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Interest in ionic liquid electrospray propulsion has increased considerably in recent years
due to its potential for high specific impulse and efficiency at low power, making it a promis-
ing solution for the fast-growing small satellite market. However, electrospray thrusters
present the challenge of measuring very low thrust and mass flow rates for performance
characterization. Although direct thrust measurements are common practice in the litera-
ture, propellant consumption is rarely measured in situ, being typically estimated through
mass spectrometry separately. In this work, a modified analytical balance was used in tan-
dem with a time-of-flight mass spectrometer to obtain both direct and indirect thrust and
mass flow rate measurements. An electrostatic calibration device built with commercial-
off-the-shelf heat sinks was characterized with high-precision calibration weights and then
used in vacuum to correct the measurements of the balance. Direct thrust and mass loss
rate measurements of the order of uIN and mg/h or less, respectively, were acquired consis-
tently at the same time. An average relative difference of 10.5% was found between direct
and indirect thrust measurements, with a consistent thrust-to-current ratio of 0.1 uN/uA.
On the other hand, the mass flow rate estimated with time-of-flight mass spectrometry
was between 23.1% and 64.7% lower than the mass loss rate obtained with the balance.
Possible reasons for this disagreement and methods to assess them are discussed.
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I. Introduction

The unceasing miniaturization of electronics is driving the growth of the small satellite market at an
accelerated rate. In 2021, small satellites amounted to 94% of all launched spacecraft and 43% of the total
upmass !l Although electric propulsion systems are increasingly being incorporated on space missions,? con-
ventional (plasma) thrusters are falling behind the surge of microsatellites and nanosatellites. Size reduction
of these propulsion systems is complicated and typically results in a significant efficiency decrease.

On the other hand, the interest in electrospray thrusters is increasing due to their small size and their
potential for high efficiency at low power. Unlike other propulsion technologies, miniaturization of electro-
spray devices presents no inherent efficiency loss mechanism® Furthermore, the progress of microfabrication
technologies allows for high current density electrospray emitters® with performances similar to ion and Hall
thrusters® at a lower power.

Electrospray thrusters produce thrust by extracting and accelerated charged particles from a conductive
liquid with an applied electric field. A substrate called emitter is wet with the conductive liquid and
an electric potential difference is applied between the liquid and an extractor grid. At high electric field
strengths, the liquid forms a meniscus and emits ions or charged droplets, which are accelerated by the field
and produce thrust® A schematic is shown in Electrospray thrusters can operate in different
regimes, depending on the type of emitted particles: the cone-jet regime, in which a jet is formed that breaks
up into droplets, the purely ionic regime, in which evaporation of ions occurs directly from the meniscus tip,
and the mixed regime, in which both droplets and ions are emitted. The local electric field strength needed
for emission is very high, ~ 0.1-1 V/nm for ions.” To reduce the required electric potential for operation,
emitters feature sharp tips to enhance the field strength. An array of these sharp structures is typically
included in electrospray emitters, which are categorized by geometry into capillary,® porous? or externally
wetted 1!

Figure 1: Externally wetted electrospray thruster schematic.

Room temperature ionic liquids (RTILs), which are molten salts that consist of both positive and negative
chemically stable molecular ions, are typical propellants used in electrospray thrusters. The main advantages
of these liquids are that particles of both polarities can be emitted, thus removing the need of a neutralizer
and their negligible vapour pressure, which is convenient for storage without pressurization. Electrospray
thrusters using RTILs typically emit in the purely ionic regime or with some droplet emission (mixed regime),
although the choice of liquid can significantly affect the performance’2

