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Abstract: An electrospray ion source was operated using a wy designed ionic liquid
ferrofluid based on the ionic liquid EMIM-NTf2. Th e magnetic properties of the fluid were
exploited to create self-assembling array of peaksn the fluid surface, which were then
amplified using an electric field, eventually causig ions to be emitted from the tip of each
peak in the instability. A beam current of 72 mico-Amps was measured from a five-peak
array subject to extraction voltage of 2750 V. Ira separate experiment, modal patterns in
the surface of a ferrofluid subject to a Rosensweimstability were measured in non-uniform
fields created by permanent magnets. These measdrevavelengths were shown to agree
well with a hypothesis put forth by Rupp where themagnetic force is treated similarly to the
gravitational force in the classical dispersion redtion.

Nomenclature

Magnetic Flux Density
Acceleration due to gravity
Magnetic Field

Critical Wavelength
Wavelength

Permeability of Free Space
Relative Permeability
Dynamic Viscosity
Kinematic Viscosity

Wave number

Fluid Density

Instability Growth Rate
Surface Tension

TQ @

o

0
r

viscosity

q

! Graduate Research Assistant, Mechanical Engirgetdil8 RL Smith Bldg. 1400 Townsend Dr.
2 professor, Mechanical Engineering, 1014 RL SmitgB1400 Townsend Dr.
3 Graduate Research Assistant, School of Chemistiykzey Centre for Polymers and Colloids, Chemistti
* Associate Professor, School of Chemistry and Kegt2 for Polymers and Colloids, Chemistry F11
1
The 33st International Electric Propulsion ConfecenThe George Washington University, USA
October 6 — 10, 2013



. Introduction

RADITIONAL electrospray thrusters use arrays ofigdtructures to support the propellant, enhanee th

electric field, and provide a means to stress lthid fnto having a curved free surface. These supgtructures
can take the form of arrays of capillaries, sol&kdies, and porous needles or ridges. Linear aatiaye been
manufactured from sheets of metal, such as potmgsten and using wet chemical etching techniquesaate the
peaks: ? These linear arrays are then aligned with glithe extraction electrode and coated in a propeelfaich as
ionic liquid. Each linear array has good packiegsity, but the array-to-array spacing is genefaliger yielding a
lower overall packing density.

Planar arrays of tips have been fabricated usingniaés such as silicon and porous metélsTens to hundreds
of single emitter tips are etched into the baseeriatusing wet etching processes coupled with gtibbgraphy.
Once these emitters are created they are theredlignd assembled with an extraction grid with #@es spacing
and alignment of holes. Both the solid and porglasar arrays are passively fed propellant by tapilaction and
by the electric field.

Another common type of planar array uses capillaimestead of a solid or porous substrate. Cajfglaare
fabricated using wet etching techniques couplet pitotolithography in silicon. An example of onels device is
a 19 emitter array developed by Krpoun and Shaae capillaries are then filled with fused siliveads to control
the hydraulic impedance. Another type of capillptgnar array was developed by Busek, and eaclvidhail
capillary was micromachined and later assembleziantarray of capillary emittefs With the capillary emitters, a
mass flow rate is set and actively controlled far thruster.

The common trait of all the current state-of-theedectrospray thrusters is that they all have@psu structure
for the fluid which confines the fluid, helps trast the fluid, increases the local electric fieddd stresses the fluid
into being "curved". The issue with all of thesmistures is that they can be easily and permandatinaged either
when fabricated, during assembly and transport lnitewoperating. What is required to induce elegpray in a
conductive fluid is (1) a strong starting elecfiigld (~10' V-m™), and (2) a fluid surface having a small radius of
curvature to create a Taylor cone, which incredéisedocal electric field high enough to extractsdnom the cone
tip. Conventional liquids do not want to form shraldius features naturally; therefore, a supptmicture is
required to force the fluid to demonstrate a smaalius of curvatures.

