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Specific Impulse and Other Characteristics of Elementary
Propellants for Ablative Laser Propulsion
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This work was performed as a continuation of ablative laser propulsion (ALP) research recently revived by the
authors. An ALP-based space vehicle would be driven by high-energy,short-duration (10~ 1 s andless) laser pulses,
focused on a solid propellant. Under such irradiation conditions, plasma and laser pulses are temporally separated,
and the direct ablation of solid propellant dominates other possible momentum transfer mechanisms. The studies
were performed for various elemental targets, ablated at irradiances up to ~ 3 X 10'3> W/cm? delivered by 100-ps
laser pulses at a wavelength of 532 nm. The data, collected predominantly from time-of-flight technique, include ion
velocities, number densities, ion density angular distributions, and mass-removal rates. From these data, specific
impulses and net momenta exerted on targets by ablation were calculated. For the irradiation conditions used,
the highest I5, and lowest mass-removal rates were achieved for low-Z targets, whereas high-Z elements provided
higher momenta. The upper limits for I, derived from ion velocity reached 2 X 10* s with carbon (graphite). Ion
energies varied from element to element in the range of ~ 0.4-2.0 keV, with ion fractions of ~ 0.8-3.8 % and mass-
removal rates in the range of 0.1-3.0 n.g per laser pulse. Ion velocities exhibit Maxwellian distributions, whereas
ion number densities in the plasma plume were fitted to a cosine function. All studied characteristics indicate that
high-I;, ALP must be based on solid low-Z propellants such as a carbon or aluminum.

Introduction

ASER propulsion (LP), perhaps one of the most realistic ad-

vanced propulsionconcepts, is currently approachingpractical
realization. From the first formulation of the concept' to the flight
demonstrations in New Mexico,> LP passed through a period of
conceptual proofs and is now ready for a broad and intense research
and development phase. In a previous paper’ arguments were pre-
sented that showed that the most efficient scheme for LP is ablative
laser propulsion (ALP). The analysis was based on the fact that a
majority of the differentschemes proposed for laser propulsionover
the years (see reviews in Refs. 4 and 5 and references therein) had
much in common. 1) They employed continuous-wave irradiation
(microsecond pulses fall into this category in terms of plasma life-
time) leading to momentum transfer through compression waves
in a laser-sustained plasma or overheated gas, and 2) fluids were
often proposed as propellants. In contrast to this (see Ref. 3 for
detailed discussion), the ALP-based craft is driven by high-energy,
short-width(107!° s and less) laser pulses focused on a solid propel-
lant. Under such irradiation conditions direct ablation of propellant
dominates the momentum transfer. It was shown in the previous
paper’ that ALP is the optimum technique in terms of energy ef-
ficiency, providing better specific impulses and mass-power ratios
than any other LP approach. In contrast to other LP schemes, ALP
also appears to be strictly material dependent.

The choice of a proper solid propellantfor an ALP-driven vehicle
is perhaps the only area of concern where a broad range of oppor-
tunities exists. Modern (and even near-future technology) will offer
few options in the choice of irradiation or tracking systems or even
in the construction of a vehicle itself. Thus, the choice of the right
propellant is one of the few issues under control, and criteria are
needed to compare the many materials available. A natural, and
classical, figure of merit that can serve this purpose is the specific
impulse.
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The specific impulse [, gained by a solid target exposed to a
short laser pulse can be defined as

tf
F(t)dt 1)

fo

where W is the weight of the ablated propellantand F(¢) is the thrust
asafunctionof time ¢. The integral presentsanimpulse appliedto the
target. For ALP the time interval (, ;) over which the integration
takes place is defined by the duration of the ablation, which is of
order of 1.0 us (Ref. 6). Typically this interval is incomparably
longer than the pulse width of the irradiatinglaser and is about equal
to the plasma lifetime. The integration time interval distinguishes
ALP from other LP techniques, for which the interval (1, t,) is
usually set equal to the laser pulse duration.” Applying Newton’s
second law to Eq. (1) will yield

;] 'fdP(t)dt_P
Towl/, da W

The last form of Eq. (2) gives I, in its well-known form: mean
propellant velocity v divided by the acceleration caused by gravity
(g =9.8 m/s?). P denotes the acquired momentum per pulse. As-
suming that the mass cancelled out in Eq. (2) was ablated with the
same mean velocity v, Iy, can be directly deduced from a measure-
ment of the speed of the ablated ions.

