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Abstract: A fundamental study on a laser-electric hybrid thruster was conducted, in 
which laser-induced plasmas were generated through laser beam irradiation on to a solid 
target and accelerated by electrical means instead of direct acceleration using only a laser 
beam. As two typical cases of the hybrid propulsion systems, a feasibility study on 
electrostatic acceleration mode and electromagnetic acceleration mode of the laser ablation 
plasma were conducted including thrust performance tests with a torsion-balance, ion 
current measurements, and ICCD camera observations. In both acceleration modes, it was 
confirmed that the thrust performances could be improved with electric energy inputs. 
Detailed acceleration mechanisms in each mode were also discussed.  

I. Introduction 
he current trend towards smaller spacecraft, which is not only mass limited but also power limited, has produced 
a strong interest in development of micropropulsion devices.1-4 The significance in reducing launch masses has 

attracted growing interests in regard to reduction of mission costs and increase of launch rates. Although, in the past, 
many very small spacecraft have lacked propulsion systems altogether, future microspacecraft will require 
significant propulsion capability in order to provide a high degree of maneuverability and capability. The benefit of 
using electric propulsion for the reduction of spacecraft mass will likely be even more significant for mass limited 
microspacecraft missions.2 Feasibility studies of microspacecraft are currently under development for a mass less 
than 100 kg with an available power level for propulsion of less than 100 watts.2-4 Various potential propulsion 
systems for microspacecraft applications, such as ion thrusters, field emission thrusters, PPTs, vaporizing liquid 
thrusters, resistojets, microwave arcjets, pulsed arcjets, etc., have been proposed and are under significant 
development for primary and attitude control applications.4
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   On the other hand, small-sized onboard laser plasma thrusters are 
also under significant development with rapid evolutions of novel 
compact laser systems. One of the advantages of the laser thrusters is 
that they can induce high specific impulse. Also the system can be very 
simple and small with significant controllability of the thrust.5-8 In 
order to improve thrust performances and system simplicities of those 
conventional electric and laser propulsion systems, a preliminary study 
on a laser-electric hybrid propulsion system was conducted.  

II. Laser-Electric Hybrid Thrusters 
Schematics of laser-electric hybrid acceleration systems are 

illustrated in Figs.1 and 2.9-13 A basic idea of these systems is that 
laser-ablation plasmas, induced through laser irradiation on a solid 
target, are additionally accelerated by electrical means.  Since any 
solid material can be used for the propellant in these cases, no tanks, 
no valves, or piping systems are required for the propulsion system. 
Also, various materials in any phase can be used for the propellant. 
Therefore, the system employing this technique can be very simple and 
compact. As the laser-ablation plasma has a directed initial velocity of 
tens of km/sec, which will be further accelerated by electrical means, 
significantly high specific impulses can be expected.  

In this case, depending on electrode configuration, plasma density, 
electrical input-power (voltage and current), etc., acceleration 
mechanisms for the laser-ablation plasma can be varied into three 
types, as shown in Fig.3(a), i.e., i) electrostatic acceleration, ii) 
electromagnetic acceleration, and iii) electrothermal acceleration.14

Especially for the laser-ablation plasma, depending on laser conditions 
such as pulse energy, fluence, etc., plasma density distribution can be 
widely controlled. Moreover, this can also be increased through 
additional electric discharges. 

Therefore, optimizing the electrode configuration for additional 
electric acceleration, and properly controlling a power source, or 
voltage and current, adapting to each acceleration mechanism, the 
propulsion system satisfying all the above acceleration schemes 
through i) to iii) can be achieved with one thruster configuration.  
Namely, this system enables a robust conversion between high specific 
impulse operation and high thrust density operation in regard with 
mission requirements, as shown in Fig.3(a). Each of two typical types 
of the acceleration schemes are currently being investigated as 
described in following subsections.9-13

Regarding forms of energy contributions, or input for acceleration 
processes, the laser-electric hybrid thrusters can be classified into 
various operational modes as defined in Fig.3(b). When an electric 
energy contribution on the acceleration process is zero compared to 
laser energy, the thruster can be defined as “Pure Laser Propulsion 
Mode”. If the electric contribution is smaller than the laser contribution, it can be defined as “Electric-Assisted Laser 
Propulsion Mode”. Also, with greater electric contribution than laser, it can be “Laser-Assisted Electric Propulsion 
Mode”. Moreover, with zero contribution of lasers, it can be “Pure Electric Propulsion Mode”. 

