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Characterization of a Six-Emitter Colloid Thruster

Using a Torsional Balance
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Colloid thruster micropropulsion will be tested in space by the New Millennium Program’s Space Technology
7-Disturbance Reduction System mission (NASA). The objective of this program is to develop the technologies
required for precision spacecraft position control, with accuracy orders of magnitude better than previously
demonstrated. This capability will enhance or enable aggressive scientific programs like the Laser Interferometer
Space Antenna and the Micro-Arcsecond X-ray Imaging Mission, which are centerpieces of the NASA Office of
Space Science roadmap. The colloid thrusters for the Disturbance Reduction System project must produce thrust
in the 2-20 pN range, with a maximum step size of 0.1 4N and a noise figure better than 0.1 uN/,/(Hz) in the
1-30 mHz bandwidth. We have operated a six-emitter electrospray source and directly measured its thrusting
properties with a torsional balance. We have demonstrated that this colloid thruster can cover the desired thrust
range continuously and has a noise figure below 0.1 xN//(Hz) in the 7 mHz~1 Hz bandwidth. Its noise spectrum is
likely better than 0.1 xN/,/(Hz) down to 1 mHz, but the intrinsic noise of the balance made it impossible to verify
this. In another experiment, we compared thrust measurements obtained with both the torsional balance and
the time-of-flight technique and found them to differ within 15%. This result supports the use of the inexpensive

time-of-flight technique for measuring the thrust of colloid thruster, when modest accuracy is required.

Nomenclature
f» = natural frequency
In = beam current
K = propellant electrical conductivity
L = flight path of beam
m = mass flow rate
Q = propellant flow rate
T = thrust
Va = acceleration voltage
Vn = emitter voltage
y = propellant surface tension
e = propellant dielectric constant
p = propellant density
Introduction

OLLOID thrusters are electrostatic accelerators of electro-

spray droplets. Initially developed during the 1960s and early
1970s,'=3 the interest in this technology has resurfaced as new
propulsive applications, for which colloid thrusters are particularly
well suited, have emerged. For example, the expected proliferation
of microsatellites is associated with more flexible missions requir-
ing attitude control, formation flying, trajectory correction, or orbit
deployment, all of which require onboard propulsion. It is recog-
nized that colloid thrusters are one of the few technologies that can
deliver both the primary and attitude control propulsion required by
microsatellites.*

The propulsion capability needed for precision spacecraft po-
sition control is the second niche ideal for colloid thrusters. Most
applications of this type fall in two groups: drag-free flying and sep-
arated spacecraft interferometer missions. Drag-free flying requires
the use of thrusters to counterbalance forces such as atmospheric
drag in near Earth orbits® or solar pressure,® so that the spacecraft
trajectory is only determined by the gravity field. In the case of sep-
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arated spacecraft interferometer missions, the position of optics on
different spacecrafts must be controlled to a fraction of a wavelength,
so that the light collected from different spacecrafts can be combined
coherently. In missions working with visible or infrared light, this
can be accomplished with a coarse control of the spacecraft position
and positioning stages acting on the optics. However, other missions
based on x-ray interferometry call for spacecraft position control at
the nanometer level,” and fine micropropulsion becomes an enabling
feature. In general terms, the propulsion system required by these
missions (e.g., Disturbance Reduction System, Laser Interferome-
ter Space Antenna, and Micro-Arcsecond X-ray Imaging Mission)
must deliver thrust continuously in the microNewton range, have
a reduced noise figure, and ample thrusting range with sub-micro-
Newton resolution.

The Disturbance Reduction System project (DRS), chosen by
NASA as its New Millennium Program Space Technology 7 demon-
stration (ST7), is a good example of scientific mission requiring and
featuring fine micropropulsion.5® The objective of this program is
to develop and test in space technologies for precision spacecraft
position control. The mission is based on two novel technologies:
gravity reference sensors (GRS) and colloid thrusters. The GRS is
essentially a test mass that moves freely inside a chamber, which
shields the former from all external forces (mainly solar pressure)
other than gravity. The function of the colloid thrusters is to counter-
balance external forces on the spacecraft (the GRS chamber is rigidly
attached to the spacecraft), so that the relative position between the
test mass and the spacecraft is kept constant within some specified
tolerance, and the variations of the interaction forces between them
are acceptably small so that the test mass follows a trajectory de-
termined only by external gravity within 3 x 10~ m/s?/,/(Hz), in
the 1-30 mHz bandwidth. Beside this acceleration noise figure, the
position noise of the test mass needs to be better than 1 nm/,/(Hz),
in the same bandwidth. To achieve these goals, the colloid thrusters
of the DRS-ST7 program have to generate thrust in the 2-20 uN
range, with a maximum step size of 0.1 N, and a noise figure better
than 0.1 uN/,/(Hz) in the 1-30 mHz bandwidth.