As just stated, ALP must utilize high-energy short laser pulses.
The question of “how short” can be addressed with the following
simple argument. To make ablation the dominant mechanism of mo-
mentum transfer, the upper limit for the laser pulse duration must be
set by the time needed for the developmentof high-density plasma,
which becomes opaque for further transmission of laser energy.
The total reflection of light by a plasma occurs when its complex
refractive index becomes purely imaginary, which is equivalent to
saying that the plasma frequency exceeds a critical value w,. = w,
the frequency of the incidentlight. The critical electron density N,
correspondingto w,, can be derived from the following expression:
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where m, and e are electron mass and charge, respectively, and g
denotes the permittivity of free space. Thus, for two major wave-
lengths of laser irradiation, 1.06 and 10.6 um, the critical electron
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density will be ~3 x 10?° and 3 x 10?* m~3, respectively. Assum-
ing that impact ionization is the dominant mechanism in electron
density growth (i.e., neglecting multiphotonionization) and that the
timescales are short enough so that all major loss mechanisms can
be neglected, the following simple equation results:

dnN,

=N,
” VN, “4)

where v is the ionization rate. Integrating Eq. (4) and solving for ¢
yields

t= E"L'(lvec)/v 5)

Taking v =6 x 10'" s=! (Ref. 8) and substituting values of N, just
calculated into Eq. (5), estimated critical times are #.: 98 and 90 ps
for 1.06- and 10.6-um wavelengths, respectively. Thus, the upper
limit for #, is of the order of 100 ps, and it can actually be longer
if two-photon absorption (v=>5 x 10' s~!, Ref. 8) and electron
losses (caused primarily by attachmentand recombination) are taken
into account. Thus, effective ALP can be provided by energetic pi-
cosecond or shorter pulses, and only under such conditions can the
technique be a reasonable alternative to other LP concepts. When
momentum transfer is dominated by ablation, a strong dependence
of Iy, on the particular propellant is expected. Therefore, a good
choice for the appropriate propellant, providing high specific im-
pulse, will be a key issue in the development of ALP. The purpose
of this paper is to address this issue, primarily from an experimental
point of view.

Experimental Technique

The experimentalsetupused in the present study is givenin Fig. 1.
This arrangement is essentially a time-of-flight (TOF) energy ana-
lyzer. The advantage of this architecture,compared to a direct force
measuring system (also discussed later), is that it allows measure-
mentof the angulardistributionof the energy and the numberdensity
of the emitted ions (and with additional probes also the charge state
of the ions). The TOF technique also does not require ex situ mass
removal measurements to determine /.

The laser system sketched in Fig. 1 is composed of a seeding
laser (mode-locked Coherent Antares) and a regenerative amplifier
(Continuum RGAG60). The laser system was tuned to the second
harmonic output (532-nm wavelength), and it was generating sin-
gle or repetitively (up to 10 Hz) emitted pulses of width ~100 ps
and energy ~35 mJ. Selection of the output pulse from the amplified
train was monitored by a LeCroy 9450 Digital Storage Oscilloscope,
whereas pulse energy was measured by a broadband energy/power
meter (Melles-Griot 13PEMO001). The light from the laser system
(1) was focused onto the sample (2) through the optical window (3)
by an external lens (4). Plano-convex lenses of focal length 20 and
50 cm were used as (4), providing irradiances at the diffractionlim-
ited spot on the targetin the range ~5 x 10'2-3 x 10'* W/cm?. The
optical window (3) was attached to the ablationchamber (5) at Brew-
ster’s angle to minimize reflection losses. The ablationchamber was
maintained at vacuum ~3 x 1073 torr by the pumping system (6),
composed of roughing pump (Alcatel 2002 BB) and diffusionpump
(Varian HS-2). The pressure was measuredby a thermocouple gauge
(Kurt Lesker KJL-6000), attachedapproximately40 cm downstream
from the sample. The pressure readings from the gauge were taken

Fig.1 Experimental setup.
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Fig.2 TOF waveforms as seen on oscilloscope.

with the controller (Kurt Lesker IG4400), and this pressure provided
the required mean free path of the ions (>0.2 m). The samples were
attached to a holder, which allowed in vacuo translationand rotation
along the vertical axis. Angles of rotation were measured with an
accuracy ~16 arcsec by means of a simple external optical refer-
ence system composed of a mirror attached to a sample holder, a
positioning He-Ne laser (7) and a 6.7-m-long ruler (8) fixed along
the laboratory wall.