Experimental electrospray thrusters that operate at very low power render direct performance charac-
terization challenging. In general, ~ 1 pA of emitted current is produced per emitter tip. With a thrust-to-
current ratio of the order of ~ 0.05 — 0.1 uN/uA,” an array of hundreds of emitter tips typically generates
a thrust of a few micronewton. Direct thrust characterization of this order with torsional thrust stands
is common practice in the literature 1314 Analytical balances are increasingly being used for direct thrust
measurements of electrospray thrusters 12" However, to estimate specific impulse and efficiency, the mass
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flow rate is also required. The standard practice is to perform time-of-flight mass spectrometry and other
indirect diagnostics separately to estimate the overall performance of the thruster. Although some direct
mass flow rate measurements (in situ) can be found in the literature,2%28 it is far from common. Experimen-
tal electrospray thrusters typically exhibit a mass flow rate of the order of mg/h or less, which makes direct
characterization complex. This requires operating a balance in the vertical direction and ensuring proper
calibration since outgassing, environmental drift, and other perturbations can alter considerably the mass
loss measurements.

In this work, a modified analytical balance (Mettler Toledo AX504) equipped with an electrostatic cal-
ibration device (ECD) was used to characterize the performance of an externally wetted, passively fed
electrospray thruster. A dedicated experimental setup was used to arrange a time-of-flight mass spectrome-
ter in tandem with the balance to attain indirect thrust and mass flow rate measurements simultaneously, in
order to compare the performance results from the two diagnostics. The experimental thruster was operated
with 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI-Im) as propellant.

II. Experimental setup

1. Balance

The MT-AX504 is a high-precision analytical balance with a maximum load of 510 g and a
readability of 0.1 mg. It is a null balance operating on the principle of electromagnetic force restoration: the
load on the weighing plate pushes a lever mechanism, which is monitored with a displacement sensor, and
an electromagnetic coil on the other end is actuated through feedback control to balance the lever and bring
the displacement to zero.

Figure 2: Mettler Toledo AX504.

An electrostatic calibration device (ECD) based on the concept of a comb-drive was built following the
work of Chea et al. using commercial off-the-shelf (COTS) heat sinks, since they were shown to generate
consistent forces from a few micronewton to millinewtons with less than 2% deviation error*® The ECD
comprises two Fischer Elektronik ICK BGA 27x27x22 heat sinks modified to act as electrostatic combs with

5x4 pairs of fingers (Figure 3]).
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Figure 3: Modified heat sinks used as electrostatic combs for the ECD.

To adapt the balance for operation in vacuum, it was disassembled and all components not strictly
necessary were removed. The electronics were separated from the body of the balance, to be kept on the air
side. An H-shaped aluminium part with mounting points for other components was added to the fixed part of
the balance. The original weighing plate was drilled to incorporate an adaptor plate for the thruster and the
mobile part of the ECD to be mounted on. Two 3D printed resin parts were used to hold the electrostatic
combs of the ECD, one of them fixed to the front part of the balance, with a safe high voltage (SHV)
connector for biasing, and the other one screwed to the adaptor plate, which was electrically connected to
ground. The front view of the balance setup, with the ECD and the thruster, is shown in

Figure 4: Front view of the balance setup, showing the ECD, the adaptor plate on the mobile part of the
balance, and the thruster mounted on hex spacers.

A set of class F1 high-precision calibration weights (standard OIML R 111-12%) ranging from 1 mg to 500
g was used to characterize the ECD in atmospheric conditions, correcting for air density and local gravity.
Then, the characteristic function of the ECD was used before operating the thruster in order to correct the
measurements of the balance in vacuum.
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2. Time-of-flight mass spectrometer

The time-of-flight mass spectrometer (ToF) was developed in-house. It is similar to others in the literature?!
and has been used in other published work t%1222 Tt is composed of an electrostatic deflection gate operated
with a high voltage pulse generator, a collector plate at the end of an extension tube, and a secondary
electron repeller (SER) — a grid in front of the collector biased negatively . The collector current
was measured with a high-speed transimpedance amplifier (TTA) connected to a digital oscilloscope.