The research in this paper is a contribution to the development of
the colloid thruster technology for the DRS-ST7 project and feeds
on previous research.’~!' We have characterized the performance
of a six-emitter electrospray source, the generator of the beam of
charged droplets and thrust, with a torsional balance.'? Using this
apparatus, we have proved the thruster’s capacity to yield thrust in
the 2.33-12.9 uNrange, with a predictability of 0.06 N, and anoise



GAMERO-CASTANO 737

figure better than 0.1 uN/,/(Hz) in the 7 mHz-1 Hz bandwidth. We
plan to improve our designs and measuring techniques to test the
specifications of the DRS-ST7 project down to 1 mHz.

The paper is organized as follows: after this introductory sec-
tion we will describe the experimental setup; the bulk of the thrust
characterization with the torsional balance is presented in the next
section; then, we will compare the thrust values obtained with the
time-of-flight technique and the torsional balance; and some brief
conclusions are given in the last section.

Experimental Setup

The thrust measurements were carried out in the setup sketched
in Fig. 1. A cylindrical chamber with a diameter of 0.66 m and
a length of 0.77 m was evacuated with a 250 /s turbomolecular
pump backed by a 6.2 1/s mechanical pump. The base pressure
of the facility was 0.1 mPa. The chamber sat on a bench rigidly
fixed to the floor of the lab. The thrust stand itself was placed
on a tray fixed to a sliding door of the chamber. The electro-
spray source was mounted inside a grounded aluminum box, which
also contained a reservoir filled with 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide liquid propellant.!* The box and
its content typically weighed 0.45 kg, and an equivalent counter-
weight was placed on the other side of the rotating arm. The elec-
trospray source consisted of three different electrodes: a six-needle
emitter, an extractor grid, and an accelerator grid.!® The accelerator
grid was grounded, while the outputs of two high-voltage power
supplies were connected to the emitter and extractor. The voltage
difference between these two electrodes was kept constant (typi-
cally at 2 kV) to set stable electrosprays, while the emitter voltage
was raised or lowered to change the beam acceleration voltage. The
flow rate of the liquid was varied by pressurizing/depressurizing the
reservoir containing the propellant through a fine Teflon® line con-
nected to an external pressure regulating system. The Teflon line and
the power connections were designed to apply negligible torques
in the balance’s arm. The beam was directed against a grounded
collector plate perpendicular to its axis and used to measure the
electrospray current. Several electronic devices (power supplies,
amplifiers, electrometers, controllers, a linear displacement sensor
reader, etc.) controlled and processed the signals associated with the
balance and the colloid thruster, and served as an interface between
them and a data-acquisition system, and an oscilloscope.

A detailed description of the torsional balance is given
elsewhere.'? Its design is based on two flexural pivots defining the
rotation axis of the balance arm: an optical sensor for measuring
the linear displacement of the arm perpendicular to its circular mo-
tion, and the use of electrostatic forces for calibration and to imple-
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Fig. 1 Sketch of the experimental setup.
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Fig. 2 Steady-state calibration of the balance.

