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Ionic Propulsion Based on Heated Taylor Cones of Ionic Liquids

I. Romero-Sanz,* 1. Aguirre de Carcer,” and J. Fernandez de 1la Mora*
Yale University, New Haven, Connecticut 06520-8286

Electrical propulsion characteristics of emissions from heated Taylor cones in vacuo are investigated for the
ionic liquid 1-ethyl-3-methylimidazoliumbis(perfluoroethylsulfonyl)imide. Low specific impulses are encountered
at room temperature. However, the drop size decreases and the ion currents become very large at increasing
temperatures, leading above 119°C to the appearance of a purely ionic regime with currents in excess of 4 uA.
This mode of operation leads to thrusts approaching 1 N per Taylor cone, at a specific impulse above 2000 s. The
ion beam is dominated by the dimer ion (~80% ), with a mass-over-charge ratio larger than 600 amu, substantially
larger than possible with traditional ion sources. The purely ionic regime had been previously observed in room-
temperature 1-ethyl-3-methylimidazolium*-BF4, but this is the first report where this regime exists over a wide
range of currents. The levels of both thrust and specific impulse reported are considerably higher than those
previously attained from single Taylor cones of organic electrolytes.
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I. Introduction

NTEREST in using charged drops produced from Taylor

cones' 3 for electrical propulsion dates back to the sixties,*>
but has been revitalized in recent years.®’ This has led to a search
for propellant materials with performance superior to that of the
traditionally used glycerol,® with an emphasis on those having sub-
stantially higher electrical conductivity and much lower viscosity.’
Formamide offers some very interesting characteristics, though its
finite vapor pressure calls for use of emitter tips only a few mi-
crometers in diameter.'® To overcome this volatility problem, we
have recently reported on the use of room-temperature molten salts
(ionic liquids) as alternative materials for forming Taylor cones in
a vacuum.'! These propellants combine the advantage of high elec-
trical conductivity'>~!> with essentially zero vapor pressure, and
this has stimulated similar investigations from other groups.!®!” In
particular, we have found that the ionic liquid EMI-BF, (EMI = 1-
ethyl-3-methyl imidazolium™), when electrosprayed in a vacuum at
room temperature, exhibits a regime where it emits exclusively ions
with no accompanying drops.!! This finding suggests using Tay-
lor cones of ionic liquids not only for colloidal, but also for ionic
propulsion. The initial motivation for this shift was the promise of
ionic liquids to yield ions with a mass/charge ratio intermediate be-
tween those already available from plasma sources (m/z ~ 100 amu)
or colloidal devices (m/z > 10> amu). Figure 1 shows such ranges
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schematically, revealing a wide gap between about 10° amu and
about 100 amu. This gap may currently be covered only partially
and at limited propulsion efficiency in the mixed regime, where
both ions and drops are produced. Here we will show that the low-
mass end of the gap can also be covered at high propulsion efficiency
with commercially available ionic liquids going up to about 600 amu
(Phase I in the figure). The indicated Phase II extending to several
kdalton is hypothetical, but not as far-fetched as may appear, because
room-temperature ionic liquids with anion or cation masses in ex-
cess of 3 kdalton have already been reported. The propulsive interest
of reaching this intermediate mass/charge range is well known, be-
cause the minimization of the weight of propellant calls for large
specific impulse (small m2/z), whereas the minimization of the as-
sociated weight of the power unit calls for a reduction in specific
impulse. The optimal condition balancing these conflicting require-
ments is somewhere in between; hence the interest in a variety of
missions to be able to cover the currently unavailable 7 /z range.

Our previous work with EMI-BF,was limited in several respects.
First, the modest currents (a few hundred nanoamperes) and mass
flows yielded by a single Taylor cone of EMI-BF, in the purely
ionic regime provided maximal thrusts less than 0.02 uN. Second,
the emissions were dominated by the dimer ion BF,~EMI, with a
mass of 308.6 amu. Although this value is substantially better than
can be reached at present with either plasma sources or liquid-metal
ion sources, it is short of what can in principle be attained by ionic
liquid propellants. Our present objective is therefore not only to test
some of the heavier commercially available ionic liquids for their
electrical propulsion characteristics, but also to achieve larger ion
currents.