A. Electromagnetic Acceleration 
One of the laser-electric hybrid acceleration techniques considered in our recent studies is the laser-

electromagnetic acceleration. In order to improve thrust performances of electromagnetic acceleration thrusters such 
as pulsed-plasma thrusters, or PPTs, effects of utilization of a laser beam are being investigated.9-12
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Figure 1. Schematic illustration and 
photo of a coaxial laser-
electromagnetic hybrid thruster.  

Accel. electrode ring

Laser pulseTarget

Laser-induced 
plasma

Accel. electrode ring

Laser pulseTarget

Laser-induced 
plasma

(a) Schematic illustration.  

10mm0

Target

Laser pulse

Accel.electrode(ring)
Laser-induced plasma

10mm0

Target

Laser pulse

Accel.electrode(ring)
Laser-induced plasma

       (b) Photo of laser-induced plasma. 

Figure 2. Schematic illustration and 
photo of a laser-electrostatic hybrid 
thruster.
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The PPTs, generally utilizing a solid propellant usually PTFE (Teflon®), have attracted a growing interest for 
their system simplicity and advantages on miniaturization and mass reduction for the use of attitude or orbit control 
thrusters for small-sized spacecrafts, despite their low 
efficiency.14-16 In the PPTs, it is difficult to complete the 
processes including phase changes and electromagnetic 
acceleration simultaneously during single discharge pulse, 
because there is a delay in the phase changes of the solid-
propellant after the pulse discharge initiation. Various masses 
including low-speed macroparticles can have quite different 
velocities. Since residual vapor or plasma from the late-time 
evaporation of the propellant surface remains in the discharge 
chamber due to the delay, which cannot contribute to the 
impulse bit, it has been difficult to improve this mass loss of 
the propellant and namely thrust efficiency.14-16 In order to 
reduce this late-time ablation and to improve thrust efficiency, 
effects of utilization of laser-pulse irradiation, or assistance, 
were investigated, which can induce a conductive plasma from 
a solid-propellant surface in a short duration, i.e., using a short-
duration conductive region of the plasma between electrodes, 
short-pulse switching or discharge can be achieved.9-12 Since 
the use of a shorter pulse of the laser enables a shorter duration 
of a pulsed-plasma in this case, a higher peak current and 
significant improvement of thrust performances can be 
expected. In addition, depending on the laser power the laser-
induced plasma occurring from a solid-propellant usually has a 
directed initial velocity, which can also improve the thrust 
performance compared to conventional PPTs. A schematic of a 
coaxial laser-electromagnetic acceleration thruster is illustrated 
in Fig.1.9-12 The thruster utilizes a laser-beam irradiation to 
induce a plasma region ionized from a solid-propellant 
between electrodes, and then an electric discharge is induced in 
this conductive region. Since the plasma is induced through 
laser ablation of the solid propellant, various substances, such 
as metals, polymers, ceramics, etc., in various phases can be 
used for the propellant. Therefore, this system must be 
effective not only for space propulsion devices but also for 
plasma sources for material processing in industry. 

B. Electromagnetic Acceleration 
As for another mode of laser-electric hybrid thrusters, a 

preliminary investigation on a laser-electrostatic hybrid 
acceleration thruster is being conducted, in which a laser-
ablation plasma is accelerated by an electrostatic field.13 A 
schematic illustration and a photo of the thruster are shown in 
Fig.2. As shown in this figure, a focused laser pulse is 
irradiated on to a solid target, or propellant. Then, a laser-
induced plasma, or laser-ablation, occurs at an irradiating spot 
of the propellant surface. In the laser-ablation process, first of 
all, electrons are emitted from the surface, and, then, ions are accelerated through Coulomb explosion.  