In 2012 Meyer and King demonstrated electrospraggua new class of fluid that was capable of ndlyra
forming small-radius features with needles or dap#s’® This new type of fluid class is called an ioniguid
ferrofluid (ILFF), which is a superparamagneticndactive, room temperature ionic liquid with lowpga pressure.
ILFFs can be stressed by both electric and magfielits. Applying a magnetic field to this theseids stresses the
fluid surface, creating a stable series of selfsaging peaks known as a Rosensweig instability.agplied electric
field further stresses and deforms the fluid cayishe peaks amplitude to increase and tip radiugetwease. A
sufficiently strong electric field was shown to salelectrospray emission from the fluid peaks.

The initial work of Meyer and King demonstratedimhquid ferrofluid electrospray using the hydrdlghionic
liquid Ethylammonium Nitrate (EAN) doped with Sixtenagnetic nanoparticlés.Work reported here extends this
early progress by duplicating the test using a tbobic ionic liquid that would be more suitable fpace
propulsion. Additionally, this paper reports omlg&fforts towards understanding scaling issugsafoionic liquid
ferrofluid electrospray array. Specifically, stesliare conducted on a conventional ferrofluid @reed on ionic
liquid) to understand the relationship betweendtniength and gradient of an applied magnetic féld the tip-to-
tip emitter "packing density" displayed by the &ftuid.

This paper begins with a background on ferroflujghamics, known as ferrohydrodynamics, and prestms
theory for spatial mode shapes for Rosensweig bilgias in a pool of ferrofluid under uniform magpic field.
Following this the authors examine a proposed changthe existing theory that can account for noifeam
magnetic fields. This will be followed by a ddption of the ionic liquid ferrofluids used in thigudy. After that,
the goal of the work will be presented, followed aydescription of the experimental setup for boththe
experiments conducted and presented in this wdtie results for both sets of experiments will thenpresented,
and the paper will then finish with a conclusiontba work.

II.  Background

A. Ferrofluids

Ferrofluids are unique liquids that do not occunature, but have existed since their first labmsatreation in
the 1960's. Ferrofluids differ from magnetorhedtag fluids (MR fluids) by the size of the suspeddearticles:
ferrofluids have particles on the order of 10nmjleviparticles in MR fluids can be many microns. éxcellent
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description of ferrofluid dynamics can be foundtie books by Rosenswéigand OdenbacH. Ferrofluids are
formed when nanometer-sized ferromagnetic partiales permanently suspended within a carrier liquithe
particles are small enough that Brownian motionpkethem from settling out of the liquid due to gtawor
magnetic forces. The particles are also small ghqt10nm) so that they possess a single magnetiauh, thus
the resulting colloidal fluid is superparamagnetithe magnetic particles are often coated with dastant to
prevent agglomeration and sedimentation, althobghi$n’'t always necessary. Common carrier liqaids mineral
oils, kerosene, and water. The focus of this pépéerrofluid created using ionic liquid as therger; these fluids
are described in Section 111

The motion and behavior of a ferrofluid is descdilgy the field of ferrohydrodynamics, which couplbe
Navier-Stokes equations with the Maxwell magnetastalations. The fluids have rich and complex+lioear
motion, since they both respond to applied magretlds while also altering the magnetic field basa of their
superparamagnetic behavior. The most well knowd dramatic response of a ferrofluid is the so-chlle
Rosensweig instabilit}? ** which is the subject of this paper. The Rosengwastability results when a
perturbation in the surface of the ferrofluid cauaebunching of the magnetic field lines as dediatethe left most
image of Figure 1. The bunching of the field linedich represents a spatial gradient in the fattdngth, attracts
ferrofluid to the strong-field region at the tipEtbe perturbation. As a result, the height of thd perturbation
will increase and the field lines will be more diativally pinched such that the field at the tipl\w# increased even
more, attracting more fluid to the tip ad infiniturithe instability is arrested by fluid surfacedim, which seeks to
minimize free surface area. When a pool of feuidfis subject to a moderate external magnetid fieé resulting
surface instability can be thought of (with extrecaee) as the magnetic analog of the electrostatytor cone. An
image of a static Rosensweig instability is showthie rightmost image of Figure 1. From an enetgpdpoint the
Rosensweig instability represents a balance betwemmagnetic interaction energy of the fluid whishreduced
by the peak geometry, and the surface tension gnargich is increased by the non-planar surfacéde peaks
themselves can display complicated geometry as shiogure 2, where a secondary magnetic instabgitseen on
the apex of each primary tip. Depending upon thptld of the fluid pool Rosensweig instabilities azneate
discrete peaks having no fluid between them, asigare 2, or as a singular continuous fluid witlikep on the
surface as in Figure 1.