Figure 5: Time-of-flight mass spectrometer schematic. Adapted from Villegas-Prados et al 1Y

The ToF gate, positioned a few centimetres from the thruster extractor, is composed of two plates biased
to opposite polarities to produce a perpendicular electric field with respect to the thruster plume, acting
as an electrostatic shutter. The high-voltage pulse generator applies = 1 kV to the electrodes of the gate
(2 kV differential voltage) in pulses of 2.5 ms. During these, charged particles emitted by the thruster will
be deflected away, and thus only those past the gate, in the so called flight region, will reach the collector.
The flight length, Lt.r, is the distance between the gate and the collector (625 mm in this setup). A given
charged particle of species s will be accelerated to a velocity vs according to its charge-to-mass ratio (%)S
for a given beam potential ¢, and thus will reach the ToF collector after a time t:

- Lrop _ Lrop (1)
vs 2(%), o

The aggregate of all emitted species produces a current distribution in time at the collector. Ions have
defined charge-to-mass ratios according to their degree of solvation n, with chemical formulae: [EMI-Im],
EMI™ (cation) and [EMI-Im], Im" (anion). shows the molecular masses of monomers (n = 0),
dimers (n = 1) and trimers (n = 2). Ions with higher degrees of solvation were not observed in this work.
On the other hand, droplets exhibit a continuous current distribution since they have different sizes and thus
a dispersion of charge-to-mass ratio.

Degree of | Molecular mass (Da)

solvation | Cation Anion
n=>0 111.2 280.1
n=1 502.5 671.5
n=2 893.8 1062.8

Table 1: Molecular masses of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ions with degree
of solvation n < 2.

The ToF gate was mounted on a motorized linear stage to control its position in vacuum, in order to
place it in front of the thruster (engaged position) when desired. The collector is an aluminium disk with
a diameter of 90 mm and a thickness of 1 mm. The SER was placed 5 mm upstream the collector and is
composed of two meshes, 5 mm apart: the one closer to the thruster grounded to the vacuum chamber and
the other one biased to -10 V. The high-speed TIA (FEMTO DHCPA-100) was connected to the feedthrough
directly to lower the input capacitance, and was used with a gain of 100 kV/A (1.8 MHz bandwidth).
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3. Vacuum facility

The vacuum chamber is a 0.8 m diameter, 1 m long cylinder, with an extension tube 100 mm in length
and 160 mm in diameter added to a top flange for the ToF collector. The thruster was positioned on the
balance, to fire vertically towards the ToF collector. The vacuum facility includes a Leybold SCROLLVAC
10 plus roughing pump and a Leybold TURBOVAC 450 iX turbomolecular pump, with a nominal pumping
speed of 450 L/s. A pressure of about 7 - 10" mbar was maintained in the vacuum chamber during thruster
operation.

4. FElectrospray thruster

An externally wetted, passively fed experimental electrospray thruster was operated with 1-ethyl-3-methylimidazolium
bis(tri-fluoromethylsulfonyl)imide (EMI-Im) as propellant. It is composed of a bottom part, a propellant
deposit, a fluidic interface, an emitter with a frame, an extractor and a top part (Figure 6]).

Figure 6: Exploded view of the experimental thruster unit.

The deposit is 3D printed in aluminium and can hold up to 45 uL of propellant in an array of channels
300 um in diameter. The emitter is made of silicon and comprises an array of 101 tips, with several feeding
holes surrounding each of them. Nanostructures cover the entire surface of the emitter in order to drive the
ionic liquid by capillarity from the feeding holes to the tips. A nylon filter acts as fluidic interface between
the back of the emitter and the propellant deposit. The extractor grid is made of borosilicate glass, with an
aluminium coating on top.

The channels in the propellant deposit wick up the ionic liquid, wetting the nylon filter on contact. Then,
capillary forces drive the liquid through the emitter feeding holes, and between the nanostructures up to
the tips of the cones. A distal electrode approach was followed to mitigate electrochemical reactions at the
emitter tips?? by making the high voltage connection at the propellant deposit. The extractor electrode was
grounded to the vacuum chamber. The connections were made with 0.1 mm diameter silver-plated copper
wire filaments soldered from ring terminals on the thruster to an SHV connector on the fixed part of the
balance. The reduced thickness of the filaments and the strain relief provided by the connector prevent the
thruster connections from disturbing the balance measurements.

