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ABSTRACT The micro-laser plasma thruster (WLPT) is a new
micropropulsion device that uses laser ablation to create very
small thrusts (0.1-100 uN) for pointing and positioning micro-
and nano-satellites. In this paper, we discuss the expected per-
formance of the WLPT. For a ms-pulse device, target materials
are restricted to those of low thermal conductivity, e.g. poly-
mers. Volume ablation theory adequately describes their behav-
ior. In a ns-pulse version, exhaust velocity can be an order of
magnitude higher with correspondingly lower thrust-to-power
ratio. The theory for surface absorbers describes the observed
behavior.

PACS 45.55.Px; 42.70Jk; 52.50.Jm; 42.62.Cf; 42.70.Km;
78.66.Qr

1 Introduction

In earlier work [1-4], we reported the behavior of
microthrusters driven by simple laser diodes. Because diodes
are essentially constant-power devices with single-device out-
put in the few-watt range, the intersection of diode output
capabilities (even with very fast lenses) with the threshold for
plasma-jet formation on targets requires us to use ms-duration
pulses in this case. For such long pulses, thermal conduction
in the target is a dominant heat sink, ruling out many materials,
including all metals and even some polymers.

Table 1 compares the demonstrated performance of the ms
device with the predicted performance of a ns-pulse thruster.
Advantages of ns-pulse operation include the use of metal-
lic targets, use of reflection-mode target-illumination geom-
etry (offering simple target design and maximum target per-
formance), and operation in the fully ionized plasma regime,
which will reduce spacecraft contamination. We note that a
specific impulse up to 8000 s has been observed [5] at inten-
sities like those in the ‘ns-pulse’ column of Table 1. Lasers
suitable for operation with these parameters have been re-
ported over the past two years [6]. Gonzales and Baker were
the first to discuss such a ns-pulse microthruster [7] in the
literature.
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Laser version ns-pulse ms-pulse
Pulse duration t (ns) 1 2 x 106
Average optical power on target P (W) 4 2
Peak optical power on target Ppk (kW) 230 0.012
NA of target optics 0.07 0.68

Lens diameter d, (mm) 20 6
Standoff distance s, to target (mm)
Optics contamination time, R-mode

Repetition rate f (kHz) 17

Pulse energy W (mlJ)¢ 0.23 25
Spot size on target (jum) 100 25
Fluence @ on target (J/cm?) 2.9 4900
Intensity on target (GW/cm?) 2.9 0.0028
Specific impulse /g (s) 10000 500-1000
Momentum coupling coeff. Cy, (dyn/W) 2 20-40

¢ at near-normal incidence
b at 45° incidence
¢ with laser under development

TABLE 1 Comparison of predicted ns-pulse and demonstrated ms-pulse
WLPTs
2 Modeling

In this section, we describe the code we developed
to model the ns-duration laser—target interaction, and the the-
ory behind its operation.

2.1 Vapor regime

As laser intensity increases, materials first pass
through the vapor regime before the fully ionized plasma
model [8] applies. For low-intensity pulses, plasma ignition
may never be achieved, but still generate significant values
of Cy,, the ratio of ablation momentum produced to incident
pulse energy.

We write a Clausius—Clapeyron equation for the surface

pressure:
H, H
exp| ———|,
kT, kT

where the subscript ‘1’ refers to a one-atmosphere reference
condition and 7 is any temperature greater than 77,

platm) = 2 = (1)
P1

Hi = Amyq", 2
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and

H = Amplg* + C(T — T1)], 3
where
g =qi+qv+qa 4

contains the energies of fusion and vaporization and the disso-
ciation energies of the sub-electronvolt bonds in the molecule.
A is the species average atomic mass, m, is the proton mass,
and Cy is the specific heat at constant volume. The absorbed
laser intensity «/ is expended in six processes listed in (5):

al =ovg [¢*+ Co(T — T1) + vj /2]
+thSCV(T1 - To)/r

+eospT* + K(T — T,) /xn. )
In (5),
Xh = Xo = Xth — Xy + 1/ ifxo >0 (6)
or
Xh=A if xo <0 @)

and xy, is the thickness of the actual heated region during the
laser pulse.

Taking the six terms in (5) in order, these energy sinks are
(1) providing the energy g* to a create a vapor of diatomic and
atomic species, (2) further heating the vapor after it leaves the
surface, (3) accelerating the vapor, (4) heating a chunk of sur-
face of thickness xy, to temperature 77 from room temperature
T,, (5) black-body emission with emissivity & from the half-
plane facing the laser, and (6) conduction through the thermal
gradient.

In (5), the exhaust velocity vg is taken equal to the sound
speed close to the target,

| vkT
= = _—, 8
VE Cg Amp ( )
and
Amyp
=A =P 9
0= Anmy T ©

is the vapor mass density.