it

; = AL
Figure 1: Left: a perturbation in the surface of the ferrofluid causes a local bunching of magneticdid lines.
Center: ferrofluid is attracted to the strong-field region, amplifying the perturbation and further in creasing
field gradient. Right: A puddle of ferrofluid is shown on a small permanent magnet (note U.S. quarten
image). The static pattern of sharp fluid spikesn the liquid surface is known as a Rosensweig ingigity.
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Figure 2: Close-upimage of Rosensweig instability in a ferrofluid shwing discrete peaks separated b
regions of no fluid. Also note secondary instabily peaks forming on the apex of each primary pea

The classical derivation of Rosensweig instabititydes assumes thgravity acts parallel to a uniform appli
magnetic field such as that generated in the bbre ldelmholtz configuration of electromagnets. &persion
relation describing the spatial wavelength of pethks is derived by balancing gravitational, méic, and surface
tension energy with the results shoimnEquation (1) The dispersion relation assuntkat ¢ uniform magnetic
field is appliednormal to the unperturb surface of a fluid pool with infinite deptledqual to orthicker than the
capillary length)and infinite lateral dimensi.’® The fluid parameters expressed in Equatior are - the
kinematic viscosity, -the fluid density, - surface tension, and, the relative permeability of the fluid. Consta
in Equation (1) are gthe acceleration due to gravity, an, - permeability of vacuum. The variables in Equal
(1) are - the growth rate of thpeak, q - the wave number, and Bthe applied magnetic fielcAt onset of
instability, meaning when the magnetic field strength is lyaseifficient to induce an instability, = 0 anc the
dispersion relatiordescribes a stationary mode wt the wavelength ishe capillary length, Euation (3). The
wave number, g, and the wavelengthare related through Equation i As the magnetic field strength increa
beyond the minimum value for onsketdisper:on relation predictthat the peak spacing will increase in magnit
beyond the capillary length.
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Lange et al. performed an experiment measuthe spacing of the observed hexagonal pain a ferrofluid
Rosensweig instability and founidsults that seemed to disagree with the the peakspacingwas observed to be
very close to the capillary wave number (~65* measured vs. 614 predicted) however the spacing w.
invariant with respect to the applied magneticd.'® Later experimentby Gollwitzer et al, were able to measi
an increase in wavelength of the peaks with areas® in applied magnetic fir as predicted by thec, with the
wavelength at onset approximately the capillargtartf the fluid, all as predicted by the dispersioratiein'’ The
difference in the two experiments was the boundamditions. In the work by Lange et al., ttpool boundary
consisted of vertical edges, while in the work bgll®itzer et al., the boundary was a "beawhere the edges of
fluid container were sloped up at 32°, allowingpader boundary. The fixed wavelength observediénvtork by
Lange et al. wadikely influenced b' the boundary conditions of the container, whidrmittec only discrete
numbers of peakbetween the edges thus preventing the gradualase in peak spacing described by th.
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Rosensweig instabilities are easily excited by @eremt magnets, however the resulting features dstnade
some differences when compared to the instabiltgcdbed by Equation (1). Unlike the uniform figldsumption
in the classical derivation, finite-sized permanewaignets possess inherent field gradients. Rostgsmstabilities
in non-uniform fields show two behaviors that dégesm classical theory: (1) The gradient in thegmetic field
exerts a body force attracting the bulk ferrofltothe magnet and this force can be much stromger gravity, and
(2) The peak spacing observed on fluid surfaces#texkdy permanent magnets can be much smaller ieaks
generated by an equivalent-strength uniform magrfegld. One such example of this is the rightmiosage of
Figure 1: the capillary length of the fluid shownthis image is approximately 10 mm, however 14kpezan be
observed within a 25 mm length (roughly 1.8 mm wewgth). From this observation, it would appeaat tthe
gradient of the magnetic field plays an importaerin the wavelengths. Furthermore, the effeagrafvity on the
instability shown in Figure 1 is negligible - a fabat can be proven by orienting the magnet aunil fin any
orientation, including upside-down, and noting ttiet mode shape is unaffected.