The thruster was fired at all emitter voltages between 1300 V and 2000 V in steps of 100 V for about
30 minutes each. An automatic current compensation algorithm was used to prevent charge buildup in the
ionic liquid since the emitted current is larger in the positive polarity. A trapezoidal signal as shown in
was used to operate the thruster, starting with the negative polarity. The nominal voltages were
set to the emitter voltage in each case: V), = —V,, Vo = V.. The nominal negative time and the ramp time
used are t; = 1 s and ¢, = 0.1 s, respectively. The nominal positive time t2 was determined in every cycle
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by the compensation algorithm according to:

t1+2t, t1+to+3t,
/ Ldt = / Ldt 2)
0 t

1+2t,

Figure 7: Emitter voltage trapezoidal signal.

In order to obtain reliable direct mass loss rate measurements, a linear drift correction approachlt?®
was followed to correct for environmental drift and possible outgassing. The balance was operated before
and after each thruster firing for 30 minutes while keeping the thruster off. The background force drift was
obtained from the average of the linear regression of the force in these periods, and then subtracted from
the measurements during the firings to compute the mass loss rate of the thruster.

Before closing the vacuum chamber, the balance was positioned to align the ToF gate in the engaged
position with the axis of the thruster. An image of the experimental setup is shown in The ToF
gate was engaged (in front of the thruster exhaust) during all firings. ToF measurements were obtained
periodically in batches of 800 curves, acquiring 7 batches at each emitter voltage.

Figure 8: Full experimental setup, with the electrospray thruster mounted on the balance and its axis aligned
with the ToF gate (engaged).

IT1I. Results

The temperature measured by the balance ranged between 20.4°C and 21.0°C. The balance showed high
stability, with linear force drifts of few uN/h before and after the thruster firings. The average linear drift
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regression values for each firing are shown in [Table 2|in chronological order. The drift before and after the
firing at 1700 V is shown in as a representative case.

Firing 1 2 3 4 5 6 7 8
Emitter voltage (V) | 1800 | 1700 | 1600 | 1500 | 1400 | 1900 | 1300 | 2000
Force drift (uN/h) | -69 | -1.9 | +1.4 | +1.8 | +1.7 | +1.2 | -5.1 | -4.3
Table 2: Average balance force drift for each thruster firing.
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Figure 9: Pressure, temperature and force during balance drift measurement periods before and after the

thruster firing at 1700 V.

The force measured by the balance showed a linear decrease in time during the firings, including both the
background force drift and the mass loss rate corresponding to propellant extraction. The emitter voltage,
emitted current and raw force measurements during a representative firing (1700 V) are shown in [Figure 10
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Figure 10: Emitter voltage, emitted current and raw force measurements during thruster firing at 1700 V:

(a) entire firing, (b) close-up of firing start.

The emitted current was very stable in all firings. A linear dependence on emitter voltage was found with
a regression slope of 0.078 + 0.004 A /V (Figure 11f). This is consistent with the emission of similar emitters
at a voltage sufficiently above onset 1Y The automatic current compensation algorithm resulted in unequal
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nominal times per polarity given the difference in positive and negative emitted current. The positive and
negative duty cycles ranged between 24.9% — 30.9% and 44.4% — 48.4%, respectively.
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Figure 11: Positive, negative and average nominal emitted current against emitter voltage for all firings.

The results of the time-of-flight mass spectrometry showed little difference during the firings, which is
consistent with the observed emission stability. Representative ToF curves for positive and negative emission
are shown in which correspond to the average curve of the batch at the midpoint of the firings at
1300 V, 1500 V, 1700 V and 1900 V.
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Figure 12: Average time-of-flight mass spectrometry curves at the midpoint of thruster firings at different
emitter voltages for positive (a) and negative (b) emission. Black continuous lines are the curve fittings.
Vertical dashed lines are shown to highlight the molecular masses of monomers, dimers and trimers.