The key measurements of ion velocity and yield were performed
by the TOF energy analyzer(9). This system consistedof two copper
plates separatedby 20 cm and connected via a vacuum feed-through
to a digital oscilloscope (10) (Tektronix TDS 460A). The oscillo-
scope was triggered by a photodiode(11) positionednear the optical
window (3). The ion kinetic waveforms were recorded by the os-
cilloscope and then were analyzed on a personal computer (12) for
velocities and number densities of ions using a set of programs
written in Mathematica (Version 4.0).

The energyanalyzerand oscilloscopeallowedreal-timerecording
of the waveforms corresponding to the charge deposited by ions
striking the first and second plates successively. A typical pair of
waveforms is presented in Fig. 2. The velocity of the ions can be
found from the temporal separation of the peaks, denoted as 1 and 2
in Fig. 2. Ion yields were calculated from currents passing through
the plates in assumption that the detected species are singly ionized.
Maximum yields are achieved by rotation of the target until the
normal to the target surface at the point of incidence is directed
toward the corresponding plate of the detector. The sharp positive
features at the beginningof the waveform (denotedin the figure as 3)
are from photoelectrons emitted from the detector plates, whereas
the negative peaks (4) are caused by deposition of electrons from
the plasma.

A set of flat elemental targets representing a reasonably broad
range of atomic masses was chosen: carbon (graphite), silicon
(monocrystalline), aluminum, iron, copper, zinc, tin, gold, and lead.
In addition, some compounds were examined, for example, the
waveforms presented in Fig. 2 were obtained from a SiC sample.

Results and Discussion

Because every pulse from the laser removes a certain portion of
matter from the target, it was important to record and use the data
from shots that gave a steady-state signal. In Fig. 3 the I, deduced
from a single-shot TOF measurement of a fixed lead target is pre-
sented as a function of the laser shot number. Three clearly distinct
regions can be seen. A couple of the first shots gave suspiciously
high values of I, followed by a steady-state region, with a subse-
quent roll off of the signal after about 40 exposures. Region 1 can
be attributed to surface contamination with low-Z elements, which
give a higher I;. This low-Z and consequently high [, region can
originate from the ablation of an oxide layer and/or a hydrocar-
bon contamination, which has been shown to be presentin systems
employing diffusion pumps.® In further analysis these first data
points were discarded. Region 2 is the steady-state region, which
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ends after about 40 shots (denoted later as a critical exposure num-
ber 17). The 20% scatter observedin the data in region 2 is primarily
caused by variationin the laser pulse power from shot to shot. When
the critical exposure number of shots of the target was exceeded, a
degradation of the waveforms from crater formation was observed
(region 3 of Fig. 3). To ensure that data from region 2 were used
exclusively, critical exposures for all targets used were determined.
Observations indicated that the critical exposure decreased as the
atomic mass of the sample increased, thatis, high atomic mass gives
low critical exposure. Thus, the extremes were represented by lead,
where degradation of the signal was observed after only 40 shots,
and graphite, where the signal was stable for more than ~3400shots.
These results are summarized in Fig. 4, where critical exposure is
given as a function of atomic mass x. A numerical fit clearly shows
that n is inversely proportional to the atomic mass of the target. We
will return to this result in the discussion of mass-removalrate data.

