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A review of Laser Ablation Microthruster (LApT) tech- 
nology along with recent experimental results are pre- 
sented. The performance, system mass, and total impulse 
of various LApT concepts are compared to other pulsed 
microthruster technologies including the Micro-Pulsed 
Plasma Thruster (pPPT) and Vacuum Arc Thruster (VAT). 
The T,AjiT concepts a m  show9 to be fzvsrzb!e for mis- 
sions with sub-micronewton thrust or sub-micronewton- 
second impulse bit requirements. The LApT may also 
possess unique capabilities for distributed or remote 
propulsion requirements. To investigate potential thruster 
performance, lifetime, and propellant feed mechanism is- 
sues, a laser ablation experiment has been setup at JPL. 
Using a diode-pumped, passively Q-switched Nd:YAG 
microlaser operating at 532 nm, ablation of aluminum 
has been studied in an ultra-high vacuum (UHV) cham- 
ber with a time-of-flight Faraday probe. Experimental 
results show that increasing background pressure from 

Torr changes the measured peak ion veloc- 
ity and current density in single pulse experiments. In 
measurements using the same site for multiple (5  2000) 
ablation pulses, peak ion velocity and current density de- 
crease with increasing pulse number due to the deposition 
of target material towards the laser source. Pulse and burst 
frequency also influence current decay rates. In some 
cases, the peak current density recovers to nearly 75% 
of its original value following a pause between pulses or 
bursts > 10 s. 
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1 Introduction 
Micropropulsion devices that are designed to produce mi- 
cronewton level thrust or micronewton-second level im- 
pulses are being developed in many industrial, govern- 
ment, and academic laboratories around the world [ I]. 
This effort is in response to missions that plan to use 
microspacecraft or require extremely precise thrust lev- 
&. Fcx ~xamnlp Y A - 7  vmy * & upcoming missions such as Tech- 
Sat21, LISA, ST7, STEP, MICROSCOPE, EX5, LIRE, 
MAXIM, TPF, and Stellar Imager will require various 
microthrusters that can provide between 1 - 1000 pN with 
precision requirements as small as 0.1 pN and minimum 
impulse bits as small as IpNs. 

The Laser Ablation Microthruster (LApT)' is one 
propulsion device that could meet these precision thrust 
requirements. As a microthruster concept, a LApT pro- 
duces micronewton level thrust by using a low power 
(<IO W) laser to ablate a variety of different propel- 
lant materials including metals and polymers. Typically 
diode or diode-pumped lasers are used for their compact 
size and relatively efficient operation. Recently, LApTs 
have experienced a surge of research activity as all-solid- 
state lasers with enough intensity for ablation are becom- 
ing commercially available in small packages [2-91. Al- 
though laser ablation can be used effectively for much 
larger thrust applications as well [lo], this papcr will fo- 
cus on the micropropulsion applications. 

We begin with a review of the most recent conccpts 
for LApTs and the basic physical principles behind their 
operation. We will also discuss the various laser tech- 
nologies used in these thruster designs. Next, we com- 
pare this technology in terms of system-level criteria with 
other pulsed microthrusters that operate in nearly the same 
regime of impulse and thrust. To investigate the perfor- 

'This acronym is introduced here in a generic sense and is meant to 
apply to any of the various micro-sizcd thrusters that use laser ablation 
as the primary acceleration mechanism 
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mance of these microthrusters, a laser ablation experiment 
has been setup recently at JPL and will be described here 
in detail. Preliminary results including the effects of back- 
ground pressure, pulse rate, and burst duty cycle will be 
presented and discussed in terms of implications for fu- 
ture performance measurements. 

2 Microthruster Technology 
Microthruster technology is a key element for enabling 
small-, micro-, and nano-satellites as well as a large 
class of missions that operate in a “drag free” mode 
where propulsion requirements are on the micro-scale. 
A thorough review of microthruster technology including 
steady-state and impulsive thruster technologies can be 
found in Ref. [ 11. Although over thirty different types of 
steady-state microthrusters (FEEP, Colloid, Micro-Cold- 
Gas Thrusters, PPTs, etc.) are being evaluated for these 
class of missions, pulsed microthrusters have the unique 
capability to provide both small individual impulse bits 
and a relatively continuous thrust at higher pulse frequen- 
cies. To limit our review to a reasonable size, we will 
compare oniy pulsed microthruster technologies includ- 
ing relatively new developments in Laser Ablation Micro- 
thrusters (LApT). Although the power supplied to these 
device may be nearly steady-state in nature, in general, 
the output can be modulated to provide single or multiple 
pulses in bursts, which allows LApTs to fall within this 
category. 