Direct and indirect performance parameters are gathered in for all thruster firings. Thrust
agrees within -9.3% — +15.0% relative difference between the two methods for most cases, except at 1300
V, 1400 V (close to the resolution of the balance) and at 2000 V, where the direct thrust is apparently an
outlier. Thrust linearity with emitted current is observed consistently, with an average ratio of 0.104 £
0.002 uN/uA, and 0.108 + 0.019 uN/uA for indirect, direct results, respectively. The thrust-to-power ratio
concurs accordingly, ranging between 50 and 70 uN/W.

On the other hand, a considerable discrepancy in mass flow rate was found between direct and indirect, the
latter being between 23.1% and 64.7% lower. Consequently, the specific impulse from direct measurements
ranges between 500 s and 1500 s, whereas the indirect characterization yields 1500 s — 2300 s. An increasing
trend with emitter voltage is observed in both methods.
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The thrust efficiency obtained from direct measurements is seen to increase with emitter voltage from
10% to about 28% at 1900 V. The notably larger thrust observed at 2000 V, which seems to be an outlier,
causes the efficiency to rise to 56.8%. In opposition, the indirect thrust efficiency decreases slightly with
emitter voltage, from around 62% to 59%.
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Figure 13: Thruster performance results: (a) thrust, (b) mass flow rate, (c) specific impulse, (d) thrust
efficiency.

IV. Discussion on performance results

Despite the discrepancy in mass flow rate results, the concordance of thrust between direct and indirect
methods confirms the validity of the ToF measurements, given that both parameters are computed from the
same current distribution. Thrust was confirmed to be dominated by the emitted current, which agrees with
the thrust equation

m

2Ve(—)nr, 3)
q

since the mass-to-charge ratio decreases with emitter voltage while the efficiency rises, so their product un-

der the square root does not vary significantly. As a matter of fact, the thrust-to-emitted-current ratio was

observed to be constant, ~ 0.1 uN/uA, in all cases.

Fr=1,

Three main reasons for the disagreement between direct and indirect mass flow rates were identified.
In the first place, emission during the voltage ramps. Time-of-flight measurements were taken during the
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flat parts of the trapezoidal voltage signal (nominal conditions), whereas balance measurements are time-
averaged, i.e. they include the entire cycle of the signal. Although the nominal duty cycle was used to
correct the direct measurements, the emission during the ramps was neglected, which amounts to about one
quarter of the period. Considering that the onset voltage was about 900 V, the thruster would be emitting
for an additional 8.2% — 14.0% (1300 V — 2000 V) of the cycle, which was unaccounted for. This would
contribute to the discrepancy between balance and time-of-flight results, especially for mass flow rate since
the droplet fraction increases at lower voltages. As shown in droplets present a mass-to-charge
ratio spanning over ~ 10 — 100 mg/C (103 — 10* Da per elementary charge), and their current fraction is
reduced with emitter voltage. Monomers and dimers carry most of the current (> 90%), with an average
molecular mass of ~ 390 Da. Therefore, only a few percent of droplet current could represent more than
half of the total emitted mass, given the ~ 3 — 25 times larger mass-to-charge ratio of droplets.

In addition, it is theorized that a layer of ionic liquid can be accumulated in the time below onset, and be
expelled during the voltage transient, producing more droplets than in the steady-state emission. Current
surges have been observed for fast voltage transients in externally wetted electrospray emitters,?% although
the ramps used here are much slower.

A second phenomenon contributing to the mass flow rate discrepancy could be off-axis emission. The
presence of multiple emission sites has been reported for porous electrospray emitters,2? showing an increasing
number of sites per tip with emitter voltage. Although the thruster used in this work is not porous but
externally wetted, the nanostructures on the surface of the emitter tips serve as anchor points for the ionic
liquid, potentially forming several menisci on the same emitter tip. Indeed, off-axis emission was detected in
previous experimental thrusters. The beam divergence observed with Angular Faraday probe measurements
would imply no impact on the extractor considering the geometry of the thruster. However, intercepted
current was measured at the extractor. This would be justified by additional, off-center emission sites,
generating secondary beams at a large angle with respect to the axis of the tips. This could considerably
increase the mass flow rate while not contributing significantly to thrust. Furthermore, the electric field
strength at these off-center sites would be lower, their beams hence containing a larger droplet fraction. Since
the time-of-flight mass spectrometer captures only a small portion of the beam, this would be consistent
with the mass flow rate disagreement while having similar thrust.