The major promise of ALP is the high specific impulse. The spe-
cific impulse as a function of atomic mass of the targetis represented
in Fig. 5. Each point representing an element on the graph was de-
duced from 3 to 5 distinct sets of measurements taken on different
dates with seven measurements at different target spots per set. Sep-
arate measurements were taken using two focusinglenses with focal
distances 20 and 50 mm. Though irradianceis assumed to decrease
using lenses of increasing focal length, no significant reduction in
Iy, was observed when the 50-mm lens was used in place of the
20 mm. The overall /;, was marginally reduced, thatis, if placed on
Fig. 5, the curve for this higher focal length lens would shift down-
ward but still be within the experimental error of the data from the
20-mm lens. A maximum specific impulse of about 2 x 10* s (cor-
respondingto an ion velocity of 200 km/s) was obtained for carbon
targets. The Iy, decreases proportionally to the inverse square root
of the atomic mass of the element. Such behavior is characteristic
of a Maxwellian velocity distribution, as it has been known since
ruby lasers were first used in ablation studies.”” However, the I,
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values reported here exceed commonly expected limits for LP in
general (~3 x 10° s, Ref. 11), as well as results reported previously
for femtosecond irradiation,’ and are overwhelmingly higher than
the best known I, for conventional (chemical) propulsion (455 s,
Ref. 12).

The anomalous behavior of lead ions reported in Refs. 3 and 13
was not observed in this work. Excluding experimental artifacts in
Ref. 13, the behaviorcan be still attributedto the differencein irradi-
ation conditions. An interestingfeature was observed for compound
targets, such as SiC. With the SiC targets placed at the focal spot,
the TOF analyzer yielded velocities characteristic of pure Si tar-
gets. The same effect of dominant signals from heavier atoms was
observed in early ablation experiments on mixed foils (Au + Ag),
(Ag+ Al), and (Ag+ C) conducted by Fenner, who used similar
experimental techniques.'* These observationsare worth additional
study, which is now in progress. Returning to the major observa-
tion, it can be stated that the results presented in Fig. 5 basically
set the direction for the development of candidate ALP propellants
toward reasonably light elements. Carbon, silicon, aluminum, and
perhaps combinations of these elements will likely constitute the
best propellants providing the highest [, for ALP.

To reconstruct the overall picture of energy transfer from laser
pulse to ejected ions, the angular distribution of ion energy and
number density had to be determined. The angulardependencemea-
surements were performed with the assumption that the angle of in-
cidence of the laser pulse to the target would not significantly affect
the energy deposited on the target. This assumption was reasonably
supported by observation of the independence of I, on the angle
of incidence in the £70-deg range (Fig. 6a). The number of ions N
collected per unit area of detector appeared to be proportionalto the
cosine of the polar angle 6 (Fig. 6b). Thus N can be represented by
a function:

N () = Nycosb (6)

where N, is the number of ions collected by a detector unit area
at normal incidence to the target surface. In the time domain all of
these quantities are integrated over the interval (1, 74 ), as defined in
Eq. (1). Keeping this in mind, further estimates in per-pulse terms
can be made. The ion yield Y (that is, total number of ions emitted
per laser pulse) can be estimated in spherical coordinates through a
surface integration:

2 pw/2
Y = f N(®)da = f f Ny cosOR? sin6 do dp = nR>N,
N 0 0

(M

where R is the distance from the focal spot on the target and ¢
is an azimuthal angle. (Rotational symmetry about ¢ is assumed.)
Therefore, if the detector plate of area 1 cm? is placed at R =20 cm
away from the target (first plate) and detects 7 x 10'* ions per pulse,
the total number of emitted ions per pulse can be estimated to be
about 8.8 x 1013,
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From the data presented in Fig. 6, the net momentum vector P,
imparted to the target, can also be estimated. It is necessary to in-
tegrate vectors of momentum for all individual ions over the solid
angle =2 sr (a hemisphere):

P:/dp:ﬁ/ﬁ-dp (8)
Q Q

The secondintegral in Eq. (8) reflects that only normal components
of vectors will add to the integral and horizontal components will
cancel out as aresultof rotational symmetry (7 denotes a unit vector
normal to the target surface). Keeping in mind that the velocity
distribution is angle independent (Fig. 6a), as v(f) = vy, the scalar
differential for momentum dp can be written as

dp = d(mv) = d(mvy) = vodm = vy d(m; NoQ) 9)

where m; is an ion mass and Ng is the number of ions emitted
per pulse per steradian. Assuming that within an infinitesimal solid
angle d2 the ion emission number Ng is constant, d(Nq2) =
Ng dQ2 = Ng sin 6 d6 d¢. Also, the relationship between N and N
introduced here is merely Ng = R%N. Therefore, No = Ngg cos 0,
where Ngy = R?N,. Thus, the set of Eq. (9) can be rewritten as

dp = vym; Nq dQ = vom; NyR? cos0 sind ddd¢  (10)

