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Abstract. Irradiation of materials with sufficiently high laser fluence induces an ablation process at
the surface yielding a plasma jet of ablated material and laser-induced force acting on the material
due to the recoil of the jet. The paper gives an overview of DLR’s experimental facilities for
investigation of the potential of laser ablation induced thrust for future microthrusters and space
debris removal. A thrust balance based on a modular torsional pendulum concept and suitable
calibration facilities have been constructed forµN to mN measurements in vacuum. In addition,
modification of the sample surface after ablation is determined by using a white light interferometry
profiler. Moreover, divergence and velocity distribution of ions in the ablation plume are investigated
by angularly resolved Faraday cup measurements.
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1 INTRODUCTION

Impulse imparted by pulsed laser ablation of a thin layer of material creating a plasma
or vapor is an interesting concept that allows for scaling ofthe induced thrust over a
large range by selecting an ablation laser of appropriate pulse energy and repetition
rate. Its potential for the removal of space debris using a high energy laser [1, 2] and for
laser ablative microthrusters which produce highly precise thrust in theµN range atµJ
to mJ pulse energies [3, 4] has been investigated. This paperprovides an overview of
the research facilities, which have been set up at DLR Stuttgart to further investigate the
potential of both of these applications of laser ablative propulsion.

It has been demonstrated that laser ablative thrusters can produceµN thrust levels at
high specific impulse and have the capability of producing very low minimum impulse
bits down to nNs range in single shot operation [3, 4]. So far these concepts have been
based on providing unablated material at each laser pulse byimplementing a propellant
feed mechanism [3, 5] or using a liquid propellant [6]. An additional feature that we aim
to introduce in our thruster concept is to avoid moving partsby using electro-optical
beam steering and layer-by-layer ablation of a solid targetmaterial (for more details see
[7]). Important research and development issues are: ensuring a precisely controllable
thrust level, sufficient thruster lifetime and optimization of layer-by-layer ablation that
could affect satellite operation e.g. contamination issues.

Laser based systems for detection and removal of small spacedebris objects are being



developed in cooperation with international partners [1, 8]. The goal is to reduce a debris
object’s desorbitation time by lowering its perigee by means of impulse imparted by
laser ablation with a high energy laser. As part of these research activities the magnitude
and direction of the impulse that is imparted by illuminating a large area or even the
whole debris object is being investigated. Additionally tostudies of the impulse coupling
coefficient for different types of debris relevant materials, the effect of debris geometry
and orientation when illuminating a larger debris part haveto be taken into account.
The paper gives an overview of the research facilities that have been established at
DLR Stuttgart. First an overview of the underlying researchstrategy is given, then the
experimental facilities are discussed in more detail and finally an outlook on future plans
is given.

2 STRATEGY OVERVIEW

According to the goals that have been discussed in the introduction, a research strategy
for laser ablative propulsion has been structured according to the outline given in Fig. 1.
This strategy and the laboratory facilities have originally been devised with the aim of
microthruster development and this will be the main focus ofthe discussion. It can,
however, also be applied to laser propulsion research for space debris removal.
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FIGURE 1. Overview of laser propulsion research strategy.

Figures of merit

The usual figures of merit given for laser ablative thrustersare the impulse coupling
coefficient defined ascm = ∆P

E =
∆m·vjet

E and specific impulseIsp=
vjet
g . Where∆P is the

imparted impulse,E the laser pulse energy,∆m the ablated mass,vjet the average jet



velocity andg the gravitational acceleration. Thus specific impulse and coupling coef-
ficient can be determined by measuring the ablated mass, imparted impulse and pulse
energy. Unlike previously implemented thruster concepts,that provide a virgin spot of
target material at each laser pulse by utilizing different means of target transportation
[3, 4], our no-moving parts concept does rely on layer-by-layer ablation of a bulk target.
As a result the changing target surface quality and its effect on thruster performance
will have to be taken into account. Plasma plume characteristics have also been iden-
tified as an additional figure of merit. They can help to gain a better understanding of
the ablation process, be used to verify simulation results and can also provide informa-
tion on contamination issues and influence of target surfacegeometry and quality. The
experimental facilities outlined in section 3 of this papers have been devised to provide
information on these figures of merit. For space debris removal the coupling coefficient
and the influence of overall target composition and geometryare of major importance.