The assumptions that were critical in deriving Bopra (1) are clearly not relevant for a ferrofluiustability
excited by a permanent magnet. Surprisingly, apaiible theory could not be located in literaturéhe only
treatment of non-uniform fields in literature isbaef and untested hypothesis put forward by Rupp.Rupp's
dissertation, Rupp and Shliomis proposed that tteng magnetic body force exerted on the fluid hyeamanent
magnet can replace the gravity term used in thesidal derivatiod? They justified this by comparing the
volumetric body force due to the magnetic fielddijeat to that of gravity, as shown in Equation (4 Rupp's
work, they found that the body force of the magngtiadient can easily be an order of magnitudengigothan that
of gravity (a statement that is supported by théitplto invert a ferrofluid-on-magnet arrangemevith no change
in structure). The hypothesis they put forward ¥easimply replace g with the magnetic body force, which scales
with B B, in the classical derivation, resulting in an egsion for the instability peak wavelength given i
Equation (5). This predicts that if the fluid bofiyces are dominated by the magnetic gradieneatsbf gravity,
the wavelength should decrease with an increastheofproduct of the magnetic field and its gradienthis
prediction appears to have a similar trend as tatwlas been observed in the rightmost image ofr&igubut no
literature has been found testing this prediction.

fgradiem — BNB
fgravity /73 m g

(4)
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B. lonic Liquid Ferrofluids

In 2011 Jain and Hawkéttsuccessfully synthesized the first ferrofluid lthea an ionic liquid carrier shortly
followed by Huang and Wang in 20%Znote that other groups including Oliveira in 26008nd Rodriquez-Arco in
2017 have also pursued ionic liquid ferrofluids, butrevenable to create stable suspensions that deratatsthe
hallmark Rosensweig instability). The resultingioliquid ferrofluid still obeys classical ferrotigodynamics and
displays the Rosensweig instability, however unidest water- and oil-based ferrofluids the ILFFRaiso highly
conductive with almost zero vapor pressure.

Jain et al were able to create a number of stalEd’® The first two ILFFs they were able to create gdiare
maghemite nanoparticles @& with no surfactants) with EMIM-Ac (1-ethyl-3-methhwyidazolium acetate) and
EMIM-SCN (1-ethyl-3-methylimidazolium thyocyanate)By adding a surfactant of acrylic acid-b-acryldmi
copolymer to the magnetic nanoparticles, they vedrle to create a stable ILFF in EAN (Ethylammoninitnate).
All three of the ILFFs described were stable foteaist months (they are still stable at the timéhaf writing) and
exhibited the Rosensweig instability when a magni@id was applied.

In early 2013, a hydrophilic ILFF was created binJand Hawkett group again using EAN, but this tiwi¢h
proprietary magnetic nanoparticles provided byeSirt This ILFF was used in the first-ever proofeoficept
demonstration of an electrospray ion source utiizian ILFF and the Rosensweig instability.At room
temperature, this early fluid prepared using EANhwBirtex magnetic nanoparticles had a high visgpaind thus
instability peaks formed in "slow motion," takingree tens of seconds to react to changes in elestdamagnetic
fields. The ammonium based IL was also protic, abdorbed water out of the ambient air. Recenthew
hydrophobic ILFF has been designed and created &p &nd Hawkett, 1-Ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMIM-NTf2) withSirtex magnetic nanoparticles. This fluid was deped with
the goal of creating a more water-tolerant ILFFifevacuum use as well as reducing the ILFF viggdsélow that
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of the EAN-based sample. Unlike the EAN-baseddflwith Sirtex magnetic nanoparticles, the EMIM-NM&h

