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Abstract – The use of recoil momentum from a 

laser ablative flare is found to be one of promising 

way for development of a low-propulsion thrusters 

(LPT) for launching of micro and nano-satellites. 

The present work suggests to employ the liquid  

Ga-In alloy as the ablated body instead a solid-

state one. A YAG-Nd laser with output of 0.25 mJ 

and pulse duration of 2.5 ns (FWHM) was used for 

the ablation. Charge resolved, ion energy distribu-

tions of the laser-ablative plasma were studied by 

means of an energy-mass analyzer EQP Hiden 

Analytical. Angular distribution of laser plasma 

density and plasma flow velocity were retrieved 

from measurement of ion saturation currents on a 

set of collectors placed at different axial and azi-

muthal angles relative to the target surface normal. 

It was found that the thrust from the liquid-metal 

target remains very stable during a long operation 

time while life-time of the target is limited only by 

the working body supply.  

1. Introduction 

For control of low-weighing satellites, the laser-

plasma thrusters (LPT) are perspective based on utili-

zation of the recoil impulse of ablation plasma stream. 

[1, 2]. The ultra-compact, low-weight Nd:YAG pulsed 

lasers pumped by a light-emitted diode are available 

for LPT [2]. Main advantages of LPT is the possibility 

of stable operation at a very small thrust impulse 

(< 10–7 N  s) both a high efficiency of working body 

utilization due to high velocity of ablated material 

(> 106 cm/s).  

If a solid-state material is used as a ablated target, 

the special mechanical system is required for replac-

ing the working body in region of the laser radiation 

focus. This disadvantage can be avoided essentially by 

use a liquid-phase alloy as a working body. Really, in 

this case absorbing media is restored by itself in a 

short time under action of forces of a surface tension. 

Moreover, for a liquid absorbing media the ablation 

threshold is expected more lower compared to solid 

state one, and the efficiency – more higher [3]. 

The present paper presents the first results of  

experimental study of composition and kinetic charac-

teristics of ablation plasma from liquid-phase absorb-

ing media.  

2. Experimental arrangement 

For ablation, the miniature 1064 nm wavelength  

Nd-YAG laser pumped by light emission diode was 

used, similar to one described in [2]. The main pa-

rameters of laser pulse are as follows: FWHM dura-

tion t1/2 = 2.7 ns, pulsed radiation energy – 0.28 mJ per 

pulse, pulse repetition rate – up to 500 Hz. Laser ra-

diation was focused by a quartz lens with a focal 

length f = 5 cm into the focal spot with a diameter 

down to 0.01 cm. Thus, the energy and peak power 

densities reached values of 3 J/cm2 and 109 W/cm2, 

respectively.  

The target represented a SS capillary tube of 

0.5 mm inner and 0.8 mm outer diameters, filled by 

Ga70% In30% alloy liquid at room temperature. The 

working edge of a capillary was cut with angle of 45. 
The experiments on plasma diagnostics were car-

ried in condition of oil-free vacuum at a residual pres-

sure ~ 10–7 Torr. The target was electrically grounded 

and irradiated by the laser beam with incidence angle 

of 45 as it schematically shown in Fig. 1. The flange 

normally directed to the target surface, was reserved 

for plasma diagnostics. Mass-energy analyzer EQP by 

Hiden Analytical was docked to it for investigation of 

ion charge-state (CSD) and energy distributions 

(IED). It represented by the combination of electro-

static energy-to-charge and quadrupole mass- 

to-charge filters with resolution of 0.05 eV and 

0.1 a.m.u., respectively. Diameter of an entrance ori-

fice of analyzer and distance to the target were 

300 m and 8.5 cm, respectively. The entrance orifice 

was grounded.  
 

 

Fig. 1. Experimental arrangement 
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To study the angular distribution of the plasma 
flow, the EQP-analyzer was replaced by the special 
system of collectors (Fig. 2). It represented an electri-
cally grounded stainless-steel hemisphere, 34 mm in 
diameter, in which there were a hole for input of a 
laser beam (is marked by a thick arrow), and also  
7 apertures of identical diameter of 2.6 mm positioned 
at various axial and azimuthal angles  and . Values 
of angles  and  for all apertures are collected in Ta-
ble 1. Behind apertures on a distance of 1 mm, collec-
tors were placed. Ionic saturation currents from 
plasma to collectors were registered. For this purpose, 
low bias voltage of negative polarity (Vbias = –50 V) 
was applied to collectors, as shown in Fig. 2, a.  