In this section of the paper we will describe the per- 
formance criteria that will subsequently be used to com- 
pare various pulsed microthruster concepts. A description 
each ofthe systems: LApTs, micro Pulse Plasma Thruster 
(pPPT), and Vacuum Arc Thruster (VAT) will be be fol- 
lowed by a discussion of how each concept responds to 
the pcrformaiice criteria. It should be noted that all the 
concepts presented here are still under rapid development 
and thruster characteristics are expected to change quickly 
with time. The author’s intent here is to provide an un- 
biased examination of the various pulsed microthruster 
technologies at their current state of evolution while keep- 
ing future improvements in mind. Therefore, performance 
will only be quoted in  general terms without referring to 
specific prototypes or design points except where specific 
data are available. Although the evaluation of each crite- 
ria may change as each technology develops, the perfor- 
mance criteria themselves should be more concrete. 

2.1 Performance Criteria for Pulsed Micro- 
thrusters 

Pulsed microthrusters are generally designed to produce 
the greatest amount of impulse for a given amount of input 
energy and propellant mass while using the smallest and 
most light-weight system possible. Although determining 
the most important criteria (impulse bit, efficiency, spe- 
cific impulse, dry mass etc.) depends on the application, 
each technology can be evaluated based on quantitative 
measurements of various performance variables. 

The performance criteria used for this study, in no par- 
ticular order, are: 

Minimum impulse provided by a single pulse 

Energy consumed per pulse (supplied by spacccraft 
bus) 

Impulse bit repeatability 

Maximum thrust level (maximum pulse fre- 
quency2) 

Propellant mass utilization 

Power conditioning (or laser) efficiency 

Total impulse capability (and corresponding propel- 
lant mass) 

Total system mass 

Impact on spacecraft (contamination, EMI, etc.) 

Lifetime and reliability 

Note that ratios of individual criteria (specific im- 
pulse, efficiency, etc.) can also be useful performance 
indicators although they are not included in this list di- 
rectly. In our study, the normal ratios used for conven- 
tional primary propulsion systems may not be the most 
useful for microthruster technologies. For example, the 
conventional definition of specific impulse is the ratio of 
the total impulse provided by a certain mass of propel- 
lant to the weight of that propellant on the surface of the 
earth. This is a useful performance indicator for conven- 
tional rockcts where the total mass is primarily propellant, 
and the spacecraft’s mass changes significantly over the 
course of a mission. In the case of microthruster technolo- 
gies and secondary propulsion systems in general, often 
the propellant is not the largest fraction of the total propul- 
sion system mass, and the spacecraft mass stays relatively 
fixed over the mission. Since total component mass is 

’We assume the pulse frequency can be continually set between sin- 
gle pulse operation and the maximum pulse frequency of the device. 
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frequently more important for micro-spacecraft design, a 
better performance ratio would be the total impulse, Itot 
divided by the total mass of the propulsion system, Mtot, 

If the stored propellant mass, Adprop, dominates the total 
system mass (or equivalently the dry mass, h!f&y, is rel- 
atively small), this relation would reduce to the exhaust 
velocity, u,, or the conventional definition of specific im- 
pulse, Isp. 

