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Electrospray as a Source of Nanoparticles
for Efficient Colloid Thrusters
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The need for electric propulsion in the thrust range of tens of micro-Newtons has triggered the rebirth of colloid
thruster technology. The ability to deliver thrust at these levels in a controllable fashion will enhance the use of small
satellites (masses smaller than some 20 kg) and the execution of space missionsin which very accurate positioning of
spacecrafts is required. We present here a novel approach to the field of colloid thrusters. Like previous efforts it uses
electrospray as the mean of producing charged colloids. However, it differs in the spraying regime employed. Elec-
trosprays of highly conducting propellants in single cone-jet mode allow the generation of droplets of high specific
charge at operating voltages lower than in the earlier era of colloid thruster research. In this article we use energy
analysis techniques to characterize electrospray beams and to measure their thrust and specific impulse. We have
studied three novel propellants: formamide, tributyl phosphate, and the ionic liquid 1-ethyl-3-methylimidazolium
bis (trifluoromethylsulfonyllimide. The thrust, specific impulse, and efficiency associated with a single spray of the
most conducting formamide solution are typically 0.3 N, 300 s, and 75% for an acceleration voltage of 1300 V.
The electrospray phenomenology presented in this article is diverse. For example, by varying the electrospraying
parameters we are able to study emission modes in which 1) solvated ions are field evaporated from the jet’s surface,
2) both satellite and main droplets result from the jet’s breakup, and 3) only main droplets are emitted.

Nomenclature
D, = dropletdiameter
E, = normal component of electric field
e = unity charge
f(e) = dimensionlessfunction
g = gravity’s acceleration
g(e) = dimensionlessfunction
h = Planck’s constant
1 = electric current
I, = specific impulse
J = field emitted ion flux
K = liquid electrical conductivity
kg = Boltzman’s constant
L = length of flight
m = molecular mass
m = mass flow rate
mpyr = mass flow rate measured with flow meter
mror = mass flow rate measured with time-of-flight
(TOF) wave
Dy = vapor pressure
(0] = liquid volumetric flow rate
q/m = specific charge
T = thrust
tp = time of flight
Va = acceleration voltage
Vv = electrospray needle voltage
y = liquid surface tension
AGS = ionsolvationenergy
& = liquid dielectric constant
& = vacuum permittivity
¢ = charge surface density
n = efficiency
0 = absolute temperature
0 = liquid density
o = standard deviation
() = mean value

Received 14 July 2000; revision received 7 February 2001; accepted for
publication 7 February 2001. Copyright © 2001 by the American Institute
of Aeronautics and Astronautics, Inc. All rights reserved.

*Research Scientist. Member AIAA.

TChief Scientist. Member AIAA.

I. Introduction

LECTROSPRAY is a source of particles for efficient electro-

static propulsion. High electric fields applied to a liquid surface
are known to deform it forming so-called Taylor cones.' If a proper
liquid flow is fed to the cone simultaneously, a steady jet emanates
fromits apex, which eventuallydisruptsinto charged droplets >3 Al-
though, using different combinations of experimental parameters,
many electrosprayingregimes are attainable,in this paper we will be
entirely concerned with that known as cone-jet mode.** The diame-
ter and specific charge of the dropletsand the electric currentemitted
by a cone jet depend on the physical properties of the liquid (mainly
its electrical conductivity, surface tension, and dielectric constant)
as well as its flow rate. Two cone-jets are shown in Fig. 1. Liquid
meniscus and spray of droplets are observed in both photographs.
The jet issued from the cone’s tip is not discernible because of the
reduceddimensionofits diameter. The hollow needleused to anchor
the electrospray, feed the liquid, and set the required voltage differ-
ence with respectto a facing electrodeis observedin Fig. 1b. In both
photographsthe electrosprayedliquid and the flow rate are the same.
The background pressure is the only difference: the electrosprayin
Fig. 1ais held at atmospheric pressure, and the drag on the charged
droplets exerted by the surrounding gas causes the large broadening
of the spray. The electrosprayin Fig. 1b is held under vacuum, and
the expected reduction on spray’s solid angle is apparent. Further
angle reduction can be expected by charge neutralization, which
would reduce electrostatic repulsion of the unipolar spray.

The research on the suitability of electrospray for space propul-
sion dates back to the early 1960s.>7 and continuouseffortextended
well into the next decade.® The colloid source most commonly used
during this stage consisted of multijet, highly stressed electrosprays
of glycerol. Because of the relatively poor conductivity of glycerol
(seeRef. 9, wherea 19.3% solutionby weight of Nal in glycerol has
an electrical conductivity of 0.021 S/m), very high onset voltages
were required to obtain colloid beams with reasonable specific im-
pulses (values of 10 kV were typical). Even though successful lab
prototypes were eventually built,'® interest in this technology de-
creased and eventually disappeared. Some factors that aborted this
initial period of colloid thruster research can include: 1) the gen-
eral downturn in space technology work in the post-Apollo era; 2)
the improvement of classical Kaufmann ion engines, which deliv-
ered similar performance with less complexity; 3) the problematic
high operating voltages required (>10 kV); and 4) the difficulty in
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Fig. 1a Electrospray of tributyl phosphate held at atmospheric
pressure.

Fig. 1b Electrospray of tributyl phosphate set under vacuum.

scaling up to thrusts of many Micro-Newtons, which was the range
of interestduring those years. An extendedreview of the early effort
in this field is contained in Ref. 11.

Several reasons have recently rekindled the interest in colloid
thruster technology:

1) The low output thrust typical of a single electrospray is now
seen as an advantage rather than a problem and is in fact essential
in some missions as interest has increased for propulsion capability
for smaller spacecraft.