 

 
a 

   
b 

 
c 

Fig. 2. Electrical circuit for registration of the ion current (a);  

 photos of collector unit: methodical (b) and in-operation (c) 
 

To define mass loss of a liquid alloy, the target 
was weighed with the accuracy of ± 5 g before and 
after  2  106 pulses.  

3. Experimental results and discussion 

Figure 3 shows a typical mass spectra of ions of abla-
tion plasma stream. Apparently from the figure, there 
are Ga and In ions with a charge state Z up to +5. 
Herewith, the energy-to-charge ratio E/Z was fixed. 
Therefore, the presenting in Fig. 3 data can be used for 
checking the isotopic composition, but the charge-
state distribution can be only illustrated by this mass-

spectra. For quantitative characterization the charge-
state and elemental composition, the energy-integrated 
data are more correct. The charge-state resolved, en-
ergy distributions were studied for only one gallium 
(Ga69) and one indium (In115) isotopes. In Fig. 4, raw 
experimental data I(E/Z) representing distributions of 
ions on energy-to-charge ratio are collected for Ga 
ions with Z = 1 to 5.  

 

I, counts/s 

 
M, a.m.u. 

Fig. 3. Elemental and charge-state composition for ions at  

  a fixed energy-to-charge ratio E/Z = 280 eV  

I, counts/s 

 
E/Z, eV 

Fig. 4. Energy-per-charge distribution of Ga69 ions for  

  a different charge state Z = 1 to 5  

Total energy distributions of ions F(E) can be eas-
ily restored as 

 F(E) = I(E/Z)/Z.  (1). 

Distributions F(E) for both Ga and In ions are pre-
sented in Fig. 5 separately for of different charge 
states Z = 1–4. In Tables 1 (Ga) and 2 (In) some statis-
tical data are cited, obtained by a standard integration 
procedures of energy distributions: ion charge state 
distribution and an average ion charge <Z>, as well as 
the average energy <E> and velocity <v> of ions of 
each charge state and mean for elements. 

Apparently from the presented data, the ion energy 
increases practically proportionally its charge. The 
specific energies (per charge) are nearly constant, es-
pecially for highly-ionized ions (about 280 eV for Ga 
ions with charge state Z = 3 to 5, see Fig. 4). For 
Z > 2, ion energy distributions practically not contain 
a low-energy fraction (E/Z < 200 eV for Ga, Fig. 4), 
are multi-modal, and strongly differ from Maxwellian 
distributions. The mentioned regularities testify to a 
prevalence of the potential mechanism of ion accelera-
tion, which can be connected with the plasma polari-
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zation and appearance the internal electric field in 
plasma, directed outside the plasma stream. 
 

F, counts/s  

 
F, counts/s  

 
F, counts/s  

 
F, counts/s  

 
E, eV 

Fig. 5. Total energy spectra for both Ga and In ions of  

  a different charge state Z = 1 to 4  

Table 1 

 Z = 1 Z = 2 Z = 3 Z = 4 Z = 5 

Chare, % 49 40 8 3 < 1 

<ZGa> 1.66 

<E>, eV 235 372 782 1061 1209 

<EGa>, eV 360 (5.76  10–17) 

<v>, km/s 24.4 30.9 46.0 53.3 58.1 

<vGa>, m/s 29663 

PGa, N  s 3.42  10–21 

 
Table 2  

 Z = 1 Z = 2 Z = 3 Z = 4 

Chare, % 42 41 15 2 

<ZIn> 1.75 

<E>, eV 221 565 974 1330 

<EIn>, eV 491 (7.86  10–17) 

<v>, km/s 18.2 29.5 39.8 45.4 

<vIn>, m/s 26496 

PIn, Ns 5.09  10–21 
 

The kinetic energy and propulsion of indium 
plasma species essentially exceed the gallium one. 
Nevertheless the average velocity for indium ions re-

mains a little lower than that for gallium. The effi-
ciency of an energy to propulsion conversion, i.e. the 
relation of an impulse of an ion to the kinetic energy 
P/E, increases with the ion mass-to-charge ratio in-
crease. So for indium species, it remains some higher 
than that for gallium.  

At last, with taken into account the isotopic com-
position, certain “effective” (averaged on a whole ab-
lated media) kinetic parameters of a plasma stream 
along the axial direction are found as follows:  

– effective atomic mass mE  86.2 amu 
  (1.44  10–25

 kg); 
– effective ion charge state ZE  1.69; 
– effective ion kinetic energy EE 407 eV 
 (6.51  10–17 J); 
– effective ion velocity vE   28523 m/s; 
– effective ion impulse pE   4.1  10–21 N  s.  
Typical oscilloscope traces of ion-saturation cur-

rents in the collector circuits are shown in Fig. 6. The 
shape of a plasma luminescence corresponding to 
these oscillograms, can be distinguished in a photo in 
Fig. 2, c. The zero moment of time corresponds to the 
moment of applying a laser pulse. The initial current 
spike was produced by photoelectrons emitted from 
collectors.  