Sirtex magnetic nanoparticles has a viscosity simi water. The thermal stability of the new EMNT2 based
ILFF is ~350°C compared to ~200°C for the EAN bakde-. The EMIM-NTf2 ILFF is aprotic, and does rfudve
the propensity to absorb water from the ambient air

1R Goal of Work

This work reports on two separate experiments ditfierent goals. The purpose of the first expenmevhich
we will refer to as Experiment 1, was to expandpanr work and explore an ILFF-based electrospayree with
an improved fluid. In the original work, EAN witBirtex magnetic nanoparticles was not designed waith
emission in a vacuum in mind, but for a biomedipalpose and so this fluid was not ideal for in-waou
application. The goal of the present work wasegi & new ILFF (EMIM-NT{2 with Sirtex magnetic nguaoticles)
specifically designed to be used for electrosprayacuum and to compare its performance againgt&id-based
liquid.

The second experiment discussed in this work, wiehwill refer to as Experiment 2, was designedetst
Rupp's hypothesis concerning the peak spacing skRawveig instabilities excited by the non-uniforields of
permanent magnets. For this work a traditional mencially available oil-based ferrofluid was useb (
electrospray). Surface instabilities excited bynmment magnets were imaged and the observed pealhg was
compared to the hypothesis put forth by Rupp. mmgivation for this test was to understand how pspécing
depends on magnetic field shape.

IV.  Experiment Design

A. Experiment 1 Design: ILFF electrospray apparatus

The purpose of the electrospray apparatus was ritaicothe ILFF, apply magnetic and electric fietdsthe
fluid, measure the current of emitted ions, andvjpl® optical imaging access during the testinge TH-F utilized
for this experiment was a new fluid not previousfported in literature. The ILFF was created bgrisally
stabilizing maghemite nanopatrticles synthesize&ibiex in the ionic liquid EMIM-NTf2, which is hydphobic.

An illustration of the cross section of the tespatus can be viewed in Figure 3. The ILFF wased in a 2-
mm-wide, 2-mm-deep, 8-mm-diameter trench in an alum block that provided electrical contact to thed, as
shown in the middle image in Figure 4. The extomcelectrode was placed 4.6 mm above the alumifiuith
holder, meaning the gap between the ILFF and theetion electrode was smaller than 4.6 mm sineeflid
peaks grow above the rim of the trench. The etitralectrode, shown in the right of Figure 4, lradannular
pattern (broken by three support spokes) that pgexthextracted ions to pass to a downstream cuoafector,
which was made from ITO glass. A stack of 5 grai#- 3.2-mm-thick, 25.4-mm-diameter magnets wereqaa
below the ILFF causing 5 peaks to form in the fluid shown in Figure 5.

The extraction voltage was provided by a GlassméntZ5 kV power supply. The extraction electrodeswa
grounded, and the fluid was biased positively. r€utrwas measured at the ITO glass collector wsikgithly 2410
sourcemeter, referenced to ground (extraction gitdyr all testing, a single polarity was used.
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Figure 4: Left: Fluid Holder. Middle: Fluid Holder with ILFF. Right: Fluid Holder with ILFF with extra ction
electrode and current collector placed above.

_ “

Figure 5: Experimental Setup. Left: Side view of tle extraction electrode and tips. Right: Close up iage of
the tips.

B. Experiment 2 Design: Wavelength measurement in a meuniform magnetic field

The purpose of this experimental setup was varyé#hee of B B, measure the wavelengths of the instabilities,
and then compare the measured instability wavehsntgt wavelengths predicted by Rupp in Equation (bhe
method of varying BB was to use multiple magnets and multiple spacbeda/een the fluid pool and the magnets.
Because the magnets are of finite size, the fielkelslare non-uniform, as shown in Figure 6. Thength of the
magnetic field weakens, as does the gradient ofrtagnetic field, as one moves farther away fromriagnet
surface, so in principle the value of B can be varied by manipulating the distance betvtbe liquid pool and the
magnet surface. However, the intrinsic variatio®BoB in the lateral (radial) direction poses an experit design
problem.
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Figure 6: lllustration of magnet with magnetic field lines drawn, and instabilities in a ferrofluid