2) The need for formation flying of multiple satellites whose
relative positions must be precisely controlled calls for a propulsive
scheme characterized by continuous microthrustlevels, which also
must offer the possibility of fine thrust variations. Only colloid and
field emission thrusters are thought to yield this performance.

3) The knowledge gained during the last decade in the electro-
spraying of liquids allows now a reasonable understanding of the
colloid generation. Use of more conducting solvents than glycerol
enables the generation of sprays with the desired high specific im-
pulsein the single cone-jet mode at onset voltages (~1.5 kV) much
lower than previously. Furthermore, this new knowledge allows a
confident design of the colloid source based on physical laws.

In this article we study the suitability of cone-jets as a source
of charged particles for space propulsion. The main emphasis is
on the characterization of the sprays emitted by a single source,
the measurement of produced thrust and specific impulse, and the
evaluation of several propellant candidates. The structure of the
paper is as follows: after this introductory section we review some
basic notions about electrosprays. This includes the scaling laws
for the emitted current and droplet diameter and a brief discussion
on the ion emission regime of cone-jets. The use of the time-of-
flighttechniqueto computethe propulsivecharacteristicsof a colloid
beam is described as well. Section III presents the experimental
hardware and liquid propellantsemployed in this investigation. The

discussion of the main experimental findings is given in Sec. I'V.
Finally, the article ends with some brief conclusions.

II. Basic Characteristics of Cone Jets

The electric current and main diameter of the droplets ejected by
cone jets have beenreportedin a variety of publications. The scaling
laws for I and (D,) are'>~"

I = f(e)(QKy/e)? (1)

(Dg) = g(e)(Qeeo /K)® = gle)r* @)

where r* is the characteristic length at which the fluid flow and
electric times become comparable at the cone’s apex.!?'® Although
the complexity of the electrospraying process handicaps the ana-
lytical calculation of I and (D,), asymptotic approximations have
been obtained, which match the experimental data with reasonable
success.”!® Furthermore, the authors of a recent numerical algo-
rithm claim that the geometry of the cone-jet and its electric current
can be solved accurately using their model.!”” Although there ex-
ists a general consensus about Eq. (1), Gafian-Calvo!” and Hartman
et al.?? find a slightly different expression for the main droplet di-
ameter (D;) ~Q'/2/K/3, However, this discrepancy with Eq. (2)
is relatively irrelevant for the purpose of determining the mean di-
ameter of actual electrospray droplets. In fact, the range of droplet
diameters produced by the jet breakup, in conjunction with the lim-
ited resolution of most experimental techniques used to measure
(D4), makes it impossible to asses which expression for (D) is
more appropriate. We will therefore regard hereafter Eqs. (1) and
(2) as the most appropriate forms for the scaling laws.

From the point of view of electrospray operation, it is also of
interest to know the range of flow rates in which a given solution
forms stable cone-jets. It is known experimentally that the minimum
Q is such that'?

P Qmin K
Y&o&

~1 3)

while the maximum value is usually some 20-40 times larger than
Qmin .

Although Eq. (2) is important in many applications, knowledge
of the diameter of electrospray droplets might seem to be relatively
unimportantfor colloid thrusters. Indeed, the main parameterin this
case is the specific charge of the electrospray droplets rather than
their diameters, and an average specific charge for the colloids can
be computed from Eq. (1) alone as

(a/m) =1/pQ ~ [f(e)/p)(Ky/Qe)? @)

Nevertheless, expression (2) is important also to colloidal propul-
sion. On the one hand, it is needed to have a good understanding of
the electrosprayingprocess. On the other hand, the knowledge of the
jet curvature is essential to characterize the emission of ions from
Taylor cones. In fact, under appropriate conditions, cone-jets not
only produce charged droplets, but they also field evaporate ions.?!
This happens when the normal electric field at the jet surfacereaches
a value of the order of 1 V/nm. The maximum value of the normal
electric field E; is located at the tip of the liquid meniscus in the
region where the jet begins to develop. Using the expression for the
jet’s radius of curvature, the scaling law for E* is written as*!

1
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where the constant ¢ of order unity is still unknown although it
could be obtained through experiments or analytical modeling. It is
observed that E; increases for decreasing flow rate and increasing
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conductivity. In particular, E¥ is proportional to K'/* for cone-jets
of a given liquid matrix when they are set close to the minimum
flow rate. For the case of ions evaporating from the surface of a
dielectric liquid, the field emitted current flux is well approximated
by22

J = (ks8/h)¢exp{[AGS — (e3E,1/47180)%]/k30} ©6)

Notice that the current flux depends exponentially on the electric
field normal to the surface. Hence, it is expected that once the flow
rate and electrical conductivity in the cone-jet are such thations are
field evaporated, small changes in the flow rate, i.e., small changes
in E, will bring about large variations in the ion yield. This phe-
nomenology will be described in Sec. IV.

The preceding paragraphs are aimed to guide those readers un-
familiar with the field of electrospray and might have obscured the
main objective of this paper, i.e., the study of the suitability of cone
jetsas colloid thrusters. Terms such as thrust, mass flow rate, specific
impulse, and efficiency are most importantin the propulsive arena.
The scaling law (1) can be used to obtain approximate relations for
the thrust and specific impulse yielded by electrosprays:

T ~[2Vapf(e)](Ky Q*/e)* )

[SPN(l/g)[szf(S)/p]%(](y/Qs)% 8)

For a propellantof fixed conductivity, the increase of flow rate trans-
lates into larger thrust output. Unfortunately this is accompanied by
a penalization of specific impulse. If the preceding equations are
complemented with the information about the range of operational
flow rates, i.e., expression (3), the dependence of thrust and spe-
cific impulse on solution conductivityis 7 ~ K~'/? and I, ~ K /2.
When emphasis is placed on the specific impulse associated with
the electrospray beam, the importance of working with propellants
of high electrical conductivity is apparent.