This result can be substituted back into Eq. (8), from which the total
ion momentum imparted on the targetby a laser pulse can be found:

2 /2
P:ﬁ/ / cosOvym; NyR? cos 0 sin 6 df dg
o Jo

2 L2 .
= gnvomiRzNOn = gvomiYn 11

(The firstcos 6 in the integral originatesfrom the dot productof 2 and
dp.) The lastresultmight seem counterintuitive:the totalmomentum
is merely equal to two-thirds of the total number of emitted ions
multiplied by momentum of an individual ion. However, this can
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be understood because the losses in total momentum (through the
cancellation of the horizontal momentum components of individual
ions) are compensated by a cosine “collimation” of the ion number
density.

Figure 7 presents the momentum estimated from Eq. (11) as a
function of atomic mass. Higher momentum is imparted to the tar-
gets by the heavier ions. This result is not really surprising, and it
could be concluded from a much simpler estimation. Comparing
two extreme elements of the current study, carbon and lead, one
can anticipate that, whereas the carbonions travel eight times faster
(Fig. 5), they are still 17 times lighter than lead ions, and therefore
the momentum will favor lead with a factor of two. Differences in
ion yields will increase this gap by another ~2.7 factor, resulting in
total factor of 5.4 difference. At this point, however, recall that ion
yield estimates determined using Fig. 7 are based on the assump-
tion of a singly ionized species. This assumption can be tested by
determining ion states in the plasma using time-resolved emission
spectroscopy,and suchexperimentsare underway. However, there is
a seriousexperimentalevidencethat allowsus to expectthatthe con-
tent of multiply ionized species will be negligibly small.'> Another
way that allows a bypass of this issue is direct thrust measurement,
which will be discussed next.

In the course of currentexperiments,mass-removalrates have also
been measured by simply weighing the sample before and after ex-
posure. Because of the minute amount of material ablated per shot,
an accumulation of removed mass was achieved by using longer
exposures, where the sample was periodically displaced to ensure
that the number of shots was kept below the critical exposure 7.
Targets made of high-Z and therefore low 1 elements, such as lead,
had to be moved several times to a new ablation spot in vacuo be-
fore the second weighing could be performed. Mass-removal rates
for monocrystalline silicon wafers could not be determined because
the samples usually cleaved before the needed exposure could be
achieved. The results of mass-removal measurements are summa-
rized in Fig. 8.
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Table 1 Ion fraction and energy estimates

Parameter Carbon Aluminum Iron Copper Zinc Tin Lead

Ton yield (x10'3) 5.3 73 91 93 99 116 123

Atoms ablated 6.5 4.9 24 4.0 4.6 8.6 8.1
(x10'3)

Ton fraction, % 0.8 1.5 3.8 2.4 2.1 1.3 1.5

Ion energy, keV 2.21 2.63 1.59 140 2.03 042 0.70

Mass-removal rates are of order of pg/pulse and increase with
atomic mass as shown in Fig. 8. These results are of the same order
of magnitude as those reported by De Young and Situ, who used
8-ns, 400-mJ pulses generated by a Q-switched Nd:YAG laser.'®
The authors pointed out that observed mass-removal rates are ~100
times lower than expected from simple evaporation (pulse energy
divided by latent heat of vaporization). Similar mass-removal rates
were achieved in the current study with a factor of 10 less pulse
energy (35 mJ) and ~100 times shorter pulses. This supports De
Young and Situ’s suggestion that in their case significant heat loss
occurred via partial reflection of laser energy by a plasma.