In this study, those ions are further accelerated with an additional acceleration electrode. Since the laser-induced 
plasma from the target having a directed initial velocity is further accelerated by an electrostatic field, the high 
specific-impulse can be expected. 
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Figure 3. Classification of laser-electric 
hybrid propulsion systems based on thrust 
characteristics and energy contributions, 
where CT: Chemical Thermal Propulsion, 
NT: Nuclear Thermal Propulsion, ET: 
Electrothermal Propulsion, EM: 
Electromagnetic Propulsion, ES: 
Electrostatic Propulsion, LT: Laser 
Thermal Propulsion, LE: Laser Electric 
Hybrid Propulsion.  
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III. Experimental Investigation of Laser-Electrostatic Acceleration Mode 
A schematic illustration and photo of a laser-electrostatic 

hybrid thruster is shown in Fig.2. As shown in this figure, the 
thruster consists of a target, or propellant, an acceleration 
electrode, and a laser head. As for the target or solid propellant, 
a Cu plate was used, which was mounted on an X-stage to 
refresh irradiating spots. For the laser oscillator, an LD-pumped 
Nd:YAG Microchip laser (JDS UNIPHASE, PowerChip 
Nanolaser, wavelength: = 1064 nm, pulse energy: 50 J/pulse, 
pulse width: 250 psec, repetition rate: 1 kHz) was used. Laser 
ablation plasmas or ions were accelerated by an acceleration 
electrode (or grid) made of a Cu plate with a hole of 1.5 mm in 
diameter. In order to elucidate effects of an electrostatic field of 
the acceleration electrode, acceleration voltages were changed 
from – 300 V to + 300 V.  

A. Thrust Performance Test 
A schematic of an experimental setup for thrust 

measurement is shown in Fig.4. Laser pulses were irradiated 
from outside of a vacuum chamber through a quartz window. In 
order to estimate micro-Newton-class thrusts, a calibrated 
torsion-balance type thrust-stand was developed and tested.12 A 
schematic illustration of the torsion-balance is given in Fig.5. 
The torsion-balance consists of a balance, a pivot, a 
displacement sensor, and a counter weight. The balance is 380 
mm long made of aluminum. Distance between the pivot and 
thruster is set 220 mm. For the pivot, commercial flexural pivot 
(5.08 mm in length, 3.18 mm in diameter) was used. A torsional 
spring rate of the pivot is k = 2.4 x 10-2 Nm/rad. As for the 
displacement sensor, a non-contacting displacement sensor of 
eddy current type (EMIC, 503-F, NPA-010, maximum range: 1 
mm, minimum displacement: 0.5 m) located at 220 mm from 
the pivot was used. The counter weight consisting of a stainless-
steel block was placed at 150 mm from the pivot. In this study, 
the thrust measurement was performed in cases of laser 
repetition rate of 1 kHz. On the other hand, a natural frequency 
of the torsion-balance was much longer than 1 msec. Therefore, 
the balance is measuring the steady force from the thruster 
acting continuously at 1 kHz, rather than single shot impulses 
each induced at each laser pulse by a laser-ablated and 
subsequently accelerated plasma.  

B. Temporal Evolution of Ion Currents and Plasma 
Densities 

 Figure 6 shows a schematic of an experimental setup for 
temporal evolution measurement of ion current by a Faraday cup. 
The Faraday cup was placed at 120 mm away from the target 
surface at angles of 0 ~ 30 degrees relative to a center axis of the 
thruster. The ion currents were monitored by an oscilloscope 
(LeCroy, 9374TM, range: 1 nsec/div ~ 5 msec/div). Temporal 
evolutions of plasma temperatures and densities were also 
diagnosed by electrostatic probe measurements of plasma 
plumes. The electrostatic probe consisting of a tungsten rod of 
0.1 mm in diameter and 1.8 mm in length was placed at 5 mm 
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away from the acceleration electrode edge on the centerline.  

