ball. At the input energy of 1J, the maximum
impulse of 1.1mNs is obtained on the receiver at
r = 21mm apart from the focus. Ip,.y increases in
proportion to the absorbed energy at the slope of
1.1mNs per 1J.

Although Ryt increases with the absorbed en-
ergy, Ropt is far enough from Ryip,. Consequently,
the heat conduction to the receiver can be ne-
glected in the far-field thruster.

Thrust impulse [mN s}

20 25 30
Distance from focus (Rc) [mm]

Fig. 14 Thrust impulse.

E
E
[}
3
5]
2
E
2
@
3]
c
g
@
[

.Hopt

limit

I max

0 ] P | I P
1 2 3 4

Absorbed energy [J]

Fig. 15 Optimum receiver location and limit of ex-
pansion of fire ball, and maximum impulse, versus
absorbed energy.

SUMMARY
In the experiments, two density discontinuities
were observed. One is expanding and the other
is stationary after the laser irradiation. From the

Maximum impulse [mN s]
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simulation results, it was found that the former is
a blast wave and the latter is an outer boundary
of the fire-ball.

The computed and measured pressure profiles
in the far-field show good agreement. Since the
estimated net impulse hardly varies with the loca-
tion of receiver, it is desirable to employ a small
receiver in order to reduce the total weight of
thruster and its aerodynamic drag, as long as the
receiver never enters in contact with the fire-ball
as r > Rymit-

Future research should precisely model the size
of fire-ball as well as the thrust due to the nozzle
expansion, aiming to establish the thruster scaling
laws.
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