Another important performance indicator is the ratio 
of the impulse bit, Ibzt, to the energy supplied by the 
spucecruft bus, Esb, for each pulse. Using the pulse fre- 
quency, fp, this ratio is equivalent to the more familiar 
thrust-to-power ratio, 

In pu:,:ishcd thruster resea.&, tiie eiiei-gy 
pulse is usually given in terms of the stored energy, E,  or 
the laser output energy (fluence) and does not include any 
energy used for power conditioning or cooling, if neces- 
sary. The relation between the two energy values is sim- 
PlY 

E = E s b q p c ,  ( 3 )  

where qPC is the power conditioning or laser efficiency 
including any power required for active cooling. In laser 
ablation literature the impulse-to-energy ratio ( I b i t / E )  is 
referred to as the momentum coupling constant, C,. We 
can now define a propulsion system efficiency, qsYs, 

?Isys E3 ~~ - -- Isptot  Ibit - I sp to t  Ibit 
2 E rlpc 2 Esb 

(4) 
I sp to t  Gn VPC - - 

2 

The factor of two is included so that if, again, the propul- 
sion system is dominated by propellant mass, the propul- 
sion system efficiency is equivalent to the conventional 
definition of thrust efficiency and cannot be greater than 
unity. 

Equations I ,  2, and 4 include many of the performance 
criteria listed above, and we will now discuss the remain- 
ing items. The minimum impulse bit and the repeatability 
of the nominal Ibbzt are also critical mission design param- 
etcrs. Although they can be measured quantitatively, the 
measurement technique can be difficult to implement at 
these low-levels of impulse. Maximum thrust (or pulse 

frequency) is often determined by the maximum available 
power on the spacecraft, but may be determined by other 
system limits such as capacitor charging time or diode 
temperature. 

Other items such as the propellant utilization effi- 
ciency, spacecraft interactions, lifetime and reliability are 
system specific. The propellant utilization, up%, can be 
evaluated over the lifetime of the thruster and is defined 
as, 

where rllbit  is the mass ablated per pulse and Nptot is the 
total number of pulses over the lifetime of the thruster. 
The lifetime of a pulsed thruster is often put in terms of 
a total number of pulses since capacitors, electrodes, or 
other electronics will often provide only a finite number 
of cycles before they can be expected to fail. Besides 
expected lifetime, non-predictable failures such electrode 
shorting or propellant feed failure can also influence a 
more qualitative evaluation of reliability. Finally, space- 
craft interactions such as EM1 or contamination are im- 
portant to consider for pulsed thrusters, especially those 

Still, frequently these potential problems can usually be 
mitigated by power supply design or thruster placement as 
long as the issues are quantified before the spacecraft de- 
sign is finalized. Furthermore, since all the microthruster 
systems being compared here share the characteristic of 
using a solid propellant, concerns of spacecraft contam- 
ination will be universal until properly addressed for the 
specific mission. 

Now that the criteria have been explained, we will ex- 
amine each pulsed microthruster concept in detail. 

with short (2 Ips) discharges that use solid prope!!an!s. 

2.2 Laser Ablation Microthruster Concepts 
Compared to previous ground-based laser ablation con- 
cepts, the LApTs are unique in that the laser is an integral 
part of the microthruster. Recent advances in solid state 
laser technology have allowed high brightness (2 I W), 
high efficiency ( 4 0 % )  diode lasers to be packaged in 
small, light-weight containers. These diode lasers can be 
used alone to produce ablation or as a pumping source 
for other types of solid-state lasers. Minimum impulse 
bits produced by laser ablation are likcly to be the lowest 
of all pulsed microthrusters, providing either precise fine- 
pointing or low-noise thrust capability. Furthermore, the 
ablation and subsequent acceleration mechanism can be 
quite efficient compared to other low-powcr devices. 

The general operation principle for LApTs rclies on 
a tightly focused, high intensity laser source to deposit 
a relatively large amount of energy to a small area in a 
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short amount of time. As long as the target material does 
not have a high enough thermal conductivity to transport 
the energy away quickly, the local binding energy of the 
material can be exceeded, and a plasma will be produced 
near the surface [ 1 11. Typically this plasma goes on to ab- 
sorb or scatter a significant fraction of the remaining in- 
coming light making the process somewhat self-limiting. 
The optimal condition occurs when the fluence threshold 
of ablation is just exceeded. The two important variables 
are then the Auence the laser provides during a pulse, a, 
(J/cm2) and the time length of the pulse, T .  Phipps et 
a1 have developed an empirical relation based on over 40 
independent measurements for determining the threshold 
fluence of ablation over a wide range of pulse durations, 
laser wavelengths, and materials [ I  I ] .  Within a factor of 
three in most cases, the threshold relation is, 

aDth = (2.36 x 104) (40  45. ( 6 )  