IV. Results and Discussion of Laser-Electrostatic 
Acceleration Mode 

A. Thrust Performances of a Laser-Electrostatic Hybrid 
Acceleration Thruster 

Variation of thrust with changes of acceleration electrode 
voltage relative to a target potential for various diameters of 
acceleration electrodes, daccel = 1.5 ~ 6 mm, is shown in Fig.7. As 
shown in this figure, a thrust of a laser-ablation plasma at 0 V is 
about 1.2 N and 2.1 N for daccel = 1.5 mm and 3 mm, 
respectively. It can be seen that the thrust is increased with the 
increase of negative potentials of the acceleration electrode, i.e., it 
increases up to 1.5 N for daccel = 1.5 mm and 2.9 N for daccel = 3 
mm at – 100 V. Moreover, it should be noted that the thrust is also 
increased with positive potentials applied to the acceleration 
electrode. In this case, it rises up to 1.6 N for daccel = 1.5 mm and 
2.9 N for daccel = 3 mm at + 100 V.  

It is shown that the positive potential of the acceleration 
electrode is slightly more effective for the thrust than the negative 
potential in low acceleration voltage conditions shown in Fig.7. In 
addition, it was observed that discharge current between a target 
and an acceleration electrode tended to increase with the increase 
of positive potential at Vaccel > + 300 V, showing a transition from 
electrostatic acceleration mode to electrothermal or to 
electromagnetic acceleration mode. In general ion thrusters based 
on an electrostatic acceleration mechanism, positive ions 
produced in an ionization chamber are attracted by an electrostatic 
field of an acceleration electrode with negative potential relative 
to a plasma potential. However in this system, situation is 
completely opposite, namely, positive ions are accelerated through 
the positive potentials. Detailed mechanisms of these phenomena 
are discussed in the next section.  

Variations of mass removing rates per pulse with the change 
of acceleration voltage are shown in Fig.8. Since relative 
motion was given between the laser beam and the target at 
constant feed speed, traces of irradiated spots formed grooves 
on the target surface. Measuring the groove depths and widths 
with a laser-microscope, the mass removing rates from the 
propellant target, or mass flow rates, could be estimated.   

Specific impulses calculated from results of Figs.7 and 8 
are replotted in Fig.9. In this case, a specific impulse of a pure 
laser-ablation plasma is 950 sec, while in a – 100 V case, it 
increases up to 1820 sec. Moreover in a case of + 100 V, it 
rises up to 1780 sec.  

B. Temporal Evolutions of Temperature and Density of 
Exhaust Plasma Plume 
       Since phenomena of pulsed plasmas exhausted from the 
laser-electric hybrid thruster were reproductive, temporal 
evolutions of plasma temperature and density were estimated 
from temporal slices of current-voltage characteristics as 
following manners.  

Figure 7. Thrust vs. accel. voltage for 
target-grid distance: 0.5 mm. 

0

50

100

150

200

250

-1500 -1000 -500 0 500
Accl.Voltage, V

Io
n 

m
as

s, 
ng

5

6

7

8

9

10

D
ep

th
, μ

m

Ion mass
Depth

Figure 8. Removed depth and 
mass vs. accel. voltage for daccel = 
3 mm and target-grid distance: 
0.5 mm.  

0

500

1000

1500

2000

-200 -100 0 100 200
Accl.Voltage, V

Is
p,

 se
c

0

50

100

Th
ru

st 
ef

fic
ie

nc
y,

 %

Isp

Figure 9. Specific impulse vs. accel. voltage for 
daccel = 3 mm and target-grid distance: 0.5 mm.  



The 29th International Electric Propulsion Conference, Princeton University,  
October 31 – November 4, 2005 

6

Temporal evolutions of probe currents for various probe voltages are shown in Fig.10. As shown in these probe 
current variations, it was shown that electron currents tended to occur before ion currents, showing some flows of 
electrons reaching the probe earlier than most of the ions. Slicing results of Fig.10 at a targeted moment, at 1 sec 
for example, a temporal slice of a current-voltage relation can be obtained, as shown in Fig.11. From the current-
voltage characteristic, electron temperature and density were estimated through a conventional electrostatic probe 
theory. Estimating the electron temperatures and densities for various time slices, temporal evolutions of electron 
temperatures and densities were plotted in Figs.12 and 13, respectively. Although some scatters of the data are 
included, increases of electron temperatures in both Vaccel = – 100 V and + 100 V cases can be seen compared to 
Vaccel = 0 V. Higher electron densities can also be seen in both Vaccel = – 100 V and + 100 V cases compared to Vaccel
= 0 V case.  
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C. Temporal Evolution of Ion Current and Ion Velocity 
Distribution 