2.2 Fully ionized plasma regime

Plasma absorbs laser radiation via inverse brems-
strahlung, i.e. absorption due to inelastic scattering of photons
by free electrons, and becomes more dense until the ‘critical
density’

Nee = men’? [Ame® = 1.115 x 107! /32 3

cm™ (10)
is reached, where \,;, indicates the laser wavelength in pum.

It can be shown that the effective thickness of the absorption

zone is about 1/ag, where ajp is the inverse bremsstrahlung
absorption coefficient:

an

Surface plasma formation provides very high absorption. In
local thermodynamic equilibrium [9], in the limit vej/ow < 1,
and with n ~ 1 (valid for vacuum propagation), we have the
familiar formula for the laser absorption depth:

B = (Vei/c)(ne/Rec)-

1 (vei Ne )1
_xa = — = _——
1B C Nec
_ 25/20\/ m€k3/2n66T63/2 _ necTe3/2 (12)
o m2Ze*n2lnA T w2

which decreases with the square of the wavelength and is
much smaller than the optical absorption depth in room-
temperature transparent materials; it is more like that in
metals. The equivalent thickness of the absorption zone can
be as small as a wavelength of the incident laser light. For
example, at the KrF laser wavelength, 2 eV plasma tempera-
ture, and 7, = 0.2n.. = 3.3 x 102! /em?, we find 1/oa = A =
248 nm.

The second process that occurs due to the mediation of
plasma absorption at the target surface is UV conversion:
much or even most of the light actually reaching the surface is
UV with a peak radiation wavelength

Amax = 0.250/ Teey) (13)

Since plasma electron temperatures are often several eV,
this is hard UV.

Our theoretical model [8] for determining surface pres-
sure, electron temperature, coupling coefficient, and mass
ablation rate in the vacuum-plasma regime is now widely
accepted.

Using this model, Cy, foressentially all ‘surface-absorbing’
materials in vacuum irradiated by pulsed lasers at any of the
usual wavelengths, at or above plasma threshold intensity, can
be estimated to within a factor of 1.5 from the expression
(¥ = (A/2)[Z*/(Z+ )73

1/8

pm.

dyn/W. (14)

In addition, many transparent materials obey the same
model when the intensity is high enough to form a surface
plasma at the beginning of the pulse.

The only significant effort involved in interpreting this de-
ceptively simple formula is that in determining the average
ionization state Z of the ablation ejecta, which is done using
the Saha equation [8].

Other results for electron temperature, density, and vel-
ocity near the absorber surface are shown in (15)—(17) (g is
velocity divided by the accelerator of gravity):

4A1/SZ3/4 (Ikﬁ)l/z

(Z+1)%/3
AS/1671/4

Z18(Z + 1)9/1673/8)3/4

T.=2.98x 10 K, (15)

-3

ne = 3.59 x 10! cm 3, (16)
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and

Ip=14x10°

Al/8 1/4
JTTE (7). (17)
These relationships work well providing that the fluence
exceeds the threshold for plasma formation @ > ®y,s. Other-
wise, the Cy, relationship breaks down as @ — 0. The ther-
modynamics of plasma formation on a plane surface indicates
that the fluence for plasma formation should be @pj,s = Fr%7.
Literature data can be combined to determine a best-fit expres-
sion [2]:
J /cmz,

(pplas = Fr" (18)

with F =2.36 x 10*and m = 0.45.

2.3 Code

The photonic associates ‘Clausius’ code was de-
veloped specifically to take materials smoothly through the
vapor regime into the plasma regime, using the relationships
in Sects. 2.1 and 2.2, and computing the surface pressure
for each pulsed laser intensity. The code begins iterating at
room temperature, increasing 7 until (1) and (5) are bal-
anced, and outputting the corresponding kinetic pressure pyin
and intensity /. This intensity drives a plasma-regime routine
which computes the plasma ablation pressure p = Cy,/ from
(14) and, if pplas > pin OF I > I (determined using (18)),
switches to the plasma-regime model for final output. To treat
compounds, the code iterates to produce a data point for each
atomic species and then averages the results using weight-
ing constants appropriate to the molecule (e.g. for a CH,
monomer, C:0.86, H:0.14). Tabulated ionization energies
up to XIII, and related partition functions for each atomic
species, are incorporated [10].

Inputs are laser wavelength, material composition, heat of
fusion, heat of vaporization, dissociation energy if appropri-
ate, specific heat at constant volume, thermal conductivity,
solid density, temperature for 1 atm vapor pressure, laser repe-
tition rate, pulse number, pulse duration, and incident fluence.
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FIGURE 1  Predicted behavior of Iy, vs. pulse width 7 for an aluminum tar-
get with a 200-m]J laser pulse incident at 1.06-pwm wavelength and a fluence
of 2.5kJ /cmz‘ (A) Where we are operating with our microthruster and (B)
with 1-ns pulse duration

Outputs of the code are Cy,, Iy, g*, average charge state
Z, electron temperature 7., atom temperature 7', surface-
recession velocity vy, ablation depth x,, vapor velocity v,
vapor mass density g, and several diagnostics. No attempt is
made to handle greater than one-dimensional expansions.