The ion fraction for various elements estimated from mass-
removal data is presented in Table 1. The estimations are made
assuming single ionization and monoatomic removal (i.e., removal
of larger fragments of the target is neglected). The ion yield pre-
sented in Table 1 was calculated according to Eq. (7). Ion frac-
tion varies between 0.8% (carbon) and 3.8% (iron), and it closely
matches previously reported ion fractions in Ref. 13 (see discussion
in Ref. 13 and references therein). Of course, we should keep in
mind that Table 1 presents ion fractions as they are observed22 cm
away from the target, while at much shorter distances and flight
times (i.e., at the target surface) one must expect much higher ion
content, close to 50% (Ref. 15). This fact raises the issue on justifi-
cation for canceling mass in Eq. (2). In other words, the I, derived
from Eq. (2) representsonly ionic componentof the ejecta. The fact
that neutrals possessed less kinetic energy can also be seen from
the data of Table 1. For example, assigning ion kinetic energy of
2.21 keV to each of the 6.5 x 10" carbon atoms ablated per shot
will yield an impossible total energy of 2.3 J, which exceeds the
incident laser pulse energy by 100 times! In view of this result, the
I, reported on Fig. 5 can be viewed as upper limit values, achiev-
able only at ionization approaching 100% of all ablated material.
Otherwise, these high [, values will be always dissolved by slower
atomic neutrals and larger fragments.

To clarify the effect of neutrals on Iy, values, we have turned
to direct measurements of temporal profiles of the thrust imparted
on a target (in vacuo), from which total impulse transferred to the
target can be deduced. The preliminary results of this study are
reported in the Ref. 6. As expected, the I, values inferred from
those measurements were 5-10 times less than ones presented in
this study. Further clarification of this issue, as well as search for
factorsincreasing I, such as optimal pulse separation, are currently
in progress.

Data of Table 1 also provide a possible explanationas to why the
criticalexposuren appearsinversely proportionalto the atomic mass
of the target (Fig. 4). This resultcan be understoodif we assume that
signal degradationis caused by crater formation. In our terms, n can
be expressed through some characteristic critical mass of removed
material m ., which within the same experimental geometry must be
a constant for all target materials. Then, critical mass and exposure
will be related via the following equation:

mC

P VaNy

where p is mass density of material, V,, is atomic volume, and N, is
the number of atoms removed per shot. As you can see from Table 1,
with the possible exceptionof iron N, does not vary too much from
element to element. Atomic volume can be expressed as

Vat:/*L/pNA (13)

where N, is Avogadro’s number and p represents the molar mass.
Substituting Eq. (13) into Eq. (12) will yield

n=(m:Na/Nu)(1/1) (14)

n (12)

where the first expressionin the parenthesesis approximately a con-
stant. This result would imply that 7 times the mass-removal rate
must yield the critical mass m,.. The data of Figs. 4 and 8 corrob-
orate this result, giving the value of critical mass on the order of
0.4 mg with only 11% variation for all elements tested for 7, with
the exception of lead, which yielded 0.1 mg. This interesting result
opens a new avenue for determining mass-removal rate from mea-
surement of 7 (i.e., without actually using scales, or, say, with the
least use of scales; m, still must be measured once). Our experience
shows that experimental assessment of 7 is a much more reliable
measurement than determining miniscule mass differences after ac-
cumulating long exposures. This issue is currently under further
study.

Returning to the issue of specific impulse, it can be stated that
the trend in mass-removal rates supports low-Z elements as the
best candidates for ALP. Thus, low-Z elements provide the highest
specific impulse and, at the same time, suffer the lowest mass losses.

Therefore, successful ALP should be based on the ablation of
low-Z solid elements such as carbon, aluminum, and the like. Al-
ternatively, high-Z elements would provide higher thrusts. Keeping
these dependencesin mind, perhaps some “tuning” of specific im-
pulse and thrust could be attained by layering different ablative
materials so that the acceleration of the vehicle could be controlled
without the effort of controlling the laser source itself.

Conclusions

Experimental evidence supporting a recently revived concept
of ablative laser propulsion is presented. Upper limits for spe-
cific impulse from elementary targets ablated at irradiances of
~3 x 10" W/cm? by 107'° s width laser pulses are set at levels
of 2 x 10* s for carbon and, in general, are inversely proportional
to the square root of the atomic mass of the ablative. It was also
observed that lighter elements produce much lower mass-removal
rates, whereas heavier elements provide higher thrusts. In general,
the results of this work leads to the conclusion that efficient ablative
laser propulsion, providing the highest specific impulse, must be
based on solid, low-Z propellants such as carbon or aluminum.
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