1. Ion Current Measurement 

       Typical ion current waveforms measured by a Faraday cup 
for various voltage cases applied to an acceleration electrode 
are plotted in Fig.14. When the acceleration voltage Vaccel = 0 
V relative to a target potential, a peak ion current is 8 A at 5 

sec, and it converges zero at about 15 sec. When Vaccel = – 
100 V, the peak current is 9 A at 3 sec. While in Vaccel = + 
100 V, the peak current is much higher, 9 A at 3 sec.
Therefore, it can be seen that the peak ion current increases 
with either negative or positive potentials applied to the 
acceleration electrode. 

From the ion currents measured by the Faraday cup ion 
velocity distributions were estimated and plotted in Fig.15.13,17

Form the figure, it can be seen that number of faster ions ( > 
40 km/sec) become larger with applied voltages of the 
acceleration electrode. Also, the significant decrease of 
number of slow ions can be seen in Vaccel = + 100 V rather than 
Vaccel = – 100 V. From these velocity distributions of ions, 
average velocities of ions in each case were calculated through 
integration of ion velocities weighed by a distribution function 
over velocity space. The average ion velocities were 17 km/sec 
in Vaccel = 0 V, 20 km/sec in Vaccel = – 100 V and 25 km/sec in 
Vaccel = + 100 V. 

2. Temporal Evolutions of Target and Acceleration 

Electrode Currents 

In order to investigate detailed acceleration mechanisms, 
temporal variations of currents, or potentials, of a target and an 
acceleration electrode were measured. Temporal variations of 
those currents for Vaccel = 0 V are shown in Fig.16(a). As for 
the target current, a positive current is observed at initial 20 
nsec. The positive target current in this case indicates that 
electron emission is occurring from the target surface. At 0.1 ~ 
0.4 sec, an abrupt drop and negative current are observed. 
The negative target current indicates that those emitted 
electrons are being reattached to the target surface, or that ions 
are emitted through Coulomb explosion from the target. As for 
the acceleration electrode current, a negative current is 
observed at initial 20 nsec. The negative current means that 
some of electrons, emitted from the target, are being absorbed by the acceleration electrode. At 0.1 ~ 1.2 sec, the 
current abruptly rises and takes positive values. This is probably due to subsequent ion absorption by the 
acceleration electrode, in which those ions are subsequently emitted from the target following and/or being attracted 
by the foregoing electrons. While for the ion current measured by the Faraday cup, estimating arrival time of ions at 
the acceleration electrode from Fig.11, its rise time almost coincides with that of electrode current. Therefore, it is 
clear that some of ions are arriving to the electrode at that time, and most of the ions are probably being accelerated 
to the electrode exit. Temporal evolution of electron and ion emissions are shown in Fig.16(b). It can be seen that 
electrons are initially emitted from the target surface and subsequent ions follows. From these measurements, the 
acceleration mechanism in this case is that; 1) electrons are emitted from target surface, 2) ions are subsequently 
emitted from the target, 3) electrons first arrive at the acceleration electrode and subsequent ions follow, and 4) ions 
attracted by the acceleration electrode are accelerated to the exit.  

Temporal evolutions of target and acceleration electrode currents for Vaccel = – 100 V are shown in Fig.17. As for 
the target current, a negative current is observed at initial 1.6 sec. In this case, a negative peak is – 5.5 mA at 0.25 

sec. This indicates that ions are emitted from the target surface, and/or that some of electrons emitted from the 
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target by laser-ablation are being reattached to the target. As for the acceleration electrode current, a positive current 
at initial 1.6 sec is observed, where a positive peak is + 5.5 mA at 0.25 sec. This means that ions are being 

attracted and some of them being absorbed by the 
acceleration electrode, and the others being accelerated. 
The acceleration electrode current has a similar tendency 
with that of the ion current estimated from the results of 
the Faraday cup in Fig.14, having identical rise time. 
From these results, the acceleration mechanism in this 
case of Vaccel = – 100 V is that; 1) electrons are emitted 
from target surface, 2) ions are subsequently emitted 
from the target, 3) electrons arrive and are repelled at the 
acceleration electrode and subsequent ions follow, and 4) 
ions attracted by the electrode of Vaccel = – 100 V are 
accelerated to the exit.  