Parameters

Parameters that can be varied in the current experimental setup are:

ablation pattern: While the ablation pattern is of minor importance for space de-
bris related research, it is a key issue for layer-by-layer ablation in the microthruster
related research activities. Different ablation patternscan be implemented by moving
the target on an x,y-stage and, alternatively, by moving thefocus position of the laser
beam across the target by using a mechanical galvanometer mirror beam-steering setup.

laser parameters:The influence of different laser parameters (pulse length, wave-
length, polarization, fluence, angle of incidence) is of interest for both research topics.
Microchip lasers are the most likely candidates for a suitable microthruster laser and
are as a result the main type of laser used in the experiments.Currently three differ-
ent lasers, are available: two microchip lasers with wavelength 1064 nm, Gaussian
beam profile, and different pulse lengths and pulse energies: 500 ps at maximum of
80 µJ (Teem Photonics, PNP-B08010-130) and 1 ns at maximum of 1 mJ (Alphalas,
pulselas-P-1064-100-HE). Additionally a stable-unstable resonator Nd : YVO4 slab
laser (Edgewave) that provides a broader range of pulse energies (up to 7 mJ at 5 kHz)
and repetition rates (up to 40 kHz at 1.6 mJ) at 1064 nm wavelength is used for thrust
measurements. Laser spot size can be varied by using different focusing lenses and the
fluence is usually adjusted by using a half-wave plate and polarization cube variable
attenuator. This has the additional benefit of ensuring p-polarization.

target material:To avoid out-gassing issues, that can occur with polymer propellants,
metals (currently Al and Cu) are used as the target material inour laser micropropulsion
research. Thrust measurements for different space relevant materials (polyimide, Si
solar cell material, aluminum, multi layer material) at different fluences have been
carried out as part of the European CLEANSPACE project. [1].



Facilities

As outlined in the strategy overview in Fig. 1 the experimental facilities have been
designed and developed for optimization of the figures of merit that are relevant for
thruster lifetime and performance. They comprise thrust measurement facilities and
surface and plasma diagnostics and will be described in further detail in the next section.
As indicated in the figure the research activities also include simulations and modeling
that supports and supplements the experimental investigations. They are carried out
in cooperation with several partners: 1D hydrodynamic simulations on laser ablation
of aluminum for a range of optical parameters are carried outusing the Virtual Laser
Lab [9] (Russian Academy of Sciences), Molecular Dynamics (MD) simulations (IMD,
University of Stuttgart) and simulations with a DSMC-PIC code (IRS, University of
Stuttgart). For more details see [7].

3 EXPERIMENTAL FACILITIES

Thrust Measurement

Thrust Balance Design

Torsional pendulums are frequently used for measurement oflow forces including
microthruster characterization [10–14]. A thrust balancebased on this type of design
has been developed to fulfill the following criteria: range of measurable thrust between
subµN to approx. 1 mN, minimizing the influence of external vibrations and a flexible
design that leaves room for further development and improvement of the balance. For
laser ablative thrusters umbilicals (e.g. power or gas feedlines) that introduce additional
noise can be avoided by installing only the target on the balance. The resulting thrust
balance is depicted in Fig. 2. To allow for flexible positioning as well as easy exchange
of components the balance arm has a breadboard like design. Arange of flexural pivots
are used as the torsional element. The pivots connect the balance arm to the balance
mount. Mounts that can accept different sizes of pivots are available. Where necessary
for alignment purposes a range of positioning devices has been incorporated in the
design, i.e. a rotational stage on the balance mount, screwsfor leveling of the balance
mount and the base plate and translational stages for the displacement sensor and voice
coils.
To minimize the impact of external influences it is necessaryto keep the center of mass
as close as possible to the rotational axis of the balance. For a flexible balance design
variable counterweights and a setup for adjusting the location center of mass along
the balance arm are required (see Fig. 2). In z-direction this has been implemented
by installing a counterweight for each component that is fixed on the balance arm. In
y-direction the center of mass location can be tuned by placing the balance on a blade
and adjusting counterweights that consist of two micrometer screws. For this purpose a
notch has been placed on the balance arm under the center of the flexural pivot (see left
inset in Fig. 2).
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FIGURE 2. Torsional pendulum thrust balance:top: assembled thrust balance inside vacuum chamber,
inset (left): setup for CMS adjustment,inset (right): sample holder;bottom: top view of another possible
configuration of the balance arm.