ment an active damper. Its resolution is estimated to be better than
0.03 N, and its accuracy is limited by the accuracy with which
linear distance and voltage values, which are the parameters asso-
ciated with the calibration and the output signal of the balance, can
be measured. In the present case, we estimate an accuracy better
than 3%. Figure 2 shows a calibration of the balance (the balance
is excited with a constant torque, inducing a steady displacement
of the balance arms), with all four axes of the graph displaying a
relevant parameter: the calibration force and torque, and the output
of the linear displacement sensor in volts and microns. Note the
linearity between displacement and torque (the electrostatic force
is applied with a lever arm of 0.266 m), and the negligible inter-
ception of the linear fitting with the y axis, which suggest a good
performance of the thrust stand. The slope of the line in Fig. 2 is the
only fitting parameter used for the thrust stand measurements and
makes it possible to compute the torsional spring rate accurately.
The torsional spring rate, expressed in terms of the primitive pa-
rameters of the system (calibration force and linear displacement
sensor voltage output), is 0.0192 uN/mV. It has an equivalent value
of 0.140 Nm/rad when written in natural units. The manufacturer
of the pivots tabulates a value of 0.092 £ 10% Nm/rad at zero load,
that is, 0.180 £ 10% Nm/rad for the pair of pivots. The discrepancy
with our calibration can be caused by a deficiency in our pivots, or to
the fact that when the pivots are rigidly connected to the frame and
the arm of the balance they are loaded with significant torques of
opposite signs. We calibrated the balance at the beginning and the
end of each measurement session: the calibrations were basically
indistinguishable, even when measured on different days, with dif-
ferent thruster weights, and with different thrust stand interfaces
(i.e., power and pressure lines).

Thrust Characterization

The six-emitter electrospray source can perform along a consid-
erable thrust range by varying either the acceleration voltage or the
propellant mass flow rate. This is exemplified in Fig. 3, in which
only the acceleration voltage is modified. The flow rate of propellant
is kept constant at an estimated value of 4.5 x 10~° kg/s. (Although
the flow rate was not measured, an estimate is readily computed
from the pressure drop along the fluid path, its geometry, and the
viscosity and density of the propellant.) Because the beam current is
mostly a function of the propellant flow rate and its physical prop-
erties, it remains approximately constant during the experimental
run (except when the thruster is turned off). Figure 3 shows the
signals associated with the emitter voltage, the electrospray beam
current, and the balance output, as a function of time. The measuring
procedure is as follows: the electrospray source is initially in oper-
ation (Vn=2.07 kV, In=2.78 nA), yielding a thrust of 7.89 uN.
The offset of the balance signal is determined by turning off the
electrospray source (the emitter voltage is lowered and made equal
to the voltage of the extractor; see voltage and current curves at
t ~ 46 s), which causes the balance signal to relax to its equilibrium
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Fig. 3 Thrust output for constant beam current (In = 2.78 puA) and
varying acceleration voltage.
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Fig. 4 Covering the 2.33-12.9 uN thrust range by varying Vn and In.

position. Once the equilibrium position is determined, the electro-
spray source is turned back on. It takes a few seconds for the thrust to
reach its steady-state value because the extra amount of propellant
surrounding the emitters, resulting from the instant during which the
electrospray power was turned off, needs to be fully extracted. Dur-
ing this transient, the flow rate of electrosprayed propellant is larger
than during steady-state performance, and the thrust is accordingly
higher. The acceleration voltage is then ramped up, which results
in an increase of the thrust, until a value of 5.07 kV (12.9 uN)
is reached. The equilibrium position of the balance is determined
again by shutting down the electrospray source (the emitter voltage
is lowered and made equal to the voltage of the extractor), and fi-
nally the acceleration voltage is ramped down to the initial value of
2.07 kV.

The thrust data from several runs similar to that of Fig. 3 are
combined in Fig. 4, where we plot T vs Vn using the beam current
as a parameter. The noisy aspect of these curves is not caused by
the thrust noise of the colloid beam, but it is the result of the os-
cillations of the balance at its natural frequency, f,, ~0.25 Hz., and
which are mostly induced by spurious sources of external noise. Fig-
ure 4 demonstrates that the thrust can be varied continuously in the
range 2.33-12.9 uN by adjusting the flow rate and Vn. The thrust
step size is determined by the resolution with which the acceleration
voltage and the propellant feed are applied, typically fixed by the
resolution of the digital components of the system. Note that the
thruster was not tested up to the 20-uN level required by the ST7
mission: this could be accomplished by further increasing the pro-
pellant flow rate or the acceleration voltage. We did not use larger
flow rates in these experiments because the orifices of the extractor
and accelerator plates were not big enough to allow the passage
of broader beams. (The solid angle of each emitter’s conical beam
increases with the propellant flow rate.) This can be easily solved
by increasing the diameter of the orifices. Voltage breakdowns in
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Fig. 5 Accurate measurement of a {7, In, Vn} point.
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Fig. 6 Numerical fitting of the T(In, Vn) data.

the balance feedthroughs prevented increasing the emitter voltage
beyond 5 kV.