Temporal evolution of target and acceleration 
electrode currents for Vaccel = + 100 V are shown in 
Fig.18. As for the target current, an abrupt rise at 20 nsec, 
a positive current ~ 1.6 sec, and a positive peak of 
2.1mA at 0.25 sec are observed. This indicates that this 
positive signal is mostly by electron emission from the 
target surface. As for the acceleration electrode current, a 
negative current at 0.02 ~ 1.6 sec having a negative 
peak of – 3.8 mA at 0.25 sec can be seen. This negative 
current means that the electrons emitted from the target 
are being attracted and some of them are being absorbed 
by the acceleration electrode. It can be seen that rise time 
of the acceleration electrode current almost coincides 
with that of the ion current estimated by the Faraday cup. 
Therefore, at this time, some of the ions are being 
absorbed and/or the others being accelerated by the 
acceleration electrode. From these results, the 
acceleration mechanism in this case of Vaccel = + 100 V is 
that; 1) electrons are emitted from target surface, 2) ions 
are subsequently emitted from the target, 3) electrons 
arrive and are being accelerated at the acceleration 
electrode and subsequent ions follow, and 4) ions 
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attracted by those foregoing electrons and/or repelled 
by the electrode of Vaccel = + 100 V and by each other, 
or Coulomb explosion, are accelerated to the exit.  

V. Experimental Investigation of Laser-
Electromagnetic Acceleration Mode 

For the thruster (Fig.1), a coaxial electrode 
configuration with an annular copper anode (5 mm 
in diameter) and a carbon rod cathode (3 mm in 
diameter), which is also the solid propellant, was 
used, in which a channel length between the cathode 
edge and the anode exit was set 3 mm. A schematic 
of experimental setup is given in Fig.19. A Q-sw 
Nd:YAG laser (BMI, 5022DNS10, wavelength: =
1064 nm, pulse energy: 266 mJ/pulse, pulse width: 
10 nsec) was used for a plasma source. The laser 
pulse was irradiated into a vacuum chamber (10-3 Pa) 
through a quartz window and focused on a target, or 
a propellant, with a focusing lens (f = 100 mm). Discharge 
current was monitored with a current monitor (Pearson 
Electronics, Model-7355, maximum current: 10 kA, minimum 
rise time: 5 nsec) and an oscilloscope (LeCroy, 9374TM, range: 
1 nsec/div ~ 5 msec/div). In this study, preliminary experiments 
on switching, or discharge between the cathode and anode, and 
discharge characteristics of the laser-induced plasma were 
conducted. In order to observe temporal behaviors of exhaust 
plasma plumes, ICCD camera observation (ANDER 
TECHNOLOGY, minimum gate width: 2 nsec) was conducted. 

Moreover, in order to estimate Nsec-class impulses, a 
calibrated torsion-balance type thrust-stand was developed and 
tested.15  A photograph the torsion-balance is given in Fig.20. 
Detailed descriptions of the thrust-stand and its calibration 
procedure are given in Ref.15. The torsion-balance consists of a 
balance, two pivots, a displacement sensor, and a counter weight. 
The balance is 600 mm long made of aluminum. Distance 
between the pivot and thruster is set 437 mm. For the pivots, the 
Flexural Pivot (SDP/SI) was used.  A torsional spring rate of the 
pivot estimated in this case is k = 4.7 x 10-2 Nm/rad. As for the 
displacement sensor, a non-contacting displacement sensor of 
eddy current type (EMIC, 503-F, NPA-010, maximum range: 1 
mm, minimum displacement: 0.5 m) located at 450 mm from 
the pivots was used.  