If more accurate values of T and I, are required, special tools
must be developed. Traditionally, the so-called time-of-flight tech-
nique (TOF) has been of great help for measuring T, m, I, and 7
of charged, colloid beams accelerated by an electric field.?* A TOF
measurementis a time-dependentspectrumof a current signal asso-
ciated with the electrospray beam / () following its instantaneous
interruption. The analysis of I(¢) yields the specific charge dis-
tribution function of the electrospray particles, provided that their
acceleration voltage is known. Furthermore, by proper integration
of I(t) the thrust, mass flow rate, specific impulse, and efficiency
can be computed:
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Itis desirable to use a thrustbalanceto measure 7. However, no bal-
ance capable of measuring the thrust values characteristicof a single
cone jet (typically of the order of 0.5 uN) is available. Furthermore,
even if a thrust stand could be used, it seems that the simultaneous
measurement of 7 and m required to calculate the specific impulse
would be extremely difficult.

III. Experimental Hardware

We have studied electrospraysunder vacuumconditionsusing the
setup shown in Fig. 2. The electrospray needle is installed inside a
5 cm cross, which is mounted on a 46 cm diam tank. A background
pressure of 107> torr, low enough to carry out the experiments that
will be described in Sec. IV, is achieved by means of a 30 cm dif-
fusion pump backed by a 150 scfm mechanical pump. The solution
to be electrosprayed is held in a plastic container. The pressure
difference between this container and the electrospray chamber is
controlledand measuredby means of a vacuum pump, a compressed
air line, and a barometer. The liquid is fed to the spraying needle
through a line of fused silica of 100-,um i.d. This line is used as a
bubble flow meter for measuring the flow rate of every experimental
run: a bubble of air is inserted in this capillary, and the flow rate is
measured by monitoringits displacementin a given time. The major
source of error in the flow rate measurementis givenby the tolerance
for the i.d. of the capillary, 100 &6 um (Polymicro Technologies,
18019 N. 25th Ave., Phoenix, AZ 85023). Thus, the uncertainty of
this flow meter’s measurementsis approximately 12%. The flow me-
ter is connected to a second line, which, when properly sharpened,
is used as an electrosprayingneedle. This second tube is also made
of fused silica. We have used needles with differenti.d.s, depending
on the hydraulic resistance required to feed the very disparate flow
rates associated with differentliquid solutions(e.g., 22-umi.d. lines
were used for all formamide solutions, whereas tubes with 50-pum
i.d. were employed for most tributyl phosphate samples). The needle
tip must be sharpenedinto a cone and made electrically conducting
(we deposita layerof tin oxide on the needle chamfer to make it con-
ductive). An 80x optical microscope equipped with a color video
camera is used to observe the needle tip on a nearby TV monitor.
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Fig. 2 Schematic of the hardware used in this research to study electrosprays.
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Fig. 3 Sketch of the electrode geometry and electric connections employed to record time of flight spectra of colloid beams.

To form a cone-jet,an appropriate voltage difference between the
electrosprayneedle and a nearby electrode, extractor hereafter, must
be set. Furthermore, becausethe electrospraybeam has to be studied
far from its emission point, the extractor must allow the passage of
the entire beam. This electrode arrangement and the TOF apparatus
are shown in Fig. 3. The charged beam exiting the extractor-needle
region enters a drift section of null electric field and eventually
reaches a collector Ctof, connected to a fast electrometer. A screen
of high porosity (0.3-mm square openings, 5 mm apart from the col-
lector) is biased negatively to eliminate spurious currents associated
with secondary electrons emitted by highly energetic particles im-
pinging in the collector. A high-speed, high-voltage switch is used
to periodically short the needle voltage to ground. The falling time
of the needle voltageis 0.4 s, much smaller than the time of flight
of the droplets we measure in this paper. During the intervalin which
the needle is shorted, the electrosprayingprocessis interrupted, and
a beam wake moves toward the collector. The TOF of this wake can
be easily measured by means of an oscilloscope connected to the
electrometer output and triggered by the voltage signal of the elec-
trospray needle. The electrometer’s settling time to 0.01% is 2 us,
fast enough for measuring these electrospray beams. The specific
charge of the beam particles is computed from the values of their
times of flight, drift length, and acceleration voltage:

Q/m=(1/2VA)(L/tF)2 (13)

Because the electrospraying process generates particles within a
range of specific charges and acceleration voltages, the TOF spectra
recorded by the oscilloscope will resemble combinations of error-
function-likecurves with differentwidths, rather than step functions.

Unfortunately, the acceleration voltage of the beam particles is
notsimply the voltage of the electrosprayneedleVy . In fact, droplets
with differentacceleration voltages are generated at the jet breakup.
Voltage losses as large as 500 V have been measured previously
for tributyl phospate solutions of low conductivity (K = 107> S/m).
(Ref. 24). The difference A = Vy — V, is associated with both elec-
tric conduction losses in the cone jet and changes in the sum of
kinetic and potential energies of the fluid occurring during the ac-
celeration of the jet and its breakup. The acceleration voltage of the
electrospray particles can be measured using the so-called stopping
potential technique?->* We have used the experimental setup shown
in Fig. 4 to carry out stopping potential measurements. A cone-jet
is set at the tip of the electrospray needle by applying a voltage dif-
ference Von between needle and extractor. The electrospray beam
is directed toward a collector Csp, at which its electric current can
be measured. This collector is virtually grounded through the elec-
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Fig. 4 Sketch of the set electrodes used to measure the stopping po-
tential of electrospray droplets.

trometer. The acceleration voltage of the emitted droplets can be
varied by means of a power supply connected between ground and
the extractor. Hence, by reducing the voltage of the extractor while
keeping constant Voy = Vy — Vi we will have a stable cone jet that
eventuallyemits droplets at ground voltage. At this momentno more
current is measured by the electrometer, and the voltage of the nee-
dleisequalto A. Because A is fairly independentof Vqy in the onset
voltage range at which stable cone-jets are formed, the acceleration
voltage for any value of the voltage needle is simply Vy — A. An
electrode labeled “lens” in Fig. 4 was used to deal with secondary
ionization prompted by the electrosprays of most conducting solu-
tions, which are partially formed by high energetic ions.>! Finally,
in order to measure simultaneously the time of flight and stopping
potential spectra of a given spray the collector Csp could be dis-
placed to either intercept or allow the passage of the electrospray
beam (see Fig. 3).