The thrust balance vacuum system consists of an approx. 500 lcylindrical vacuum
chamber (diameter 800 mm, length approx. 950 mm) and a pumping system consisting
of a 30 m3/h scroll pump and a 2650 l/s (N2) magnetic bearing turbomolecular pump.
To limit vibration transmission from the pumps to the chamber the backing pump line
is submerged in a sandbox. The turbomolecular pump is fixed onthe laboratory ceiling
and attached to the chamber via a bellows connector. The vacuum chamber is installed
on an optical table, which also serves as a base for the opticsand beam steering setup
and provides additional vibration isolation. Inside the chamber the balance assembly is
installed on top of a vacuum compatible commercial vibration isolation platform (Mi-
nus K). This additional vibration isolation platform has, however, not yet been activated
for actual thrust measurements.
For laser induced thrust measurements it is necessary to setup a beam-steering mech-
anism to provide a virgin spot of target at each shot or to implement an ablation pat-
tern. The beam-steering setup currently used for thrust measurements is located outside



the vacuum chamber and is comprised of a galvanometer scanner and a f-theta lens
(f=420 mm).

Calibration and Measurements

Voice coils are used for calibration, active damping and as aforce actuator for closed-
loop operation. The linear balance displacement is currently determined with a capaci-
tive displacement measurement system that provides a linear voltage output signal. The
force applied by the voice coils is controlled with a programmable DC power supply
that can supply currents down to 200µA. A multifunction data acquisition card is used
to read out the capacitive sensor signal and to control the beam- steering mirrors.
The voice coils have been calibrated for a range of differentcoil positions using a
commercial precision balance (Sartorius, CPA225D) with a repeatability of down to
±0.02 mg, equivalent to 0.2µN. The voice coils show a linear force-current character-
istic for all coil positions tested in the calibration measurements and the force constant
cvc = 0.342 µN

µA changes by less than 2% over a range of > 2 mm (see Fig. 3 a). The
voice coils are positioned in the center of this range when used as a force actuator for
thrust measurements.
Different measurement configurations are possible with thethrust balance: open-loop
measurements with or without active damping, where thrust is measured by determining
the balance displacement, and closed-loop operation, where the balance is kept in zero
position by using a calibrated voice coil as a counter force actuator in a PID control
loop. Here thrust is determined by measuring the current applied to the voice coil and
the distance of the voice coil and thruster from the rotational axis.
Continuous thrust in open-loop configuration can be determined from a measurement of
the the steady state balance displacement:

T =
θfinal ·k

dthr
≈

xfinal ·k
dthr ·dcapa

(1)

WhereT is the applied thrust,k is the torsional spring constant ,dthr, dcapa are the
distance of thruster and displacement sensor from the balance rotational axis andθfinal
is the steady state angular balance displacement for a constant thrust level. Since the
angular displacement is sufficiently small (< 1 mrad for maximum of the displacement
sensor range) a measurement of the linear displacementxfinal = θfinal ·dcapainstead of the
angular displacement can be done without introducing a large error. To measure thrust
the two distances and the torsional spring constant need to be known. Alternatively a
measurement with a voice coil of a known force constant can bedone to determine
a calibration factor for applied force vs. capacitive sensor voltage signal. With this
calibration factor the thrust can be determined from:

T =Ucapa·
dcal

dthr
· rcal ·cvc (2)

WhereUcapa is the displacement sensor voltage signal andrcal the calibration factor
obtained from a measurement of the capacitive sensor voltage signal for different thrust



time [s]
a)                                                               b)

5.240

5.235

5.230

5.225

5.75

5.50

5.25

5.00

P
ID

 v
o
ic

e
 c

o
il 

c
u
rr

e
n
t 
[µ

A
]

.

0.36

0.34

0.32

0.30

0.28

0.26

0.24

coil current [µA]

fo
rc

e
 [
µ

N
]

FIGURE 3. a) Voice coil calibration, Inset: linear force vs. current characteristic for one voice coil
position;b) balance response examples for 100µA step: capacitive sensor signal (left y-axis) for open-
loop (gray), open-loop with active damping (red) and voice coil current (right y-axis) for closed-loop
(blue) configuration; Inset: 1µA step in open-loop with (red) and without (grey) active damping.

steps with a calibrated voice coil. Additionally the position of the calibration voice coil
and thruster need to be determined. Voice coil and target position are known and thruster
position is defined as the center of ablation area for the linescan ablation patterns that
have so far been used in experiments.