VI. Results and Discussion of Laser-Electromagnetic Acceleration Mode 

A.  Discharge Current Characteristics through Laser-Induced Plasma 
Temporal variations of discharge current for charged voltage conditions from 500 to 2,000 V charged to a 

capacitor of 1.4 F are shown in Fig.21(a), in which a maximum charged energy is 0.18 J. In the 500 V case, a 
single pulse discharge peaking up to 656 A at 1 sec with a pulse width of 2.5 sec is observed. In the figure, 
positive values on an ordinate mean a positive current from anode to cathode. It is confirmed that electric discharges 
can be achieved even under low voltage conditions (~ 500 V). Although conventional pulsed plasma thrusters 

Figure 20. Photo of a torsion-balance 
type thrust stand.  
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Figure 19. Schematics of experimental 
setup. 
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(PPTs) have been driven with several-kilovolts at several-
microsecond pulse-discharges9-11, it is shown that shorter 
pulse discharges can be achieved under much lower 
voltage conditions with laser-assisted discharges.  

Therefore, it is presumed from these results that 
current patterns must be depending on plasma behaviors, 
or laser pulses, which can be actively controlled with the 
incident laser pulses in low-voltage conditions. Also, it 

can be seen that the higher the voltages, the higher the currents being induced. Although one positive wave of the 
current of about 2 sec-duration is observed in low-voltage cases, the current oscillation with longer duration is 
occurring in higher voltage conditions. At 1,000 V (0.72 J), a negative current can be observed and converging zero 
at about 5 sec. At 2,000 V (2.87 J), a positive peak rises up to + 2,910 A at 1.2 sec and converging zero at about 
7.5 sec.   
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Figure 21. Temporal variations of discharge current. 

a 0nsec

c 100nsec d 500nsec

h 2500nsec

j 5000nseci 3000nsec

k 8000nsec l 10000nsec

e 1000nsec f 1500nsec

g 2000nsec

b 50nsec

Figure 22. ICCD images of plume from a coaxial
thruster for 2000V, 4.3µF, 8.65J.
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Current waveforms for a capacitor of 2.9 F are shown in Fig.21(b). As shown in (a), the peak currents also 
become higher with higher voltage cases. At 2,000 V (5.80 J), the current abruptly rises and reaches a maximum 
value of + 4,470 A at 1.2 sec, after which it falls down to a minimum value (– 980 A) at 4 sec and converges zero 
at about 6 sec.  

Temporal variations of discharge current for a larger capacitor case are given in Fig.21(c), where capacitors of 
4.3 F were used. From the figure, the current at 2000 V (8.65 J) abruptly rises and reaches a maximum value of 
5,330 A at 1.5 sec, after which it falls down to a minimum value (– 980 A) at 5 sec and converges zero at about 7 

sec.  

B. Plasma Plume Observation with ICCD Camera 
ICCD images of a discharging plasma plume from the thruster are shown in Fig.22 for a 2,000 V case. After 

laser irradiation, a small-spot plasma at the center of an exposed propellant surface is being induced at about 50 nsec. 
At 100 nsec, the plasma emission is becoming stronger. Corresponding current wave forms of Fig.21(c), in which 
the current reaches a positive peak at 1,500 nsec, a strong plasma emission is induced and the plume is rather 
convergent in an axial direction. At 2,500 to 3,000 nsec, the plasma plume is extending in the axial direction. Then 
the current reaches a negative peak at 5,000 nsec, in which the plasma emission is being stronger again. After that, 
the emission is gradually getting weaker scattering in the axial direction until 10,000 nsec.  

C. Thrust Performance Measurements 
Plots of impulse bit measured with a torsion-balance type thrust-stand for various energies charged to capacitors 

for laser pulse energy of 266 mJ are shown in Fig.23. As shown in this figure, the impulse linearly increases from 3 
to 64 Nsec with the energy up to 8.65 J. Although a value of 3 Nsec is obtained even at 0 J, this is the case of the 
pure laser ablation with laser energy of 266 mJ. Deviations of the plots are probably due to those of laser pulse 
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energies and misalignments of mechanical and optical elements at each operation. Mass shots from the thruster were 
estimated with an electronic balance (SHIMAZU, LIBROR AEX-200G). Those were 1.0 g/pulse for 0J and 2.7 

g/pulse for 8.65 J.  
Specific impulse variation with charged energy for laser pulse energy of 266 mJ is plotted in Fig.24. A linear 

increase of the specific impulse with energy can be seen in this figure. At 0 J, where pure laser ablation with laser 
energy of 266 mJ, specific impulse is about 300 sec. While in 8.65 J, it increases up to 2,535 sec, which is 
significantly higher than conventional PPTs operated under similar energy levels. This is probably due to the 
directed initial plasma velocities induced through the laser ablation in an initial phase, which is subsequently 
accelerated by an electromagnetic field. 