We have used the experimental tools just described to study the
suitability of several solutions as propellants for colloid thrusters.
The low-pressure environment inherent with electrostatic propul-
sion imposes a constraint on the vapor pressure of these liquids.
Liquids such as glycerol and octoil were preferentially studied in
the 1960s and 1970s for this application. In this work we have stud-
ied other compounds that were not targeted in the earlier era of
colloid thruster research: formamide, tributyl phosphate (TBP), the
ionic liquid 1-ethyl-3-methylimidazmlium bis (trifluoromethylsul-
fonyl)imide (Emi-Im),?> and mixtures of Emi-Im with TBP. When
compared with glycerol solutions, mixtures of formamide and salts
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Table 1 Solutions studied in this work

Density,
Solution  Salt concentration, %w  Electric conductivity, S/m kg/m3
F1 Form?®-(1.73%w) NaI® 0.22(19°C), 0.30 (21°C) 1153
F2 Form-(6.33%w) Nal 0.63(19°C), 0.81(21°C) 1187
F3 Form-(11.8%w) Nal 0.93 (19°C) 1234
F4 Form-(16.8%w) Nal 1.23(19°C), 1.50 (23°C) 1289
TBPI  TBP°-(1.52%w) TBATPB¢ 0.0085 (22°C) 976
TBP2  TBP-(7.30%w) Emi-Im*® 0.096 (22°C) 1012
TBP3  TBP-(14.3%w) Emi-Im 0.14 (22°C) 1038
TBP4  TBP-(39.0%w) Emi-Im 0.33(22°C) 1150
Emi-Im Pure Emi-Im 1.01(24°C) 1460

“Formamide. °Sodium Iodide. ‘Tributyl phosphate.
dTetrabutylammonium tetraphenyl borate.
¢1-ethyl-3-methylimidazolium bis (trifluoromethylsulfonyDimide.

have the advantage of reaching much higher electrical conductivi-
ties, and thus their cone-jets produce charged particles of improved
specific charge and specific impulse. Ionic liquids are virtually in-
volatile, and some of them have the large conductivitiesappropriate
for colloid thrusters. Many others reach reasonable conductivities
when mixed with less viscous, involatile organic solvents. The di-
versity of pure ionic liquids and their possible combinations offer a
virgin ground in the research of colloid thrusters and in other appli-
cations where the production of nanoparticlesis desired. We must
point out that the possible suitability of ionic liquids as colloid pro-
pellants, both as part of mixtures with other organic liquids or at
enhancing temperatures, is an original idea of Professor Ferndndez
de la Mora (Mechanical Engineering Department, Yale University).
We have studied in this paper mixtures of formamide and sodium
iodide of different concentrations, TBP and Emi-Im. The nature
of these solutions, their densities, and electrical conductivities are
givenin Table 1. We did not observenoticeablechangesin the nature
of the solutions throughout the time the experiments were carried
out. However, the electrical conductivity of these solutions depends
strongly on their temperature, especially for the most viscous liquid
(Emi-Im).

It could be argued that the evaporation of mass from the fly-
ing droplets might cause important errors in the determination of
the specific charge and stopping potential of electrospray droplets.
However, this is not the case. For a drop in free-molecule conditions
and constant temperature, the rate of change in diameter as a result
of mass evaporationis given by

dDd _ zm%pv(g)

dr p2mky0)?

For formamide we have p,(293) =1.9 Pa, m =45.04 amu, and
p=1133 kg/m® (Ref. 27). Thus, the rate of diameter variation is
—5.75 pm/s. In our experimental setup the TOFs of formamide
droplets are of the order 0.1 ms, and therefore the typical variation
in diameter caused by mass lossesis of some of 0.6 nm. On the other
hand the initial diameter of the droplets is of the order of 30 nm or
larger. Clearly, evaporative mass losses do not induce a major error
in the determination of the specific charge of formamide droplets.
The measurement of the stopping potential is even less affected be-
cause the distance between Csp, and electrosprayingneedle is ~10
times shorter than between Cror and needle. For TBP droplets we
have p,(293) =0.58 Pa, m =266.3 amu, p =976 kg/m’, and ac-
cordingly dD, /dt = —4.96 pum/s. The TOF is typically 1 ms, and
therefore the variation in diameter is of some 5 nm. This variation
is negligible because the initial diameters of the TBP droplets mea-
sured in this article are typicallly 0.1 wm or larger. For the case of
ionic liquids, their vapor pressures are so small that p, is virtually
an unmeasurablequantity. Furthermore, it is worth pointing out that
the actual vapor pressures of formamide and TBP for the evaporat-
ing charged droplets is most likely lower than our estimates of 1.9
and 0.58 Pa. This is caused by two reasons: first, as liquid evapo-
rates the droplet cools down because the gas mean free path in the
vacuum chamber is too large to significantly thermalize the droplet
by collisions. The cooling of the droplet lowers the vapor pressure,

which is an exponential function of 7. Second, the presence of sur-
face charge lowers the vapor pressure of the liquid.>* Theoretically,
the vapor pressure of droplets charged at the Rayleigh limit is null.
Finally, the irrelevance of mass evaporationfrom dropletsin flight is
proved by the fair agreement between the electrosprayed mass flow
rates measured by both bubble flowmeter and TOF waves [Eq. (10)].
We will treat in more detail this point in Sec. IV.