An important issue is the predictability, or resolution, with which
acommand on a thrust value can be executed. This problem involves
guessing a pair {In, Vn} appropriated for the thrust commanded and
computing the difference between the actual and the requested T
values. This question can be answered by taking accurate thrust
measurements at different {/n, Vn} pairs and fitting these data to a
model function T (/n, Vn). Then, the standard deviation of the fitting
can be used as a good estimate of the resolution. Figure 5 illustrates
an accurate thrust measurement: we record both the response of the
balance to a given {In, Vn} excitation and the equilibrium position
of the balance (thruster turned off), consecutively. Note that the T
signal is actually the output in volts of the linear displacement sen-
sor multiplied by the calibration in Fig. 2, and thus it is equivalent to
thrust only for steady state. These single point {7', In, Vn} measure-
ments are used, rather than the data of Fig. 4, to reduce the negative
effects of balance oscillations (by averaging the signal during sev-
eral natural periods of the balance) and shifts of the equilibrium
position (by minimizing the time of the measurement) caused by
spurious tilting of the balance. Figure 6 shows a T'(/n, Vn) fitting
obtained with 42 of these points taken in the 3—-11 uN, 2.07-4.06 kV,
and 1.45-2.81 A range. The experimental data are well fitted by
the formula:

1 3
T= 0.00608[\/,3 (1-2.70 x 107V, ) 1,7 (1 +4.351, —0‘8461,,2)]
M

where thrust, needle voltage, and beam current are expressed in
micro Newtons, volts, and microamperes. The dependence of Eq. (1)
on the beam current is based on the scaling law for the electrospray
current'*:

I, =f(K,y,6)Q? @)
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where f is a function of physical properties of the propellant. This
scaling law makes it possible to compute an average specific charge
for the electrospray droplets:

(q/m)=1,/pQ = f*(K,y,e) [ pl, 3)

which is used together with the definition of thrust in terms of the
beam mass flow rate and the droplet velocity (given by the specific
charge and the acceleration voltage) to compute the main depen-
dence of the thrust on the beam current and acceleration voltage®:

13
T=g(K,y e,V )

Note that Eq. (4) differs from the actual fitting (1) in the use of the
emitter voltage, rather than the acceleration voltage, as well as in
the polynomial correction in terms of /n and Vn. The acceleration
voltage for these electrosprays is several hundred volts smaller than
the emitter voltage typically some 200 V are spent in the formation
of the cone-jet and droplets, and also a fraction of the available
potential energy is transformed into radial velocity of the droplets.
This uncertainty, together with the use of the approximate scaling
law (2) and the average specific charge, motivates the use of the
readily available emitter voltage and polynomial corrections to fit
the 7' (In, Vn) data. Finally, note that the standard deviation of the
fitting (1) is 0.06 uN. If only the emitter voltage is allowed to vary at
constant propellant flow rate, we obtain fittings with typical standard
deviations of 0.02 uN. At these nanoNewton levels, it is likely
that the standard deviation is mostly determined by the resolution
with which we are measuring the output of the balance I/n and
Vn, rather than by the natural variation of the actual 7'(In, Vn)
function.

The measurement of the thrust noise figure down to the level re-
quired by the DRS-ST7 mission, 0.1 uN/,/(Hz) in the 1-30 mHz
bandwidth, is surely the most challenging task. Because the intrin-
sic noise of the balance output sets a lower limit beyond which
the thrust noise of the electrospray source cannot be measured, we
recorded the motion of the balance with both the thruster turned on
and off. These measurements are shown in Fig. 7, in the form of
two 10,000-s. series. They were taken on consecutive days, under
conditions that minimized the influence of external noise sources.
Thrust values are referred to the position of the colloid thruster (lever
arm of 0.254 m). The average thrust produced by the electrospray
beam has been subtracted from its curve to facilitate the compari-
son between signals. Note that the drift of the balance position is
larger in the case of the blank or “thruster-off” curve, which in-
dicates that the drift depends on external noise sources and is not
linked to the evolution of the thrust generated by the electrospray
source.