Relationship between momentum coupling coefficient Cm and charged energy for laser pulse energy of 266 mJ is 
shown in Fig.25. From the figure the coupling coefficient decreases with energy showing maximum value at 0 J, or 
in a pure laser ablation case.  

Relationship between thrust efficiency ( = [kinetic energy)/[(charged energy) + (laser energy)] and charged 
energy for laser pulse energy of 266 mJ are given in Fig.26. As shown in this figure, thrust efficiency increases  with 
energy. It should be noted in these cases that thrust efficiency of the pure laser ablation thruster can be recovered 
with electric energy inputs.  

Values of the thrust efficiency obtained in this study for input energy ranging 7 ~ 9 J are significantly higher 
than those of conventional PPTs.11  This is probably due to effects of the directed initial velocity of the plasma 
induced through the laser ablation. Most portion of the plasma induced through laser ablation is supplied to a 
discharge channel as a propellant with the directed initial velocity in a short duration (~ 500 nsec) before main 
discharge occurring at 1 ~ 1.5 sec, and leads the discharge. At the same time, most part of the plasma conducting 
the current is probably accelerated through the Lorentz force. In this process, the late-time vaporization, which is 
related to one of primary losses in conventional PPTs, seems insignificant.  

VII. Conclusions 
A fundamental study on laser-electric hybrid thruster was conducted, in which laser-induced plasmas were 

generated through laser beam irradiation on to a solid target and accelerated by electrical means instead of direct 
acceleration using only a laser beam. As two typical cases of the hybrid propulsion system, a feasibility study on 
electrostatic acceleration mode and electromagnetic acceleration mode of the laser ablation plasma were conducted.  
     Following results for the electrostatic acceleration mode were obtained.  
I-1) For a pure laser ablation case, or at acceleration voltage of Vaccel = 0 V, thrust of T = 2.1 N, and Isp of 950 
sec were obtained. Also, an average speed of ions of a pure laser ablation was vion = 17 km/sec for 40 J/pulse with 
pulse width of 250 psec. 
I-2) As for Vaccel = – 100 V, T = 2.9 N, Isp = 1800 sec, and vion = 20 km/sec were obtained.  
I-3) Moreover, for Vaccel = + 100 V, T = 2.9 N, Isp = 1800 sec, and vion = 25 km/sec were achieved. In the range 
of experimental conditions of this study, it was confirmed that thrust performances were successfully improved with 
an acceleration electrode with either positive or negative potentials.  
I-4) It was shown that the positive potential of the acceleration electrode was slightly more effective for the 
positive ion acceleration than negative potential cases.  
I-5) In order to investigate acceleration mechanisms, target and acceleration electrode currents were measured. It 
was confirmed that for positive acceleration electrode potential cases, i) electrons were emitted from target surface, 
ii) ions were subsequently emitted from the target, iii) electrons arrived and were being accelerated at the 
acceleration electrode and subsequent ions followed, and iv) ions attracted by those foregoing electrons and/or 
repelled by the acceleration electrode and by each other, or Coulomb explosion, were accelerated to the exit.   
      As for the electromagnetic acceleration mode, following results were obtained.   
II-1) At 8.65 J discharge energy with a 266mJ laser pulse energy, the maximum current reached up to 4470 A.
II-2) From the plasma behavior observations with the ICCD camera, it was shown that intense plasma emission 
and oscillating peak currents were simultaneously occurring, showing effects of the currents on plasma emission, or 
namely acceleration.
II-3) Impulse bit and specific impulse linearly increased with the charged energy up to 64 Nsec and 2,535 sec, 
respectively. Thrust efficiency also increased with the energy up to about 9 %. Therefore it was confirmed that the 
thrust performances of this acceleration mode could be improved with electric energy inputs.
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