IV. Results
A. Colloid Beam Phenomenology

This section begins with the description of TBP1 and F4 elec-
trosprays. The energy analysis techniques presented in Sec. I1I will
resolve the different types of charged particles within the colloid
beams: main and satellite droplets for TBP1 and main droplets and
solvated ions for the case of F4. Figures 5 and 6 show TOF and
stoppingpotentialspectraforsolution TBP1. Curves associatedwith
different TBP flow rates are plotted in each graph. TOF spectra are
given in the form of current measured at Cror as a function of
time. For ¢ < 0 the cone jet is operated steadily, and its current is
recorded by the electrometer. At ¢ = 0 the needle voltage is shorted
to ground, and the spray is interrupted. Because the droplets travel
toward Cror with a finite speed v, it takes a time L /v for the elec-
trometer to measure null electric current. The width of the resulting
error-function-likespectrumis a measure of the specific charge poly-
dispersity of the particles in the spray. Stopping potential curves are
plotted as current measured at Cgp as a function of needle voltage
(the voltage value of Csp is the reference voltage or ground). When
Vy is much lower than 0, the droplets will not reach Csp and null
electric current is measured. On the other hand, for large Vy every
droplet has enough energy to reach Csp, and the total electrospray
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Fig. 5 Time of flight curves for solution TBP1. Each curveis associated
with a different liquid flow rate.
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Fig. 6 Stopping potential curves for solution TBP1. The evolution of
droplet patterns is equivalent to that in Fig. 5.
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current is measured. At intermediate values of Vy, V, equals zero,
and current begins to be sensed by the electrometer. As 7 increases,
or equivalently as the spray current increases, a pattern of different
types of droplets evolves similarly in both graphs: at low m there is
only one step in the TOF and stopping potential curves, and hence
only one type of droplets (main drops formed at the jet breakup)
exists in the spray. At / ~40 nA a second step appears, which is
associated with satellite drops formed at the jet breakup. Based on
stopping potential analysis alone, this second step was previously**
interpreted as being caused by the smallest drops resulting from
Coulomb disintegration of main droplets in flight: it seemed un-
likely that both satellite and main droplets, formed at the same jet
breakup point, could have so different voltage losses. The TOF data
are more definitive, for if the new step were caused by the prod-
ucts of Coulomb explosions a third step (the bigger product of the
Coulomb explosion of the main drops, the former having a specific
charge lower than the latter) should appear in the TOF curves. But
this is not so, and we must conclude that the new step is associated
with satellitedroplets. The clear distinctionobservedin the TOF and
stopping potential spectra between the prints of satellite and main
droplets can be used advantageously to measure parameters such as
the voltage drop along the cone jet and the velocity and diameter
of the jet at the breakup location. This analysis will be presented
elsewhere. A second transition in the spray spectra is observed at
I ~ 87 nA. This coincides with the onset of a new jet oscillation
mode known in the specializedliterature as kink instability>’ Notice
the narrownessof the descendingstepsin the TOF curves, especially
in the intervals associated with main droplets. Thus, for the case of
I =33 nA the variance of this error-function-like TOF spectrum is
02=1.23x 107" s> [we have defined its distribution density func-
tion as 1/1 (—o00)(d1/dt)] its mean value {¢z) =7.55 x 107* s, and
the standarddeviationo = 3.51 x 107 5. If we assume thatall of the
droplets have the same acceleration voltage, then the mean specific
charge, variance, and standard deviation are (m/q) =0.0240 kg/C,
02 =5.75x 107° kg?/C?, and ¢ =0.0024 kg/C. In fact, the actual
value of the specific charge deviation is probably smaller because
of the artifice of using a constant acceleration voltage for all of the
droplets (the width of the distributionof voltagelossesis of the same
order as the width of the TOF curve). Thus, it is a good approxima-
tion to regard all of the main droplets emitted by these cone jets as
having the same volumetric charge, in spite of their relatively wide
diameter distribution functions (the full width at half maximum is
typically 30% of the mean®®). This striking observation confirms
with increased resolution the earlier data of Ref. 28. It indicates that
most of the electric current in the vicinity of the jet breakup moves
in the form of convected surface charge, rather than being conduc-
tion current (charge frozen at the surface scenario). Furthermore,
the droplet formation time at the jet breakup must be much shorter
than the time for an efficient redistribution of surface charge in the
jet breakup region.?® This is in clear contradiction with the hypoth-
esis of jet breakup at constant voltage considered in recent research
papers in which the droplet formation in cone jets is numerically
studied. 2" If the breakup were equipotential, the specific charge
of the main droplets would vary noticeably within a given electro-
spray [¢/m(D,) should be roughly proportionalto 1/ D3], which is
not observed.