It is not possible to create a magnetic field whtre value of BB is constant in magnitude or direction
throughout the entire volume of a liquid pool. Fwstance, in the configuration shown in Figuréé talue of BB
varies both laterally (radially) across the poadfface as well as vertically within the shallow podrhus, it is not
clear which value of BB to use when evaluating Rupp’s hypothesis. Fixr work, the authors chose to use the
value of B B along the centerline of the magnet at the surtddée liquid pool to provide some comparison with
the prediction of Rupp. The consequences of thizvestion will be discussed in the Results sectitm.order to
compare the measured instability wavelengths tovéihees predicted by Equation (5), the centerlixialanagnetic
field was measured along magnet centerline evéryrin for each magnet, starting at the magnet seifiacng an
Alpha Labs GM-2 Gaussmeter.. The gradient wasutatled by numerically differentiating the measuneagnetic
field magnitude profile, thus the effect of radghdient was ignored. The B was found by multiplying the
magnetic field and magnetic field gradient at evenation.

The fluid used for Experiment 2 was a commercialrilable ferrofluid, EFH-1 produced by FerroTethe
stated properties of EFH-1 are listed in Table dudghly 1.6 mL of EFH-1 was placed in a 100-mm-ditanglass
Petri dish. Various magnets were placed belowPtiei dish and a micro-positioning stage was usethainge the
gap between the Petri dish and the magnet, efdgtcshanging the value of BB at the surface of the pool. The
magnet-to-Petri-dish spacing was adjusted in 0.5enh.0-mm increments using the micro-positionitags. In
order to calculate a theoretical wavelength fotheRetri dish location the magnitude of theBfield was taken to
be the pre-measured value that correlated withoitegion of the top of the fluid pool (base of thetability peaks),
as denoted in Figure 7. This required the thickidéske ferrofluid pool to be known at each meament location.
The thickness was measured at every magnet-to-tisirispacing because it was observed that a feidgiool of
constant volume would increase in diameter andedser in thickness as the ferrofluid pool was farfrem the
magnet (lower magnetic gradient body forces). dswoted in initial testing that when the magneRedri-dish
spacing was held constant, but the volume of fenefin the dish was varied, thus changing thedflthickness,
drastically different peak spacings were observetlding cases where no peaks would form for sieffity deep
pools. The case where no peaks were observedawitiry thick fluid directly above the magnet cop@sded to
roughly the same spacing (magnet-to-Petri-dish flluid thickness) of a much thinner fluid that &l to yield
Rosensweig instabilities. This implied that thedtion of the BB field that influences the Rosensweig instability
formation and instability wavelength was locatethattop of the fluid pool (base of the instalmi).

Table 1: FerroTec EFH-1 Fluid Properties

Surface Tension, Density, VIiSCOSIity, viscosit Relative Permeability,, | Capillary Length, .

29mN-mi” 1210 kg-nt 6 mPa-s 2.6 9.82 mm

A Nikon D5000 camera and an AF-S Micro Nikkor 60-fih8G ED lens were used to image the peaks formed
in the ferrofluid. After capturing an image of tferrofluid, the pool of ferrofluid would be repled by a reference
grid of known dimensions and a second image woelddptured so that the pixels could be correlatesbatial
distances during processing. The setup of the systan be viewed below in Figure 7.

Peak spacing was measured only for the few peakstmprised the center “unit cell” of each insligbimodal
pattern. This was because the center peaks slibuldave the least influence from any radial maignf¢ld
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component, and (2) the peaks in the center shaud Bmallest influence from the boundary of thalfland (3) the
value of B B at the center of the fluid pool was used for carmgon with Rupp. After the pixel location of the
center peak was chosen, the nearest surroundirig peare then selected, whether it was 4 peaks fequare
pattern (Leftmost image of Figure 8), or 6 for admonal pattern (Rightmost image of Figure 8); otlagtice
structures have been observed as well, such as72The distances between the center peak andutheuading
peaks were then calculated, and averaged. Thigewahs reported below in Section V Subsection Bhaspeak
spacing. The standard deviation of these valussusad as the error in the plots.