Figure 8 shows the noise spectra of the two series in Fig. 7.
The time span of the measurements makes it possible to com-
pute the power spectrum down to the low frequencies of interest
for the ST7 mission. We have used the following procedures to
compute the noise spectra: they are based on the power spectrum
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Fig. 7 10,000-s recordings of the balance output when the colloid
thruster is on and off.
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Fig. 8 Noise spectra of the data in Fig. 7.

density per unit time of the thrust; in order to reduce the variance
of the periodogram estimation, the original series of sampled points
were partitioned into four segments, the power spectral density for
each segment was computed, and the resulting periodogram esti-
mates were averaged at each frequency'®; and previously, the linear
trend of the original data was subtracted off each segment. Note
that the noise spectrum of the thrust generated by the electrospray
source is virtually indistinguishable from, or lower than, the in-
trinsic noise of the balance. Therefore, most the of noise in the
“thruster-on” spectrum has to be caused by sources other than the
thrust itself, and the balance will have to be further improved to
measure the precise thrust noise spectrum. Nevertheless, the spec-
tra in this figure are significant because, although they do not give
the thrust noise figure, they prove that it is smaller than 0.1 N/
+/(Hz) in the 7-1 Hz bandwidth, which is in itself an important
result.

Time-of-Flight vs Torsional-Balance Measurements

Traditionally, the time-of-flight technique has been used to mea-
sure the thrust generated by colloid thrusters. The easiness of mea-
suring the relatively high values of the beam current with moderately
fast electronics, inexpensive high-voltage switches, and the diffi-
culty of operating a thrust stand at the microNewton level, make
time of flight the diagnostics of choice for colloid thrusters. The
time-of-flight spectrum gives the velocity distribution of the elec-
trospray beam, and, if the acceleration voltage of these particles is
known, this velocity distribution can be converted into the kernel of
integrals giving its thrust and mass flow rate.

We have compared the thrust values obtained with both the time-
of-flight technique and the torsional balance, mainly to validate the
former. In an attempt to improve the comparison, the two mea-
surements were taken simultaneously for each {T', In, Vn} state.
We followed the following procedure: while the six-emitter elec-
trospray source was turned on and generating a given thrust, its
operation would be suddenly interrupted during a brief instant (typ-
ically 50 ms) and the time of flight of the beam recorded. Then, the
electrospray would be turned off for a longer time to determine the
equilibrium position of the balance, and hence the thrust of the beam,
just as we showed in the preceding section. In these experiments we
set up the high-voltage dc to dc converters powering the electrospray
source, and the high-voltage switch needed for the fast interruption
of the spray, inside the aluminum box housing the thruster. The re-
maining experimental conditions are essentially the same as those
described before.

Figure 9 shows a time-of-flight spectrum. The curve is the current
sensed by the electrometer at the collector plate as a function of
the arrival time. The origin of time coincides with the interruption
of the spray. Note the existence of both ions and droplets in the
spectrum. The ion population is centered around ¢ = 13 us, while
the droplets appear around r = 77 us. The voltage of the emitter was
1.86 kV, and a single representative electrospraying voltage loss for
all particles, 160 V, was used to compute the acceleration voltage
(i.e., Va=1.70 kV). The thrust and mass flow rate of the beam are



740 GAMERO-CASTANO

2.0

1.5] «— ions

droplets

OG ' T T T T T T T T
-50 0 50 100 150 200
Time of flight (us)

Fig. 9 Typical time-of-flight spectrum of the electrospray beam.
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Fig. 10 Comparison of the thrust values measured with the torsional
balance and the time-of-flight technique.

given by the integrals’

*2Val(t
T :f at) g (5)
L
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1 :/ alt) 214, (6)
0 LZ