The particle emission patterns just described change when more
conducting solutions are electrosprayed. In fact, for high enough
values of the ratio K/ Q the electric field at the jet exceeds the level
required to field evaporate ions from the cone-jet surface at mea-
surable rates. Figures 7 and 8 contain TOFs and stopping potential
spectra for F4. The presencein the electrospray of two types of par-
ticles is observed in Fig. 7. Although the TOFs associated with the
slower entities (main droplets) decrease as the spray current dimin-
ishes, the TOF of the second class remains constantregardlessof the
spray current. The specific charge of the latter is 84,700 C/kg (1137
Daltons). It is hard to imagine how multiply charged droplets could
be produced having such large specific charge, which furthermore
is constant in a wide range of flow rates. These particles must be
highly solvatedions. The specific charge value g /m = 84,700 C/kg
could be an underestimate because of the finite settling time of the
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Fig. 7 Time of flight spectra for solution F4. Solvated ions and main
droplets appear at different times.
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Fig. 8 Stopping potential curves for F4. Ions and main droplets are
collected in the same step (centered around Vy =200 V) of the curves.

electrometer and the indeterminacy in the measurement of the ion
stopping potential. If we use the initial TOF (~10.4 us) at which
the ion wave begins to be sensed and the larger stopping voltage
(~400 V) of the curves in Fig. 8, we obtain a maximum specific
charge for the solvated ions of 176,000 C/kg. The TOF diame-
ter of these solvated ions, D = (6m /mp)'/?, m=1.89 x 107 kg,
p=1153 kg/m?, is 1.41 nm (1.10 nm for 176,000 C/kg), not far
from the Born diameter

]
2 | 3
DBom = [M} (14’)

82e0y

which in this case is 0.86 nm. Born’s expression (14) is a mere
approximation based on energy considerations alone.

The evolution of the ion current as a function of the mass flow
and the electric field Ex defined in Eq. (5) is plotted in Figs. 9a
and 9b. The total current emitted by the cone jets of F4 is also
plotted in Fig. 9a in order to show the relative importance of the
dropletand ion fractions. Notice that the ion yield is approximately
constant at large flow rates and increases rapidly as the mass flow
decreases below 3.7 x 107! kg/s, Ex = 1.09 V/nm. This observa-
tion is consistent with a two-stage emission scenario: at large flow
rates ions are emitted from either a fraction of the droplets having
the larger electric fields or from the thin liquid filaments connect-
ing the droplets at the very last stages of the jet breakup.?' In both
cases the total ion current must remain a small fraction of the total
current: if the emission occurs from some droplets, the evaporated
charge is a fraction of the droplet charge; if the emission occurs
from liquid filaments, the very short breakup times preclude any
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Fig. 9a Ionyield asafunctionofmassflow rate for solutionF4. Atlarge

flow rates there exists a residual ion current, which increases steeply
below iz =3.7 x 10~ 11 kg/s.
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Fig. 9b Ion yield as a function of electric field at the cone-jet apex for
solution F4. The electric field Ex is defined in Eq. (5). A critical value
of Ex (1.09 V/nm) triggers the onset of ion evaporation from the cone’s
apex.

reorganizationof the surface charge distribution. At low flow rates
the electric field at the cone tip, where the jet begins to develop, is
large enough to promote ion emission. The ion yield from this point
is not limited in principle because the total electric currentin the jet
has not been fixed yet, and it is connected to the power supply by a
resistive path (see Ref. 21 for a quantitative study of this ion-droplet
emission regime). The stopping potential curves shown in Fig. 8 are
used to assign an accurate accelerationvoltage to the sprays studied
by TOF. All of the particles presented in the sprays are collected
in the low-voltage step of the curves and hence have a mean volt-
age loss of roughly 200 V. Notice the appearance of an additional
step at 1100 V. It is caused by secondary ionization effects within
the electrospray chamber. The reader interested in a more detailed
description of these stopping potential curves is referred to Ref. 21.

B. Measurement of Thrust and Specific Impulse

We use now Egs. (9) and (10) to compute the thrusts and mass
flow rates of these electrosprays. Figures 10-13 show the accumu-
lated T and m (i.e., the value of the integrals in Eqs. (9) and (10)
between ¢ =0 and #r) for several experimental runs obtained with
solutions TBP1 and F4. To allow a proper comparison, the inverse of
specific chargeis taken as abscissacoordinate, rather than the TOF;
this involves a straightforward change of variables from . to m/q
Eq. (13). Evidently, the thrust and mass flow rate associated with
each spray are the constant values reached at large m /g. The accel-
eration voltage of a given type of particle (main droplets, satellite

Spray mass flow (x10°kg/s)

0.0 T

0 0.05 0.1 0.15 0.2 0.26

m/q (kg/C)

Fig. 10 Beam massflow of two TBP1 sprays. They have been computed
by integrating their TOF spectra [Eq. (10)].
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Fig. 11 Thrust values rendered by time of flight analysisfor the sprays
in Fig. 10.
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Fig. 12 Beam mass flow of three F4 sprays, computed by means of
Eq. (10).

droplets, or ions) present in a given spray is taken to be the voltage
of the electrospray needle minus the mean voltage loss yielded by
the stopping potential curve for that particular particle and spray.
Thus, although different types of particles in the same spray can
have different acceleration voltages all of the particles of the same
kind in a given spray are assigned a unique acceleration voltage,
and particles of the same type but in different sprays (different flow
rates) can have different acceleration voltages. Figures 14 and 15
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Fig. 13 Thrust values rendered by TOF analysis for the sprays in
Fig. 12.
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Fig. 14 Thrust yielded by a single cone jet of F4 as a function of mass

flow. The voltage of the needle is 1547 V, and the mean acceleration
voltageis 1347 V.
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Fig. 15 Specific impulse of F4 cone jets set at the same conditions as
in Fig. 14.

collect the thrusts and specific impulses of all of the F4 sprays stud-
ied, at an acceleration voltage of 1347 V. Although the lowest flow
rate in these graphsis the minimum at which a stable cone jet could
be set, flow rates larger than the largest shown are still possible.
Curves fitting the experimental data are offered to allow the extrap-
olation of T and I, at different V4 and 7. The forms of the scaling
laws (7) and (8) are used to model the data. Figure 16 shows the
ratio
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Fig. 16 Error associated with using the average value of the specific
charge to estimate spray thrust. The cone jets are those in Figs. 14 and 15.