II. Experimental

The experimental apparatus is sketched in Fig. 2 and is similar
to that previously described.!" A conductive liquid is introduced
into a high-vacuum system through a stainless steel capillary needle
connected to an external vial. The liquid is then electrosprayed by
applying a voltage difference between the needle and the extractor
(grounded in this study). After the voltage is interrupted with a
homemade switch at time 1 = 0, one can record the current received
at the collector as a function of the time of flight (TOF) or ¢:

I =I(TOF) =1(t) (1)
Approximate values of the key propulsive parameters can be ob-
tained from the time of flight curves, as in Gamero-Castafio and
Hruby,® by assuming that there is no irreversible voltage drop in the
process of forming the drops and the ions. Assuming that they are
ejected with an energy ¢V}, where Vj is the needle voltage, energy
conservation yields the distribution of the ratio m /g = mass/charge
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Fig. 1 Potential fuels for electrical propulsion as function of mass over charge ratio.
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Fig. 2 Experimental apparatus.

[Eq. (2)], where L is the total flight length:
m/q =2V,(t/L)? 2

Considering a group of particles with arrival time in the interval 67,
the associated current is obtained from the TOF measurement:

81 = 8¢[dI (r)/dr] 3)

The corresponding mass flow and thrust can be then obtained as
“
&)

Total values for both mass flow rate (m’) and thrust (T’ ) may therefore
be obtained by integration from ¢ =0 to t = 0o in Eqgs. (4) and (5):

sm' = —8Im/q = —81(2Vor* /L)’

ST = —ém'u = 81 (2Vyt/L)

"= pQ 2Vy [l 2= N I1()2tdt  (6)
m = = —_—-— —_— = —_—
p 2 ), @ Lz,
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Other propulsive parameters such as the specific impulse (/) and
the efficiency (1) can also be calculated:

®)
®

Note that neither the ion energy, the mass flow rate, nor the thrust
is measured directly, as this is primarily a qualitative exploration
of whether the purely ionic regime is accessible in ionic liquids of
increasing molecular weights.

The collector electrode was preceded by a 75% transparent metal
screen, meant to avoid detection of the beam ions by induction prior

Iy =T/m'g=u/g

n=T>/2m'VyI

Alumina )
J Stainless steel
a Emitter tube
o Electrospray
Heatin
g Thermocouple
+| Voltage -
Fig. 3 Heated electrospray source.
Table 1 Physical properties at ambient conditions for the ionic
liquids studied®

mt  m~  dimert 0 y K m
Liquid (amu) (amu) (amu) (g/cm3) (dyn/cm) (S/m) (cP)
EMI-Beti 111.2 380.1 602.5 1.6 31.18 034 61

DMPI-Me 139.3 4112 689.8 1.55 37.83  0.046 unknown

YEMI = I-ethyl-3-methylimidazolium; DMPI = 1,2-dimethyl-3-propylimidazolium;
Beti = [(C,F5S0,),N~] = bis(perfluoroethylsulfonyl)imide; Me = Methide =
tris(trifluoromethylsulfonyl) methide = [(CF3SO,);C~].

to their arrival. This screen was biased negatively (generally at 9 V)
to avoid escape of secondary electrons from the collector. All the
currents reported in this paper and the derived quantities defined in
Eqgs. (1-9) are corrected for the 25% loss at the screen. The spray-
ing needle used was made of stainless steel, with an inner diameter
(184+£20 pm) considerably larger than used before, in part forced
by the high room-temperature viscosity of ionic liquids used. Two
ionic liquids were tested, with properties reported in Table 1. We
are not aware of published data for the viscosity of 1,2-dimethyl-
3-propylimidazolium methide (DMPI-Me), nor of values of any
of these properties at higher temperatures. Both liquids are com-
mercially available from Covalent Associates Inc. (Woburn, MA).
DMPI-methide turned out to be too viscous to be tested at room
temperature, because the maximum pressure we could apply to the
liquid reservoir yielded a flow rate smaller than the minimum re-
quired to stabilize the Taylor cone.

An important variation from Ref. 10 is that we may heat the
emitting tip up to several hundred degrees Celsius by means of the
small heating element in Fig. 3. Heating the Taylor cones is an
essential feature of the present study, because the use of heavier and
more viscous salts reduces their electrical conductivity (Table 1)
well below the value for EMI-BF,, giving little hope of reaching the
purely ionic regime at room temperature.