A third mechanism potentially contributing is neutral mass loss during thruster operation through de-
composition of the ionic liquid. Electrochemical reactions can occur between the ionic liquid and the high
voltage electrode,?® causing it to break down into other organic compounds. The cation of the ionic lig-
uid used in this work, EMI™, is well known to be electrochemically unstable due to its proton on the C2
position on the imidazolium ring2? This can trigger a series of reactions, potentially resulting in several
neutral volatile products, depending on the exact decomposition pathway. In addition, back-streaming of
high-velocity particles or arcing can raise locally the temperature of the liquid, potentially causing thermal
decomposition™® and thus further neutral mass evaporation. Whereas the ToF would not capture this neutral
mass loss rate, the measurements of the balance would include it.

V. Conclusion

The modification of the analytical balance and the addition of the electrostatic calibration device permit-
ted high-precision direct thrust and mass loss rate measurements, with maximum propagated uncertainties
of 0.4 uN and 0.16 mg/h, respectively. Furthermore, thanks to the novel experimental setup, the time-of-
flight mass spectrometer could be operated in tandem with the balance, attaining indirect measurements
simultaneously.

Thrust results showed less than 15% relative difference between the direct and indirect diagnostics in
most cases. Thrust was mostly dependent on the emitted current, exhibiting a constant ratio of ~ 0.1
uN/pA. On the other hand, a considerable difference was found in mass flow rate, the indirect results being
lower in all cases (between 23.1% and 64.7%). This could not be justified by the propagated uncertainty,
even including the maximum difference in background force drift.

The mass flow rate discrepancy brings about ambiguity regarding the actual propellant consumption of
the thruster. The significance of this disagreement in terms of specific impulse and efficiency depends on the
actual reason behind it.

The emission during the voltage ramps being unaccounted for is certain. Time-of-flight measurements
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thus underestimate the overall mass flow rate, but the actual extent of this depends on the emission dynamics
during the transients, which remain unknown. To assess this, ToF measurements could be taken selectively
in time, including during the voltage ramps.

Off-axis emission at a large angle on account of multiple emission sites would also render the indirect
results inaccurate. To evaluate this phenomenon, time-of-flight measurements could be performed at different
angles with respect to the axis of the thruster plume.

Neutral mass evaporation would only affect the measurements of the balance, the direct method hence
overestimating the actual ionized mass flow rate. The neutral mass would be lost without contributing to
thrust, which would entail an ionization efficiency lower than unity. To avoid this, breakdown of the ionic
liquid could be mitigated. To prevent electrochemical reactions, a larger interface area between the high
voltage electrode and the ionic liquid would increase the emitted charge required to exceed the electrochem-
ical window of the liquid®® In turn, longer nominal times could be used, which would also reduce the
aforementioned contribution of voltage transients. On the other hand, kinetic decomposition of the ionic
liquid would be caused by back-streaming particles. A larger vacuum chamber or specific beam targets could
help, but it can always occur to some extent.

The modification of an analytical balance for operation in vacuum is presented as a cost-effective, high-
precision solution for direct thrust and propellant consumption measurements. To the best of the authors’
knowledge, it is the first time full direct performance characterization has been reported for an externally
wetted electrospray thruster, and the first time direct thrust measurements have been acquired simultane-
ously with time-of-flight mass spectrometry for an electrospray thruster of any type. This has permitted
identifying possible mass loss mechanisms that would otherwise go unnoticed when relying only on the mass
spectrometer. The propellant consumption discrepancy will be investigated further in future work.
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