Thrust error = {[rm+/2Vy(I/m) — T1/T} x 100 (15)

i.e., the error involved in estimating the thrust using the average
specific charge of the colloids and the needle voltage as the accel-
eration voltage. m and T are the spray mass flow and the thrust
yielded by the TOF measurement. At large flow rates the thrust
computed by average values overestimates the measured value by
15% approximately, mainly because the voltage losses occurring
in the electrospraying process are not included in the former. The
overestimate is even larger for flow rates below 4.0 x 107! kg/s.
The error now is not only associated with voltage losses, but also
with the important fraction of the current that is emitted in ionic
form (see Fig. 9a): most of the mass is still emitted in the form of
droplets,but their average specific charge is considerablylower than
I /m. Hence, the reduction in the thrust generated by the droplets
cannotbe compensatedby the additional thrust producedby the ions
because of the minute mass flow of the latter. This is readily seen
for the ideal case of a spray formed by two types of particles, each
one with a fixed specific charge. If we use X and Y to denote the
mass flow and current fraction associated with one of the particle
types and I and m for the total current and mass flow of the spray,
the combined thrustis simply

T = m[/2V,XY (I /i) + v/2V,o(1 = X)(1 = Y)(I /)] (16)

which reaches a maximum for (X, Y) equal to either (1, 1) or
(0, 0), i.e., for the case of a monodisperse spray. On the other hand,
the thrustapproachesO for (X, Y) tendingto (1, 0) or (0, 1), which is
the trend observedin Fig. 16 for the lowest flow rates. The existence
of several types of particles with different specific charges also re-
duces the efficiency of the spray. The efficiency of F4, defined in
Eq. (12), is shownin Fig. 17. For m above 4.0 x 107'! kg/s, the effi-
ciency has an approximatelyconstantvalue of 76%. Again, this 25%
drop is mostly caused by voltage losses in the cone jet: the average
voltagelossis 200V, 13% of the total needle voltage. The increasing
relative importance of the ionic currentbelow m = 4.0 x 10~ kg/s
makes the efficiency lower because the extra thrust obtained from
the solvated ions does not compensate the power required to accel-
erate them. Nevertheless, depending on the mission specifications
propulsiveefficiency mightnotbe arelevantfigure of meritin micro-
propulsionbecauseof the low powerrequirementsof these thrusters.
Indeed, for propulsive needs requiring finely controllableand stable
microthrusts (e.g., 20-uN nominal thrust with a noise lower than
0.1 uN) one can imagine that the power losses in the power pro-
cessing unit will be comparable to the power spent in accelerating
the electrospray. In this case the specific impulse, which measures
the efficient use of propellant mass, and the thrust noise are param-
eters much more relevant than the propulsive efficiency. We have
monitored the electric currentemitted by a cone jet of F4 to compute
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Table 2 Colloid beam’s characteristics of interest in electrostatic propulsion

TITOF, TEMT
Solution  x10™°kg/s* x107%kgls® I,nA VN,V  T,uN Iyps n% (m/q),gC
Fl 1.14 1.20 260 1547  0.873 719 834 4.52
Fl 0.85 0.93 225 1547  0.693 83.0 81.0 5.05
Fl 0.50 0.55 164 1547 0453 920 804 442
Fl 0.18 0.22 101 1547 0215 124 80.5 2.30
F2 0.65 0.71 367 1703 0.825 129 83.1 1.54
F2 0.38 0.42 290 1703 0.559 149 82.8 1.26
F2 0.19 0.23 209 1688  0.330 179 82.1 1.26
F2 0.061 0.11 148 1672 0.152 255 75.7 0.72
F3 0.65 0.69 445 1641  0.848 133 75.7 1.31
F3 0.28 0.33 332 1641 0489 179 78.9 0.79
F3 0.064 0.11 202 1641  0.180 287 76.5 0.44
F3 0.0069 0.026 272 1641 0061 894 59.5 0.086
F4 0.53 0.56 410 1547 0711 137 752 0.11
F4 0.13 0.17 256 1547 0283 222 76.2 0.50
F4 0.040 0.079 201 1547  0.134 341 71.4 0.21
F4 0.021 0.045 226 1547  0.088 427 53.4 0.16
Emi-Im 0.51 0.53 307 1828  0.628 126 68.4 1.60
Emi-Im 0.21 0.20 216 1828 0352 171 73.6 1.22
TBPI 10.6 11.3 103 1547  1.585 152 795 155
TBPI 1.52 1.58 434 1547 0422 283 873 375
TBP2 3.34 3.60 185 1469 1.1 36.9 80.6 15.9
TBP2 1.17 1.14 116 1469  0.587 51.1  86.1 14.0
TBP3 0.18 0.18 69 1453 0.176 99.7  86.7 3.42
TBP3 0.078 0.070 45 1453 0096 125 88.8 2.04
TBP4 0.48 0.49 158 1516  0.437 928 833 327
TBP4 0.079 0.079 64 516 0.114 147 84.8 1.69

#Mass flow rate obtained by integration of the TOF wave [Eq. (10)]. "Mass flow rate measured with bubble flow meter.
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Fig. 17 Efficiency of F4 cone jets. Thrust and mass flows are computed
using the TOF curves of the sprays.

the thrust noise related to time variations of the colloid beam. The
evolution of / during a time interval of 1000 s is shown in Fig. 18.
Fifty samples per second were recorded. The mean values of / and
m are (I) =317.38 nA and (m) =2.37 x 107'° kg/s, and the stan-
dard deviation of the data in Fig. 18 is 0; =1.790 nA. The T —m
fitting in Fig. 14 can be used to compute the mean value of the
thrust, which is (T') =0.413 uN. With these data we can compute
the standard deviation of T, which is simply given by

dr

== (eg} (17)
d/ "

or

To obtain this expression,we have made use of the factthato; /(1)
and o7 /(T') are much smaller than one. Finally we use the ] — m
and T —m fitting from Figs. 9a and 14 to compute the derivative
in Eq. (17), and the estimate for o7 is 4.44 x 10™3 uN. This thrust
noise is certainly small and should not vary for the case of an array
of individual cone jets, which will be needed to reach the thrust
requirements of hypothetical missions.
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Fig. 18 Time variation of the current emitted by a typical cone-jet of
solution F4.