This can be an effective tool for determining if a particular 
laser technology can provide enough fluence for ablation 
to occur. Again, the likelihood of ablation can also be 
increased by choosing a propellant with a poor thermal 

Phipps [ la]  and others (see Refs. [13, 141, for exam- 
ple) have also developed relations for the impulse gener- 
ated given an absorbed intensity, I&, laser wavelength, 
A, pulse duration, and ionization state of the resulting 
plasma. In general, the relations reduce to the laser mo- 
mentum coupling constant, C,) that has the following 
proportionality, 

c.n&uci~.viiy, 

wherc k is a constant -0.3. This relation allows us to es- 
timate the impulses produced by a Laser Ablation Micro- 
thruster for a given laser technology. In general, values of 
C,, can be quite large compared to values of Ibzt/E for 
other acceleration mechanisms. As observed by multiple 
investigators, the efficiency of the laser ablation process 
can be higher than 60% with ion velocities higher than 
20 km/s [lo,  IS, 161. Peaked velocity distributions have 
also been observed showing higher power (n > I )  co- 
sine (cosrL) distributions [ 171. It has also been shown that 
the cxpanding plasma can form into a thin shell at higher 
background pressure yielding a narrow velocity distribu- 
tion 1 IS]. 

Recently all-solid-state, low-power lasers have be- 
come bright enough to produce ablation. Specifically 
diode lasers and diode-pumped lasers have been used to 
explore two different LApT concepts. We will now de- 
scribe each program in more detail. 

2.2.1 Diode Laser Driven Microthruster 

Claude Phipps along with researchers at the University 
of New Mexico have designed, built, and tested a micro- 
thruster driven by a steady-state diode laser [ 2 4 ] .  Using 
a transparent tape coated with PVC material on one side, 
a 1 W 935 nm diode laser is used to ablate the propellant 
either transmitting through the tape (which protects the 
optics but provides a lower performance) or reflecting off 
the front surface. Although the diode laser alone is quite 
efficient, and it can be pulsed creating fairly high fluence, 
the ablation threshold is not reached for metals, limiting 
propellant choice to various polymers. 

Both single pulse and steady-state measurements of 
impulse and thrust have been conducted on a thrust stand. 
Typical measured values of the momentum coupling con- 
stant are close to I00 pNNJ with specific impulse values 
between 100-1000 s. For the thruster prototype, a low- 
mass tape feeding system has been developed and tested 
on a thrust stand, but issues of thrust vector control and 
system reliability are continuing to be addressed [2,3]. 

2.2.2 Microchip Laser Thruster 

David Gonzales and others at MIT Lincoln Laboratory 
have been using a 1 W diode laser as a pumping source for 
a Nd:YAG microchip crystal [7,8] operating at 1064 nm. 
The entire cavity, including a passive Q-switch, can be 
contained in a volume so small that it can fit on the end of 
a standard fiber optic cable [ 191. Although the overall ef- 
ficiency of these lasers is much less than their diode pump 
counterpart (only 10% of the pump power is transmit- 
ted), the passive Q-switch creates short pulses on the order 
of nanoseconds with high instantaneous power, > ICW. 
Instantaneous fluence levels are also higher, beyond the 
threshold for most materials including aluminum, copper, 
stainless steel, indium, and titanium, which were all tested 
in bench-top experiments at atmospheric pressure. Ab- 
lation crater profiles have been measured, and an piezo- 
electric disc bender has been used to measure impulses. 
Performance between 0.3 nN and 3 /IN has been inferrcd 
from measurements using a 100 mW output power (ap- 
proximately 6.5 W input power) Powerchip Nanolaser. 
This gives a coupling constant of approximately 10 pNs/J 
and a thrust-to-power ratio of 0.2 I-/". 