 

Icoll, mA                                    niZ,  1011 cm–3 

 

a 

Icoll, mA                                    nion,  106 cm/s 

 

b 

Fig. 6. Typical waveforms of the collector currents; dynam-

ics of charge-state unresolved ion plasma density at collector 

1 restored by formula (2) (a, right axis); and ion velocity  

  (b, right axis, formula (3))  

Charge-state unresolved, the ion plasma density 
varying in time niZ(t) at a distance rC = 18 mm from 
the target (in position of collectors) can be restored as  

 niZ(t) =  jis(t)/evi(t), (2), 

where both the ion current density jis(t) and the velo- 
city  

 vi(t) = rC /t (3) 

are found from the collector current waveforms. Re-
constructed in this way, the ion plasma density near an 

T, s
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axial collector and ion velocities are shown in Fig. 3 
(right axes).  

Magnitudes of an ion currents and times of a cur-
rent peak achievement (times of flight) strongly differ 
from one collector to another. The maximum current 
and minimum time of flight is reached on an axial 
collector (No. 1). The ion velocity corresponding to 
the peak collector current reaches value of 4  106 cm/s 
and to the maximum of ionic density – of 3  106 cm/s.  

Strictly defined, ion charge amounts qcoll and aver-
age ion time-of-flight velocities <vcoll> are found 
through the waveform-integrative processing as  

 qcoll = ∫ icoll(t) dt,  (4)  

and  

 <vcoll> = {∫ icoll(t) (rC / t) dt}/ qcoll,  (5) 

and collected in Table 3. The ion charge amount and 
velocity are distributed not symmetrically neither axi-
ally, nor azimuthally, being shifted in the bottom di-
rection (in photos in Fig. 2) and extended in left and 
right directions. This distribution correlates well with 
the plasma luminance on photo (Fig. 2, c) but dis-
agrees with the data on plane solid targets [4]. Cause 
of this disagreement can be easily found in different 
profile of the target surfaces. Surface of a liquid con-
cluded in a thin capillary tube, is not plane but con-
cave, with different curvature caused by non-
symmetric (45) tube edge. Because of superposition 
of surface curvature and the 45-incident laser beam, 
non-uniform non-symmetric energy density is proba-
bly realized along the absorbing surface, result in 
complicatedly distributed ablation.  
 

Table 3. Axial and azimuthal angles of collectors and  
ion electric charge qcoll per single pulse, and average ion 

velocity <vcoll> for each collector (corresponding formulas 

are (4) and (5)) 

Collector 

number 
 , ˚ , ˚ qcoll, Q <vcoll>, m/s

1 0 – 1.11  10–8 25931 

2 39 0 4.37  10–9 17721 

3 64 46 4.11  10–9 18275 

4 80 82 1.67  10–9 12814 

5 58 170 7.64  10–10 10826 

6 73 215 2.28  10–10 8523 

7 64 260 6.9  10–10 10220 

 

Apparently from the presented data, the ablative 
plasma moves in rather narrow angle, in a well agree-
ment with data on solid-state [4]. The core of a stream 
is characterized by more than one order higher flow 
density, as well as by 2–3 times higher velocities, than 
the peripheral regions. Comparing these data with 
charge-resolved energy distribution, it can be con-
cluded that the plasma stream core contains higher 
ionized ions, than the peripheral regions.  

Accumulation of quantity of pulses necessary for 
reliable definition of the target mass loss, was oc-
curred during each experiment. From the target weight 
change (1–1.3 mg) and number of pulses (2–2.1)  106, 
mass ablation rate mwight was found being  
(5–6.2)  10–10 g per pulse.  

Being found from mass loss, the average energy 
per one ablated atom reaches the value 400 eV. Com-
parison with average energy obtained for stream core 
from mass-energy analysis experiment indicate that an 
essential erosion share should be contained in neutral 
component (atomic and microdrops), not registered in 
the experiment.  

Summary 

Both the signal from energy-mass analyzer and ion 
saturation current waveforms in all collectors were 
strongly stable from pulse to pulse during a long op-
eration time ~ 106 pulses. It follows from the weight 
changing that during this time the liquid reserved in 
several millimeters of a capillary tube is spent. It 
means that the liquid leaks without hindrance to the 
working edge of capillary, therefore life-time of the 
target is limited only by the working body amount in 
reservoir. 
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