C. Characteristics of Several Propellants

Typical values of thrust,specific impulse, and efficiency for differ-
entelectrospraysare givenin Table 2. Other parameters of relevance
such as the mass flow rate [measured by means of both TOF tech-
nique, Eq. (10), and bubble flow meter, the formeris used to compute
I, and 1), spray current, needle voltage, and specific charge of the
main droplets are provided as well. TBP is a good propellant from
the point of view of its low vapor pressureand relatively low viscos-
ity coefficient. Unfortunately, its modest dielectric constant (8.9 at
25°C) prevents mixtures based on TBP and common salts to reach
the high electrical conductivitiesdesired for colloid thrusters. Thus,
the specific charge of TBP droplets is too low to obtain interest-
ing specific impulses at reasonable acceleration voltages. However,
when TBP is mixed with important amounts of Emi-Im, the elec-
trical conductivity of the resulting solution approaches the lower
conductivity limit of interest (see Table 1). TBP cone-jets offer a
good example of the high propulsiveefficiency associated with col-
loid thrusters, which is a consequence of both the narrow specific
charge distributionof the electrospray particles and the modest volt-
age losses as compared to typical acceleration voltages. It is worth
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pointing out the similarity between the mass flow rates yielded by
TOF and flow-meter measurement. Because both #itor and T are
computed using the same scheme, i.e., the integrals in Egs. (9) and
(10), the validationof the former providesconfirmation for the latter.

Data for the ionic liquid Emi-Im are also given in Table 2. These
electrosprays have an ion emission regime similar to that shown in
Fig. 7 for the case of F4 at high flow rate. However, the conductivity
of Emi-Im at the temperature at which the experiments were done
was too low to reach the dominating ion evaporation regime typi-
cal of low flow rates. Although these values of I, are still low for
electrostatic thrusters (for example, the I, form =2.1 x 107" kg/s
at V, =5000V is 292 s), we expect that mixtures of this or other
ionic liquids with appropriate solvents, or higher working temper-
atures, will make ionic liquids attractive propellant candidates for
this application. Again, the very similar values for the two indepen-
dent measurements of m confirm both the suitability of the TOF
technique and the virtual lack of liquid evaporative losses from the
ionic liquid cone-jet.

The largest subsetof datain Table 2 is associated with formamide
solutions of different conductivities. Clearly the most interesting
results are those of the solutions with higher K, which offer the
specific impulses attractive in electrostatic propulsion. /g, of some
500 s and above at Vy ~ 1600V are achieved for the most conduct-
ing formamide solutions at the lowest flow rates. The wide range of
thrust delivered by a single electrospray source within the window
of flow rates allowing stable operation is noteworthy. The efficien-
cies are in most cases in the high seventies, dropping to about 50%
when the evaporationof solvatedions begins to dominate the charge
emission process. Unfortunately, the losses of formamide by evap-
oration from the cone-jet surface are important at the lowest flow
rates (compare the data for mgyt and mitor Table 2). In fact, we
have measured a deficit between mipyr and riqor of approximately
4 x 107" kg/s regardless of the flow rate and solution conductiv-
ity. This is consistent with the scenario of formamide evaporating
from a surface of constant area (the same electrospraying needle,
i.d. =22 um, was used for every cone jet of formamide, and thus
the area of every liquid meniscus was roughly the same). To solve
this problem, the use of smaller needles or propellants of similar
conductivities but with lower vapor pressure will be required (e.g.,
ionic liquids).

V. Conclusions

We have studied electrosprays held in a vacuum by means of
time of flight and stopping potential techniques. This combination
provides a good understanding of the colloid beam properties and
yields accurate measurements of the spray thrust and specific im-
pulse. Cone-jets of highly conducting liquids operated at safe onset
voltagesoffer the possibility of generating colloids with the specific
charge required for electric propulsion. For example, a cone-jet of
formamide with a conductivityof 1.5 S/m and operatedata flow rate
and onset voltage of 4.0 x 10™!! kg/s and 1547 V produces a beam
of droplets with specific charge of 4760 C/kg. The thrust and spe-
cificimpulse of that spray are 0.134 N and 341 s. These values will
raise up to 0.258 uN and 657 s if an acceleration voltage of 5000 V
is applied to the spray by an accelerationelectrode. Still higher spe-
cific impulses are reportedin this article. The thrust noise related to
variations of the colloid beam is of the order of 4 x 1073 uN.

The thrust and specific impulse delivered by a cone jet depend
mainly on the electrical conductivity and flow rate of the electro-
sprayed solution. T’ and I, vary with the mass flow rate as 7** and
m~/4, respectively. Thus, it is possible to obtain a wide range of
the thrust delivered by a given cone-jet by controlling its flow rate.
Unfortunately the specific impulse does not remain constant in the
window of mass flow operation. Close to the minimum flow rate, 7
and I, have a K~'/? and K'/? dependencies on electrical conduc-
tivity. Hence, from the point of view of specific impulse solutions
with large electrical conductivities are most convenient.

For very conductive solutions electrosprayed close to the mini-
mum flow rate, an important fraction of the total current is emitted
in the form of solvated ions along with charged droplets. Although
it would be interesting to work under conditions such that the emis-

sion were completely in the form of solvated ions, this regime has
not been found yet for the case of electrosprays of organic liquids.
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