For closed-loop operation the measured thrust can be determined from the voice
coil calibration, the measured voice coil currentIvc and the thruster and coil positions:
T = dvc

dthr
· cvc · Ivc. A second voice coil can be used to test PID operation and to provide

an additional verification for closed-loop measurements.

Fig. 3 shows the balance response for open-loop (grey), open-loop with active damp-
ing (red) and closed-loop (blue) to a 100µA current step and a 1µA step applied to a
calibrated voice coil withcvc=0.342µN/µA at lvc= 125 mm on the balance arm. The
measurements were done with the balance configuration shownin Fig. 2 (bottom) using
a flexural pivot with a spring constant of 1.1 Ncm/rad. To reduce the time until steady
state is reached variable active damping can be implementedwith a second voice coil
(see Fig. 3 red).

A new concept for balance calibration that also provides an alternative calibration
mechanism for closed-loop operation has been tested. It is based on radiation pressure
induced by a high power thin disk laser and a HR mirror fixed to one end of the balance
arm. The radiation induced forceFradiatonon the balance is:

Fradiaton= (1+R) ·
P
c
·cos(α) (3)

whereP is the optical power,R the mirror reflectivity,c the speed of light andα the
angle of incidence. The calibration force is controlled by changing the pump diode



current where the smallest current step available from the power supply is 0.1 A.

Photon pressure calibration tests have been done in two different setups:

• Extra-cavity mode where the output beam is directed onto a HR-coated mirror
(R > 99.98 % ) located on the end of the balance arm at angle of incidence 10◦.
The reflected light is directed onto a powermeter (Ophir LW1500, power accuracy
±5%). In this case the photon pressure induced thrust can be calculated from the
measured laser powerPext, the angle of incidence and the mirror reflectivity. In this
setup the maximum radiation force is 6.1µN (equivalent to 930 W laser power)
and the minimum force step is approx. 0.01µN (equivalent to an approx. 2 W step
for the smallest available current step of 0.1 A).

• Intra-cavity mode where the mirror fixed on the balance arm isone of the laser
cavity mirrors. Because of the much higher intra-cavity optical powers this results
in a much broader calibration force range of up to 240µN. The optical power on
the balance mirror is calculated from a measurement of the extra cavity laser power
Pint =Pext·

1−T
T , where T is the output coupler transmission, which was set to2.4 %.

To enable both closed- and open-loop calibration measurements the thin disk laser
resonator has been designed to accommodate angular mirror displacement of up to
approx. 2 mrad.

For first tests the thrust balance was moved to a different labwhere a laminar flow
cabinet was available. Instead of the vacuum chamber it was placed inside an enclosure
to limit the influence from air flow, however the remaining influence of the air flow
and the different lab environment resulted in a higher noiselevel. Results from first
measurements for both intra- and extra-cavity mode are shown in Figure 4. To test
this method of thrust balance calibration the induced thrust was both determined by
calculating the thrust from measurements of the calibration laser power (red) and from
either the voice coil current for closed-loop or from balance parameters for open-loop
(black lines). They show good agreement within the accuracy±5% for the laser power
measurement (Ophir LW1500).

Surface Diagnostics

A commercial white light interferometer (Veeco NT9100) is used for analysis of the
target surface for different purposes:

• 3D-measurements of crater geometry for an approximation ofablated volume and
as a result ablated mass.

• To provide information on the target surface roughness before and after ablation.
• For positioning and adjustment purposes: positioning of the targets in the focus by

moving the focusing lens on a micrometer and ablating on an unablated spot for
each position and also for choosing the appropriate step size for target positioning
or scanning speed for beam-steering in thrust measurements.
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FIGURE 4. Results for radiation pressure calibration tests for:a) intra-cavity closed-loop (max.
320 W),b) extra-cavity closed-loop (max. 676 W),c) intra-cavity open-loop (max. 200 W) andd) extra-
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• To determine the exact position of the ablation pattern for thrust measurements.