The emitting capillary emerges at the end of the steel tube on
the right of Fig. 3, where a K-type thermocouple is spot-welded.
The alumina tube surrounding the steel tube is wound with heating
nichrome wire covered with ceramic glue (Duralco 4700; Cotronics
Co.) and powered with a variable-voltage transformer. The system
is held by a Teflon cylinder on the left (not shown) that serves also
as the support of an extractor electrode. The Teflon is attached to
the flange coupling the source to the vacuum chamber.
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By placing two thermocouples on the free end of the stainless
steel tube, we have confirmed that the temperature to the right of
the heating element is independent of position. Hence, the free end
of the source is adiabatic and the temperatures in the meniscus and
the thermocouple coincide.

III. Results

Figures 4a-4e summarize our results with Taylor cones of EMI*-
Beti~ formed in a vacuum at varying liquid temperature. Each figure
shows several traces corresponding to different propellant flow rates
(quantified by the pressure pushing the liquid) and emitter voltages.
The most relevant propulsive parameters derived from these /(z)
traces [according to Egs. (2-9)] are collected in Table 2. Note that
the table contains two main sources of ambiguity:

1) The large effect that a small current of large droplets has on the
mass flow rate, the thrust, the specific impulse, and the propulsion
efficiency.

2) The inaccuracy of the assumption that the ions and droplets all

have an energy fixed by the needle voltage.
For these reasons, most of the numbers reported in the table should
be interpreted more as approximate indicators than as precise per-
formance parameters for thruster design. The large current fluctua-
tions near ¢ = 0, which are due to noise induced by the high-voltage
switch on the electrometer, are removed for data analysis by treating
the current as a constant ahead of the first step. In the purely ionic
regime this initial noise occupies a fair fraction of the TOF trace,
but the propulsive parameters are then defined just by the heights
of the two steps and the masses of the two ions, both of which are
either read from the graph or known independently.

At 22°C (Fig. 4a), one sees a first step at about 5 ps correspond-
ing to ions, followed by abundant drops (100 to 400 us). At 56°C
(Fig. 4b), ions are already dominant. The main drops are also fairly
small (flight times of ~30 us), with an associated specific impulse
of about 327 s. This is rather high for colloidal propulsion, par-
ticularly noting that the acceleration voltage is only 2 kV. With a
postacceleration up to 5 kV the specific impulse would be 525 s.
Unfortunately, a tail of much heavier drops leads to the consider-
ably smaller overall specific impulses shown in Table 2. Note also
that the ionic emission shows two steps. The dominant second step
carries about 80% of the ion current and is associated with the dimer
ion, which has an unusually large mass of 602.5 amu. In fact, there
is only a factor of about 6 between the speed of these heavy ions
and that of the drop step at 30 us, so we are approaching conditions

Table 2 Propulsive parameters for EMI-Beti at different
temperatures, needle voltages, and pressures driving the liquid®

Temp Pressure [ Voltage m’ Thrust Isp
(O kP A (V) Kegs)  wN) () 0%
22 1.87 204 2102 2.59E—09  0.95 37 40
3.73 276 2123 1.L1I9E—-09  0.84 72 51
6.13 412 2194 2.43E—-09 1.40 59 44
8.00 460 2528 T49E—-09  3.01 41 52
1.76 572 2525 1.21E-08  4.25 36 52
56 6.40 850 2143 2.05E—-09 1.55 77 32
9.33 1700 1971 1.24E—-09 1.33 109 21
10.13 2400 2224 1.47E—-09 1.80 125 21
12.53 3375 2315 1.46E—09  2.71 189 31
17.33 4050 2446 1.64E—-09  2.67 166 24
119 2.40 84 2184  430E-13 001 2947 98
320 648 2062 4.81E—-12 011 2227 86
4.80 2700 2143 125E—-11  0.19 1559 25
7.20 4500 2275 527E—11 0.79 1534 58
143 320 1850 2022 1.69E—-11 036 2182 96
4.00 2950 2123 229E-11 046 2031 71
5.60 4750 2649 396E-11 089 2283 96
185 4.80 3200 1880 2.53E-11 054 2157 94
533 4150 2143  424F-11 083 1981 90
5.60 5500 2133 4.65E—-11 098 2152 88