Figure 1 shows predictions for Cy, and I, vs. pulse dura-
tion based on the surface-absorber theory. The figure shows
that ns-duration pulses with quite low energy can still make
available Iy, values as large as 8000 s, in good agreement with
reported measurements [5].

3 Shadowgraphy

In order to learn more about the ablation pro-
cess for possible photopolymer targets for the microthruster
at nanosecond time scales, we carried out a time-resolved
study of the plume using classical shadowgraphy. A dye
cell was used as back illumination. The dye was pumped at
308 nm (XeCl laser, Lambda Physik Compex 205) for 532-
and 1064-nm irradiation of the polymers, at 6 ns FWHM. The
dye acted as a flashlight, with flashes in the range of 7 ns,
while a CMOS camera with a zoom objective and open shut-
ter times in the microsecond range was used. The two lasers
(irradiation of the polymer and pumping of the dye cell) were
synchronized by a delay generator which allowed us to record
time-resolved shadowgraphy. As pump laser a Nd:YAG laser
(6 ns, Quantel Brilliant B) was applied.

In this paper, we report ablation at fluences below the
threshold for plasma creation.

PVC +1%C

TP6 + 0.75% C

EP +1% C

FIGURE 2 Comparison of shadowgraphy images for three polymers
(1064-nm irradiation, 6-ns pulses). Fluence from top: 3.64, 5.44, and
6.47 I/cm?
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FIGURE 3  Analysis of the shock-wave and particle-front propagation for
PVC doped with 1% of carbon. Irradiation at 1064 nm, using 6-ns duration
pulses, with 3.64 J/cm? (10.64 mJ) and 1.94 J/cm? (5.68 mJ)

The images of the PVC ablation showed a very interesting
behavior. The product ejection was more directional, result-
ing in an overtaking of the shock-wave (after 2 ps) front by the
products (to our knowledge not observed before). This effect
is only observed for higher irradiation fluences (e.g. not ob-
served for a fluence of 1.94 J/cm?) and only for PVC doped
with carbon and an irradiation wavelength of 1064 nm. The
reason for this behavior is not clear at present, but may be
related to a large amount of solid products that are ejected
during 1064-nm irradiation of PVC. The amount of solid frag-
ments is higher for PVC compared to the triazene polymer
(TP) and our proprietary exothermic polymer (EP), as shown
in Fig. 2.

The images (after 1 and & 2 pus) revealed that in the case of
PVC alarge amount of particles was ejected, with a bullet-like
directional shape of the ablation products. For the irradiation
of TP and EP, a quite different behavior was observed, i.e.
the ablation products seemed to consist of two fractions: one
with smaller fragments or maybe mainly gaseous products,
and a second fraction with larger fragments. The shape of the
ablation products was more hemispherical and with a slight
mushroom form in the later stages (especially for TP). These
shapes are consistent with the normally observed shapes dur-
ing ablation. Other parameters that may influence the ablation
characteristics will be discussed below.

The clear difference between the larger fragments and
the gaseous products and the relatively sharp contours of
the products allows analyzing the shadowgraphy pictures in
more detail. Increasing laser fluence increases the shock-
wave velocities. The analysis of the particle-front and shock-
wave expansion is shown for PVC in Fig. 3 for two fluences
(10.64 mJ corresponds to 3.64 J /cmz, while 5.68 mJ corres-
ponds to 1.94 J/cm?). For the higher fluence it is clearly vis-
ible that the particle front overtakes the shock wave around
1 ps, while at the lower fluence the particle front may only
reach the shock wave after 3 s.

4 Comparison of theory and experiment

Table 2 illustrates the very large values of I, which
have been obtained in the laboratory, and also indicates the de-

first data point at 45 ns. This latter value corresponds to an I,
of about 640 s. The laser—surface interactions reported here
were done in air rather than vacuum, so that this very first data
pointis the only one relevant for matching a model for vacuum
laser interaction. Indeed, the ‘snowplow effect” of ambient air
is expected to give a slightly lower result even for this early
time than would be found in vacuum, and this is what we
observe.

Data for the much higher I, values obtained in the plasma
regime will be reported later, including plasma temperatures.

For the other comparison data in Table 2, we have chosen
the classic first measurements of laser-driven ion velocities in
the literature. In the first place, these examples illustrate the
heroic Iy, values which can be obtained at ultra-high inten-
sity. At more moderate intensities in the range that we plan for
the advanced ns-pulse micro-laser plasma thruster (WLPT),
the examples in Table 2 show I, values at the high end of
the range shown in Fig. 1. In these cases, our model predicts
I, to within a factor of two, and errs by underestimating this
parameter.

5 Conclusions

Present status and performance of the existing, ms-
pulse uLPT have been discussed and compared with perform-
ance advantages which we expect to achieve with ns-pulse
duration. Our code predictions, as well as reported measure-
ments [5], indicate that we will be able to access the range
from moderate to very high values of I, by using ns pulses at
appropriate fluences.
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