Micro-Positioning
Stage

= Camera w/ Macro Lens

Petri Dish with
Ferrofluid

Distance
from
Magnet to
Fluid

Total
Distance
Measured

Magnet

Figure 7: lllustration of Experiment 2
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Figure 8: Examples of Instability Patterns. Left: Square Pattern of instabilities, &rrofluid 10.19 mm above 1"
diameter by 1/4" magnet =2.42 mn. Right: Hexagonal Pattern of instabilities, ferrofuid 11.79 mm above
1/2" diameter by 1/8" magnet = 3.83 mn. Note that the pure hexagon cell is distorted due tboundary
effects.

V. Results

A. Experiment 1: Electrospray of EMIM -NTf2

Filling the test apparatus described in SeclV Subsection A with EMIMNTf2 with Sirtex MNPs and the
placing a magnet below the test fixture causedStipeaks in the left oFigure 9 to form. Applying a voltage
between the aluminum block holditige fluid pool an the extraction electrode stressed the ILFF causiageak:
to grow in height and decrease their radius of @ume at the tii Onset of ion emission was found between 2
and 290 V applied between the fluid and the extractitetteode The applied voltage was incred to 2750 V,
resulting in the peaksithe rightmost image cFigure 9, where théon current measured from ttarray was
approximately 72 A.

Figure 9: EMIM-NTf2 in test setup with the extraction eletrode at the top of the images and the magnet
and electric fields applied vertically. Left: No aplied voltage. Right: 2750 V applied, emitting ion.

The trace in Figure 10 showstypical currer-voltage characteristic of the spray emissi@urrent and voltag
telemetry were measured and recorded every 0.51de While data are somewhat limited, it is| instructive to
compare emission characteristics of the EI-NTf2 ILFF with that of the EAN ILFF reported previsly’ The
EMIM-NTf2 based ILFF had a lower onset voltage of 250€b¥%hpared to 3250 V for EAN for the same elect-
to-tip spacing. The array of tips made of EN-NTf2 ILFF also yielded a higher peak emission cotref 72 A
versus 14 A for the array with EAN. Tt EMIM-NTf2 also did not appear to produce any bubblestémaporarily
interrupted emission as the previous testing with EA
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Figure 10: Current and voltage measured over timerbm a 5-tip array of EMIM-NTf2 with Sirtex MNPs

A behavior that has been observed in both the EANd EMIM-NTf2-based ILFFs is spontaneous and
unexpected splitting of the tip of the instabilinto multiple tips. An example of this is shownkigure 11, were
each of the tips of the EMIM-NTf2 array bifurcatedo two smaller emission sites. In previous warg,to three
emitters were observed with EAN-based ILFF. Theseaof the change to multiple emission sites isecuily
unknown.

3mm

Figure 11: ILFF showing two emission sites from aisgle peak

B. Experiment 2: Instability Wavelength in Non-Uniform Field

It has been observed that the dispersion relatioiquation (1) does not correctly predict the ibsitg
wavelength in a non-uniform magnetic field, whishniot un-expected since field uniformity was a kegumption
in the derivation. An experiment was conductediétermine if the same dispersion relation couldiged albeit
with a simple replacement of the gravity body forag, with the magnetic gradient body force, whichlesavith
B B. In order to accomplish this, instability wavadghs were measured in variousBfields and compared to the
predicted wavelengths by Equation (5).