Ablation Diagnostics

Analysis of the plasma plume that results from each ablationevent is useful for
gaining a better understanding of the laser ablation process, assessing the influence of
changing surface roughness and for evaluation of contamination issues. In the current
experimental setup information on charged plume components can be obtained from
Faraday cup measurements. An overview of the setup is given in Fig. 5. The beam
from a microchip laser is directed into an approx. 35 l vacuumchamber via an ad-
justable attenuator and is focused onto the sample. Measurements are usually done at
< 5 ·10−6 mbar, which can be achieved after short pump down times with a15 m3/h
scroll pump and a 1550 l/s N2 turbomolecular pump vacuum system. A reflection from
an uncoated wedge is split off for pulse energy monitoring and to provide a trigger
signal for the Faraday cup measurements. The target is fixed on a motorized x,y-stage
setup, which can be used to move the target to a virgin spot foreach ablation event
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FIGURE 5. Faraday cup ablation diagnostics setup. FC: Faraday cup,ϑ : Faraday cup angular position,
α: laser angle of incidence.

or to implement different overlap patterns. Positively charged plume components are
collected with a negatively biased 5 mm Ø aperture Faraday cup and the amplified signal
is read out on an oscilloscope (LeCroy, WaveSurfer 104MXs-B).For measurements at
different angular positions the Faraday cup is mounted on a rotational stage with its
rotational axis centered at the focus point on the sample (see Fig. 5). As shown in Fig.
6 b, single shot Faraday cup measurements for the same parameters on an unablated spot
show good agreement both perpendicular to the sample (α=0◦) and at different angles.
In the current setup in the 35 l vacuum chamber the variation of angles of incidence
is limited to max.ϑ=30◦ and the position of the Faraday cup can be varied between
95◦<α<0◦. Measurements have been automated in LabView.
A first test to use the coating formed on a transparent substrate after many single shot

ablation events has also been carried out. Unlike Faraday cups this method yields infor-
mation on all plume components and has already been successfully employed, however,
for vastly laser parameters [15, 16]. For this purpose a PTFEfoil substrate with a hole
for passing the laser beam was fixed on a curved mount with 1.25mm radius that was
centered on the ablation point on the sample (see Fig. 6 a). Deposit from 300.000 shots
(laser parameters: 71.7µJ, 1064 nm, 500 ps,ϑ=15◦) on an Al target was collected and
analyzed on a flatbed scanner with a transmitted light unit (Epson V700). Reflective
ND Filters with an OD of down to 0.1 were also scanned. The result is shown Fig. 6 a.
While a greyscale gradient for the deposited material could be obtained a calibration
with ND filters similar to [15] would require a much larger amount of deposit since the
transmission of the darkest area of the coating was still much higher than for an OD 0.1
filter.
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4 SUMMARY AND OUTLOOK

Experimental facilities that allow for a variation of a range of relevant parameters
have been set up for the investigation of the potential of a laser ablative microthruster
concept. The available lasers allow for variation of pulse energies fromµJ to several mJ
and pulse lengths between 500 ps to 10 ns. For micropropulsion measurements target
materials have so far been high purity Cu and Al with good surface quality. The next
step in investigating the influence of these parameters willbe experiments with shorter
pulses closer to material-specific electron-phonon coupling times [7] and experiments
on the influence of the ablation pattern and surface quality.The ablation pattern is
controlled by either moving the target, which is appropriate for ablation diagnostics
where a fixed focus position is required, or by using a galvanometer mirror beam-
steering mechanism, which is necessary for thrust measurements. Currently the potential



of 1D KTN crystal based beam scanners (NTT) [17] for providing a basis for a 2D
electro-optical beam scanning mechanism is being investigated. Experimental facilities
that provide information on the relevant figures of merit have originally been set up for
micropropulsion experiments but can, because of their flexibility, also be used for debris
removal relevant experiments. A torsional pendulum thrustbalance with an adaptable
design can measure steps down to subµN and with the available DC power source up
to several mN in closed-loop operation. A radiation pressure based calibration concept
using a kW thin disk laser has been tested as an alternative for thrust balance calibration
with voice coils. Here the next step will be tests of single shot measurements with a
higher pulse energy laser and adapting the set up for different angles of incidence for
space debris removal measurements. Faraday cups provide information on the angular
distribution of charged plume components and a first test foranalyzing the deposit of
all plume components on a transparent substrate has been carried out. For the Faraday
cup setup the next step will be to expand the limited range of the Faraday cup positions
to a full 180◦ range by moving the setup to the bigger vacuum chamber. This should
give more conclusive information on the influence of surfacegeometry and angle of
incidence on the charged plume component, which is of interest both for space debris
and microthruster related measurements.
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