Although the efficiency of thesc devices reduces the 
overall performance significantly, this technology may be 
useful in other applications. For example, one diode laser 
could supply multiple microchip lasers distributed over 
the spacecraft. In addition, spacecraft structure or ma- 
terials that are not needed after launch (aluminum, met- 
alized kapton, etc.) could be used as propellant with the 
proper steering optics. Finally, in single shot operation, 
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this device could provide the lowest minimum inipulse bit 
(<1 nNs) of any propulsion system studied to date. Work 
is continuing on designing a microthruster prototype us- 
ing this laser technology. 

2.3 Micro-Pulsed Plasma Thruster 
The Micro-Pulsed Plasma Thruster (pPPT) is being de- 
veloped by the Air Force for a technology demonstration 
mission on TechSat21 [2&22]. The pPPT uses a high- 
voltage, capacitively driven arc discharge to ablate and ac- 
celerate insulation and electrode material (typically Teflon 
and copper, respectively) in a small diameter (5  0.25 in.) 
coaxial geometry. The acceleration process is a combina- 
tion of plasma heating and expansion as well as a Lorentz 
force that helps to further expand the plasma front. The 
pPPT can operate in a steady self-triggering mode or in 
a controlled pulsed mode, both of which require high 
voltage, > 1 kV, to initiate the discharge. However, the 
complexity of the self-triggering pPPT driving electronics 
has been significantly reduced compared to conventional 
PPTs, reducing the dry mass by as much as 60X. Typical 
discharge energy is between 1-5 J producing an estimated 
10 pNs of impulse. Preliminary thrust stand tests have 
been conducted to confirm these estimations with mea- 
sured thrust-to-power ratios close to 5 pN/W. Success- 
fully completed long duration tests (> 1 million pulses) 
have begun to demonstrate the total impulse capability of 
this technology and provide engineers with important de- 
sign information for future iterations. 

The repeatability of the impulse bit depends to a large 
extent on the actual pulse energy and the initial place- 
ment of the arc within the electrode geometry. Modifi- 
cations to electrode geometry and circuit design that are 
meant to improve the repeatability arc being investigated. 
One potential lifetime limiting factor for this device is the 
possibility of some semi-ablated material condensing be- 
tween the electrode surfaces. This could reduce the break- 
down or hold-off voltage which would decrease the en- 
ergy in each pulse, or provide a low resistance path for 
the power supply. Currently trade-offs between propellant 
area, electrode material, discharge energy, and discharge 
voltage are being evaluated to improve the pPPT perfor- 
mance. Overall, by our evaluation, the system efficiency 
is close to 1 %), mainly due to the relatively large dry mass 
and low total impulse capability. Again, design changes 
to improve total propellant throughput are ongoing. 

2.4 Vacuum Arc Thruster 
A vacuum arc thruster uses solid metal propellant that 
also serves as a cathode for an inductively driven arc dis- 
charge [23, 241. To provide enough electrons to main- 

tain the discharge, local cathode spot temperatures reach 
high enough values to ablate and produce a metal-vapor 
plasma. Depending on the metal, ion velocity from the 
surface can be as high as 30 kids,  although not all the 
propellant actually gets accelerated to the maximum ion 
speed. Still, thrust-to-power ratios have been measured 
on a thrust stand as high as 12 pN/W with tungsten pro- 
pellant, and other propellants may achieve as high as 
20 pNiW based on models of the discharge and measured 
physical properties of various materials. The relatively 
high thrust-to-power ratio is the result of an efficient, low- 
voltage, inductive energy storage unit providing the dis- 
charge current. This PPU can have a mass as small as 
100 g leading to larger values of Isptot. The power and 
pulse rate can be set as high as 100 W and 200 Hz, respec- 
tively, leading to a large dynamic range of performance 
for this technology. 

The largest concern for VAT technology is the per- 
spective lifetime and propellant processing capability. Es- 
pecially at higher powers, there is a chance of an electri- 
cal short occurring between the electrodes during opera- 
tion, Although feedback circuitry has been added to in- 
crease reliability, a long duration test where performance 
is measured as a function of pulse number has not been 
conducted to date. Also, due to the ablative nature of the 
thruster and the driving circuit requirements, it may be 
difficult to feed metal propellant from behind the thruster. 
Currently other geometries and propellant holding mech- 
anisms are being examined, along with the possibility of 
using many fixed thruster heads with one PPU. In addi- 
tion, engineers at Alameda Applied Sciences Corp. are 
planning to launch a VAT on a University of Illinois Cube 
Sat. Again, the major advantage with this technology that 
leads to a high system efficiency is the low-mass, efficient 
power conditioning and a relatively cfrective acceleration 
mechanism. 