In these equations we have used the simplifying assumption that the
specific charge and acceleration voltage of a beam particle are func-
tions of its time of flight only. It is also assumed that the radial veloc-
ity of the beam particles is generated by space charge forces, rather
than by the acceleration voltage. Within the uncertainties associated
with other parameters in the calculation, the flight path of the beam is
identified with the distance between collector plate and accelerator
electrode, L = 0.127 m. The actual distribution of acceleration volt-
ages Va(t) is approximated by a constant value. Figure 10 shows
the thrust values obtained with both techniques. The mass flow rates
in the abscissa axis were computed with Eq. (6). The average differ-
ence between pairs of thrust values is 15%, that is, the uncertainties
associated with the time-of-flight technique translate into a system-
atic error. Although the partial conversion of acceleration voltage
into droplet radial kinetic energy is a possible source of error, it
does not appear to be the major factor: its distortion of the thrust
estimate should augment with the mass flow rate of the beam, be-
cause of increasing beam divergence. But the difference between
the time-of-flight thrust estimate and the balance measurement in
Fig. 10 oscillates around 15%, without a mass flow rate trend. Also,
this source of error should cause an overestimate of the thrust, which
is the opposite of what Fig. 10 shows. The major sources of error
are probably the estimate for the voltage losses with its effect on the
acceleration voltage and the oversimplification brought by the use
of the time of flight as the only independent variable in the integral
for the thrust. A rigorous measurement of the thrust and mass flow

rate based on the properties of the beam requires the spatial char-
acterization of the velocity, specific charge and charge distributions
of the beam, which cannot be accomplished with a time-of-flight
apparatus featuring a single collector.

Our opinion on the relevance of the time-of-flight technique to
colloid thrusters is that it is an excellent tool to study the structure
and general properties of electrospray beams and, if carefully used,
can also quantify with relative accuracy thrust and mass flow rates.
In the absence of a balance, we recommend taking an independent
measurement of the mass flow rate (e.g., using an flowmeter in
line with the propellant feed system) to verify the accuracy of the
value given by Eq. (6), which also serves as a confirmation of the
thrust measurement. However, if a more detailed characterization
of the thrust is required (e.g., higher measurement accuracy or the
determination of thrust noise), a good performing balance is the only
option.

Conclusion

We have characterized, using a torsional balance, the thrust pro-
duced by an electrospray source down to the stringent specifi-
cations of the NASA’s ST7-DRS mission. We have proved that
the six-emitter colloid thruster generates thrust continuously from
2.33-12.9 uN, while operating in the 2.07-5.07 kV emitter voltage
and 1.34-2.78 wA beam current ranges. The 20-uN level required
by the ST7-DRS program can be reached by further increasing the
acceleration voltage or the beam current. A functional fitting of
the {7, Vn, In} experimental data allows the generating of a given
thrust value with a 0.06-uN error margin by selecting the appro-
priate emitter voltage and beam current. This resolution is further
improved to 0.02 uN if the emitter voltage is varied at constant
propellant flow rate. Although we cannot measure the exact thrust
noise figure of the colloid thruster, we have demonstrated that it is
below 0.1 uN/,/(Hz) in the 7 mHz~1 Hz bandwidth, and we plan to
improve the measuring technique to confirm directly the ST7-DRS
noise requirement down to 1 mHz. These results indicate that colloid
thrusters can deliver the propulsion specifications of missions like
ST7-DRS and laser interferometer space antenna (LISA), for which
the capability for precision spacecraft position control is paramount.

Although the accuracy of the thrust values obtained with the time-
of-flight technique is inferior to the more direct balance measure-
ment, the comparison between the results of both methods supports
the use of the former for less demanding characterizations of col-
loid thrusters. When emphasis is placed on measurement accuracy,
or when obtaining the noise figure of the thrust is required, the use
of a thrust stand is the best, if not only option.
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sequel to the author’s earlier text, Space Transportation: A

Systems Approach to Analysis and Design. Reflecting a wealth
of experience by the author, both texts represent the most comprehen-
sive exposition of the existing knowledge and practice in the design and
project management of space transportation systems. The text discusses
new conceptual changes in the design philosophy away from multistage
expendable vehicles to winged, reusable launch vehicles, and presents
an overview of the systems engineering and vehicle design process as
well as the trade-off analysis. Several chapters are devoted to specific
disciplines such as aerodynamics, aerothermal analysis, structures,

D esign Methodologies for Space Transportation Systems is a

materials, propulsion, flight mechanics and trajectories, avionics, com-
puters, and control systems. The final chapters deal with human factors,
payload, launch and mission operations, and safety. The two texts by the
author provide a valuable source of information for the space transporta-
tion community of designers, operators, and managers. A CD-ROM
containing extensive software programs and tools supports the text.
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