?Bold = pure ionic regime (drop-free). The liquid mass flow rate m’, thrust, specific
impulse /s, and propulsion efficiency are computed from the time of flight curves as in
Gamero and Hruby,® assuming that there is no irreversible voltage drop in the tip.
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Fig. 4 Time of flight curves of EMI-Beti at different temperatures.
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where the ions become so large and the drops so small that they
begin to merge with each other. The purely ionic regime can first
be seen at 119°C (Fig. 4c). As shown in Table 2, the lowest two
traces, corresponding to the smallest currents, attain relatively high
propulsion efficiencies, whereas the data at higher flow rates con-
tain sufficient drops to decrease appreciably this figure of merit. At
143 and 185°C (Figs. 4d and 4e), the contributions from drops are
minor at almost all flow rates. The fact that the purely ionic regime
exists over a wide range of currents is an important variation from
our earlier results with EMI-BF, at room temperature, where it was
observed only at the minimum flow rate. Of even greater interest
is that the combination of large current and large ion mass leads
to a thrust level approaching 1 N at a specific impulse larger than
2000 s, well above previously reported thrust for single Taylor cones
of organic electrolytes or ionic liquids.

Similar preliminary measurements have been carried out with the
DMPI-methide salt at 47, 77, and 119°C. The currents are below
600 nA, with modest ionic contributions at the two lowest temper-
atures. At 119°C the emissions are dominated by ions and reach
near 2 uA. Although the purely ionic regime has not been attained
at the temperatures investigated, the trends are similar to those of
EMI-Beti. Operation at higher temperature was precluded by the
appearance of bubbles on the meniscus. Originally it was unclear if
this problem was due to the onset of thermal decomposition of the
liquid, or rather to insufficient drying and degassing of the sample.
Later work at Covalent Associates Inc. has established that the on-
set of DMPI-methide decomposition under a vacuum of 0.13 Torr
(17.3 Pa) is 389°C, compared to 414°C at atmospheric pressure.
Therefore, DMPI-methide should easily survive our conditions of
temperature and pressure, and the bubbles must have been due to
residual water and/or dissolved gas (Victor R. Koch, Covalent As-
sociates, Inc., private communication). This conclusion is further
strengthened by the high viscosity of this liquid (which drastically
slows the liberation of bubbles) and the fact that it was degassed
under vacuum only at ambient temperature.

IV. Conclusions

A study with two of the heaviest ionic liquids available com-
mercially has revealed several features of considerable propulsive
relevance.

1) The purely ionic regime is accessible for EMI-BETI under
conditions leading primarily to dimer ions, at an m/z ratio in ex-
cess of 600 amu. This is a substantially higher m /z than previously
available from liquid metals or plasma sources. The high ion currents
observed (~4 1 A) lead to thrust levels per Taylor cone approaching
1 uN, at specific impulses above 2000 s. This performance is much
better than any previously reported based on Taylor cones of organic
liquids.

2) Prior to reaching the purely ionic regime, EMI-Beti produces
microampere current levels of unusually small drops (specific im-
pulses in excess of 300 s) mixed with even larger ionic currents,
leading to micronewton-level thrusts. Both the specific impulse and
the thrust level per Taylor cone are considerably higher than previ-
ously attained by colloidal thrusters. This attractive performance is
attained with relatively modest temperatures (56°C). Unfortunately
the long tails of fewer large drops formed lead to a less satisfactory
overall specific impulse in this mixed regime, and to low propulsion
efficiency.

3) Controlling the temperature of the ionic liquids allows passing
from a predominantly colloidal regime into a purely ionic regime
with a single propellant. However, because the level of currents in the
colloidal mode at room temperature is almost an order of magnitude
smaller than in the ionic or mixed regimes at higher temperatures,
near-colloidal operation does not offer a substantially higher thrust
level, yet has a considerably smaller specific impulse and propulsion
efficiency than the ionic regime.

4) A few preliminary results with the heavier salt DMPI-methide
seem to indicate that even more massive and viscous molten salts
than used here might be able to attain the purely ionic regime at
temperatures within their thermal stability range.

After submission, a related study on EMI-BF; in the purely ionic
regime appeared. '’
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