2.5 Summary of Microthruster System Per- 
formance 

We have reviewed various pulsed microthruster tcchnolo- 
gies and found that Laser Ablation Microthrusters fill 
a special niche for missions that require nNs minimum 
impulse bits for precise pointing. Diode-based systems 
could perhaps compete on a system-level with the pPPT 
if the total mass can be decreased while the propellant 
throughput is increased reliably. Pulsed diode-pumped 
lasers permit ablation of a larger variety of materials in- 
cluding metals or non-essential spacccraft parts. How- 
ever, due to the reduced laser system efficiency, this con- 
cept does not compare well to other microthruster systems 
unless ultra-precise positioning or a widely distributed 
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Parameter 
Wavelength 

Peak Output Power 

Max. SS Output Power 
Pulsewidth (FWHM) 

Max. Pulse Frequency 

Pulse Energy 

Criteria I Unit I LAUT I UPPT I VAT II Value 
532 nm 
5.6 kW 

21 mW at 4.1 kHz 
900 ps 

4.1 kHz at 1 .5 A 

5 PJ 

Dry Mass 
Isptot, Eq. ( I )  
rjsys, Eq. (4) 

1 1  Laser Diodecurrent I 1.4-1.5 A 1 1  
kg 0.4-1 0.5-1 0.1-0.3 

km/s 0.3-3 0.5-2 0.5-5 
% 0.01-1 -1 0.5-5 Total Laser Efficiency 

Mass of Laser Head 

propulsion system is required. 

0.3% 
30.4 g 

3 Laser Ablation Experiment 
To investigate propellant, performance, and lifetime is- 
sues as well as simply to familiarize ourselves with the 
technology, we have constructed a laser ablation exper- 
iment in an ultra-high vacuum (UHV) chamber. For this 
experiment, we chose two VEM 1064 TO-3 Synoptics Mi- 
crolasers operating at 1064 and 532 nm with all-solid- 
state construction. The Synoptics Microlasers are diode 
pumped, passively Q-switched, Nd:YAG lasers that pro- 
vide high intensity, nanosecond pulses capable of ablating 
a variety of materials. Furthermore, the low-mass, small 
size, ease of operation, commercial availability, and low 
cost also influenced our choice. A full list of specifica- 
tions is given in Table (2) for the 532 nm laser which was 
used for all the studies presented here. This is a similar 
type of laser used by the group at Lincoln Laboratory, al- 
though slightly less energy per pulse. Still, with the proper 
optical setup, the fluence threshold for efficient ablation 
presented by Phipps, et a1 (see Section 2.2) can be met. 

The purpose of these first experiments was three fold, 
I )  characterize the effects of background pressure, 2) ob- 
serve the effects of using a fixed-location for ablation over 
a large number of pulses, and 3) determine the impact 
of changing pulse and burst rates. These questions origi- 
nated from previous experimental observations of changes 
in performance of pulsed plasma thrusters due to differ- 
ent vacuum environments and variable pulse rates. Before 

1 1  Input Laser Power I 2.7 W at 1.5 A 1 1  
1 1  Active Cooling Power I 3.5 W at 1.5 A 1 1  
U I I 1 )  

performance can be characterized accurately, a method or 
procedure that addresses these concerns must be created. 
In addition, this information should be usefu! for desigr.- 
ing and testing LApTs in the future. 

The experiment setup is shown in Figs. 1 and 2. This 
remainder of this section covers results including all the 
topics mentioned above. We also discuss the implications 
of these results for future tests of LApTs. 

3.1 Results 
Multiple test cases were repeated using different pulse 
rates, burst rates, and different background pressures to 
characterize the peak ion velocity and current distribution 
over a variety of conditions. Peak ion velocity is deter- 
mined by measuring the time-of-flight between the pho- 
todiode signal and the arrival of a the first sign of current 
collected at the Faraday probe 6 in. away. We will now 
discuss the rcsults of three diffcrent experiments to de- 
termine the influences of background prcssure, multiple 
pulses in the same location, and variablc pulse and burst 
rates. 