The ferrofluid used for Experiment 2 was EFH-1 nfaotured by FerroTec. The properties of this fluidre
given previously Table 1. The instability wavelémgpredicted by Equation (5) versusBis shown as the solid
black trace irFigure 12 The instability wavelengths of the ferrofluidoste various magnets are showrFigure
12 as the dashed lines with the error bars, wheredhee of B B was taken on magnet centerline at the surface of
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the fluid pool for each data point. All of the ddbllow the same trend as predicted by Equationr&mely that

~—-1

peak spacing seems to scale witBBNB . The data set in cyan, reporting the instabiligvelengths of the 1"
diameter by 1/4" thick magnet, has the best agraeinethe region of BB = 0.38 F-m™ and higher with Rupp's
hypothesis, while the green trace indicating tretability wavelengths of the 3/4" diameter by 1fBick magnet
data set had the best agreement in the range 62 (B B < 0.28 F-m™. The data sets corresponding to the
instability wavelengths measured using the 1/2"18' magnet, 3/4" by 1/8" magnet and 1" by 3/8" netgare
very comparable to the predicted instability wangkl. The left portion of the trace correspondind B < 0.06
T%-m™ the instability wavelengths measured on a 3/4" di@mby 1/8" thick magnet appears to be "flat" lug t
instability wavelength does not change withBB Such strange behavior at low values ofBBare likely due to
finite-pool boundary effects. The dispersion rielatof Equation (1) is based on an infinite fluiefor large values
of B B there are many peaks across the surface of thle pech that the center-most peaks are somewtlatesl
from the peripheral boundary conditions. In thestances the center region of the pool will denas behavior
consistent with an infinite reservoir. However]aw values of B B the peak spacing becomes so large that only a
few peaks span the entire fluid surface. In thestnces the peripheral boundary conditions agytéiave a strong
role in determining peak spacing and infinite-pbehavior is not expected.

While the predictions of Rupp’s hypothesis showlyagood agreement with observation, the inabildymake
an exact comparison exposes a shortcoming in theaph. The classical dispersion relation deri@edEquation
(1) makes two key assumptions: (1) the fluid psahfinite in depth and lateral dimension, andt{@ gravity body
force and the magnetic field are uniform (no spafiadients) throughout the pool. While the simgfgroximation
of Equation (5) is derived from the logical reasgnthat any strong body force acting normal tofthigl surface
can act as the “gravity” term in Equation (1),ststrictly in conflict with the assumptions usedd&rive Equation
(1). Specifically, the gradient of any real norifarm magnetic field varies spatially such thatsitnot possible to
have a uniform value of BB throughout the volume of a fluid pool. The vahieB B will vary both along the
surface of the pool as well as throughout the glepth. Thus it is not possible to define “the”uabf B B for a
given pool of ferrofluid. Furthermore, the surfaicestability pattern described by Equation (1) & @ point
property where the local peak spacing can be tkat¢he local value of the field properties, Ingtead is a global
behavior that arises from energy minimization. Seh&ey differences in field behaviors make it ingiole to
precisely compare Rupp’s hypothesis with a reahinifity created by a non-uniform field. Nevertbss$, the trend
predicted by Rupp is convincingly similar to théserved from experiment.
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Figure 12: Measured vs. Predicted wavelengths of EF1 in various B B fields

VI. Conclusion

An electrospray ion source was operated using ayneesigned ILFF, EMIM-NTf2 with Sirtex magnetic
nanoparticles. The peak emission current fromatiney was 72 A, or five times higher than previously measured
in the same experimental setup using a ferrofl@deld on EAN with Sirtex magnetic nanoparticlese EMIM-
NTf2 also had a lower ion emission onset voltagapgroximately 2500 V compared to 3250 V for theN=ldased
ILFF. Multiple emission sites on a single peak evebserved in the EMIM-NTf2-based ILFF in this waiknilar
to what was noted in prior tests with EAN-basedHALF

Instability wavelengths of a ferrofluid in a non#amm magnetic field were studied for the first 8m The
overall trend of peak spacing as a function oBBwvas found to agree well with the wavelength ol by Rupp.
However, the study exposed a limitation in Rupp/pdthesis, namely that it is not possible to creat@n-uniform
field where the value of BB is a constant throughout a volume of ferrofluidespite this, when the value of B
was taken to occur on magnet centerline at the podhce the observed spacing agreed reasonablywitbl
Rupp’s model.
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