3.1.1 Effects of Background Pressure 

Previous experience with pulsed plasma thrusters has 
shown that mono-layers of background gasses on elec- 
trodes can significantly influence performance [25]. As 
a rule of thumb, a mono-layer of background gases can 
be adsorbed on a surface in 1 s at 10-‘ Torr, and pro- 
portionally faster at higher pressures. For that reason, we 
wanted to perform the majority of our testing at as low of 
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Figure 1 : Picture of ultra-high vacuum chamber used for 
laser ablation cxperirncnts. 

A 
12" Diameter 

UHV Chamber 

Transverse 

Figure 2: Drawing of the ultra-high vacuum chamber used 
for laser ablation experiment showing orientation of the 
laser, aluminum target, and linear feed-through. 

Figure 3: Close up photograph of the laser ablation exper- 
iment during operation. The aluminum target and sample 
holding arm are visible through a large window in the side 
of the chamber. 

a pressure as possible, lop7  Torr. 
The results from this experiment are shown in Fig. (4). 

Note that the time of arrival of the first ions is similar 
in all the cases, except, perhaps for a slight decrease at 

Torr. However, the current distribution IS very dif- 
ferent for each case. First, it should bc noted that the lim- 
ited frequency response of the current amplifier likely dis- 
torted these traces. Still, it is clear from the graph that the 
current density decreased with increasing pressure until 
the lop4  Torr case. We suggest that at higher pressures 
mono-layers of background gases influence the measure- 
ments. Another possibility is simply that the ablation pro- 
cess itself has somehow changed. Although, as mentioned 
perviously, researchers have Sound differences in behav- 
ior at various pressure levels, usually it is a much more 
drastic change, from atmosphere to vacuum conditions, 
for example, that causes the change. In any case, it is 
clear from these results that background pressure should 
always be taken into account (or at least mentioned) in 
performance measurements, and performances measured 
in ground testing may be different froin those produced in 
the hard vacuum of space. More tests at even lower pres- 
sures should be conducted to determine if an asymptote in 
current density exists below a given pressure. 

3.1.2 Effects of Multiple Pulses 

Although propellant feed systems can be designed to ex- 
pose a fresh surface for each pulse, we wanted to examine 
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Photodiode I 
output f 

-10 0 10 20 30 40 5 0 ~ 1 0 . ~  
Time (s) 

Figure 4: Effects of background pressure on current den- 
sity measurements for single pulses on a fresh surface. 
Frequency response limits of the current amplifier may 
influence the curve shapes. 

the effects of using a single site for ablation over multiple 
pulses. In addition, we used a 30" incident angle on the 
surface to examine the effects of off-normal ablation. Us- 
ing some type of incident angle to protect optics has been 
suggested by both LApT research groups. 

Figures 5 and 6 show graphs of peak ion velocity and 
current density as function of the pulse number. To inves- 
tigate the effects of pulse timing, we also used three dif- 
ferent values of the number of pulses per burst. The pulse 
frequency within a burst is close to 2 kHz while the time 
between bursts is close to 20 s (required time to download 
oscilloscope). There are two important trends that can be 
sccn in the data. 

First, the decay rate is smaller for 1 pulsehurst com- 
pared to either 5 pulseshurst or 10 pulseshurst until close 
to 200 pulses have been accumulated. We will discuss 
this trend in more detail in the next subsection. Second, 
the decay rate in the first few pulses is large, as much as 
50%, and slows between about 5 and 50 pulses to almost 
no dccay, or even a slight increasc. At approximately 100 
pulses there is another steep decline in ion velocity and 
current density. We believe this is a result of the incident 
angle of the laser. As shown in Fig. (9), a cone of target 
material begins to form in thc direction of the laser after 
100 pulscs. As seen in the other images with fewer accu- 
mulated pulses, molten ejecta are clearly present. When 
the ablation site begins to penetrate into the target, steep 
walls and finally a cone of material is built up abovc the 
original surface. This cone could easily be directing the 

exhaust plasma back towards the laser focusing optic and 
away from the Faraday probe. More experiments with a 
series of Faraday probes at various angles should be con- 
ducted to measure the evolution of the angular current dis- 
tribution with pulse number. 

3.1.3 

As mentioned in the previous sub-section, tests with dif- 
ferent numbers of pulseshurst showed different rates of 
decay. To investigate this trend more carefully, we re- 
peated the tests on each of the first 20 pulses in a series. 
For the 1 pulsehurst case, this consisted of 20 trials, each 
with approximately 20 seconds of delay from the previ- 
ous trial. For the 5 pulseshurst case, only four trials were 
performed, and similarly for the 10 pulseshurst case, only 
two trials were necessary. 

The results of the these tests can be seen in Fig. (7) 
and Fig. (8). Note that the asymptote level in each case 
matches with what was measured in the previous experi- 
ment. In addition, for the 5 and 10 pulses per burst cases, 
the decay rate appears to be similar for the first five pulses 
in each burst. Again, in both cases nearly the same asymp- 
tuie ia rca&ci just a Tew puiaes. Eiowever, between each 
burst (or each pulse in the 1 pulse/burst case) the perfor- 
mance recovers to nearly the same level. Although the ion 
velocity and current density do not recover completely, 
the change is significant, nearly 60% in some cases. This 
indicates that either 1) the surface or target conditions are 
changing with time constants on the order of 10 seconds, 
or 2) the laser intensity increases on the first pulse in each 
burst after approximately 20 s of down-time. It should 
be noted that to modulate the laser, the diode-pump cur- 
rent is normally kept just below the lasing threshold and 
increased only slightly (0.12 A out of 1.4 A) to activate 
the laser. More tests using a residual gas analyzer and a 
more sensitive photodiode to detect laser power should be 
conducted to find the cause of these trends. In any case, 
whether the laser or target conditions are to blame, test 
results should be presented in the context of how many 
pulses have been accumulated on a fixed ablation site. 

Effects of Pulse Rate and Burst Rate 

4 Conclusions 
We have reviewed various pulsed microthrustcr technolo- 
gies and found that Lascr Ablation Microthrusters fill a 
special niche for missions that require nNs minimum im- 
pulse hits for precise pointing. Experimental measure- 
ments of peak ion velocity and current density were taken 
as a function of pulse number, pulse rate, burst rate, 
and background pressure. Each parameter was found to 
change the measurements with the most significant re- 
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sults that 1 )  background pressure changes between 10W4 
and Torr effect the performance, 2) normal-to-target 
ion velocity and current significantly decays after the first 
pulse at the same ablation site, 3) decay rates depend both 
on pulse and burst frequency, and 4) after approximately 
100 pulses a cone of ejected material begins to block ion 
current in the direction normal to the target. From SEM 
images, it appears as if a cone pointing back towards the 
focusing optic is protruding from the surface after 100 
pulses. These results could play an important role in fu- 
ture experimental and LApT designs. 
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Figure 5: Graph of peak ion velocity based on time of 
flight data from Faraday probe over 2000 pulses. Time 
between bursts is 20 sec and time between pulses within a 
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Figure 7: Graph of peak ion velocity based on time of 
flight data from Faraday probe over the first 20 pulses. 
Time between bursts is 20 sec and time between pulses 
wiLhin a burst is 0.5 ms. Error is i 10% due to frequcncy 
response limits of the current amplifier. 
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Figure 6: Graph of peak current density collected at the 
faraday probe normal to the target over 2000 pulses. Time 
betwcen bursts is 20 sec and time between pulses within a 
burst is 0.5 ins. 

Figure 8: Graph of peak current density collected at the 
faraday probe normal to the targct over 2000 pulses. Time 
between bursts is 20 sec and time between pulses within a 
burst is 0.5 ms. 
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Figure 9: Electron micrograph images of multiple pulse ablation sites on an aluminum target. Each ablation process 
started with a fresh surface. A ten micron sizcd scale is shown in the upper left image, and each image is magnified 
by the same amount. The laser source comes from 30" to the left of normal as viewed in these images. 




