Electrohydrodynamic ion emission from molten lithium nitrate
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Positive ions have been generated at the surface of molten lithium nitrate by applying a high
electrostatic field to a thin layer of the molten salt on the apex of a field emitter tip. The ion
emission process is characteristic of electrohydrodynamic ion formation, usually observed when a
high electric field is applied to the surface of a liquid metal or alloy. With molten lithium nitrate, a
single emission site appears at threshold. The divergence of the ion beam is several degrees. At
higher field strengths multiple emission sites are observed. An ion species at m/e =76 amu
dominates the mass spectrum at all field strengths. This species is identified as a cluster ion
(LiNO, )Li*. At low source temperatures, (LiNO;),Li " is also observed. Despite the low
ionization potential of lithium (5.4 eV), Li™ accounts for < 8% of the total ion current generated
by the source under all operating conditions. Multiply charged lithium is not detected in the mass
spectra, suggesting the electric field at the Taylor cone apex is not sufficient to field-ionize singly

charged species by a postionization process.

I. INTRODUCTION

The choice of lithium as the accelerating species in the Parti-
cle Beam Fusion Accelerator II (PBFA II) at Sandia Na-
tional Laboratories has made the development of a suitable
lithium-ion source one of the highest priority areas in the
light-ion, inertial confinement fusion (ICF) research pro-
gram.' Research efforts are directed toward laser produced
sources, lithium guns, and electrohydrodynamically driven
liquid-lithium sources. Electrohydrodynamic (EHD) ion
emission provides a conceptually simple process for generat-
ing an intense beam of positive ions in pulsed-power fusion
accelerators. The EHD process is operationally attractive,
because it uses an intrinsic characteristic of these machines
(i.e., a high electric field at the anode surface) to generate an
ion beam. The only requirements are the presence of a suit-
able liquid at the anode surface and a voltage pulse to gener-
ate the required field strength for a sufficient length of time.

An ICF ion source must produce ions uniformly on a
nanosecond time scale. To deliver sufficient power (~ 100
TW/cm?) to ignite the target, the ion current density at the
anode must be of the order of 5 kA/cm?, over an area of
~ 800 cm?. Theory suggests that an electrohydrodynamical-
ly driven liquid-lithium ion source can meet these criteria.”
When a liquid is exposed to an electric field that exceeds a
critical value, competition between surface tension and the
electric field stress produces an electrohydrodynamic insta-
bility on the liquid surface. For a perfectly uniform electric
field, theory predicts that the surface will erupt into an array
of uniformly spaced cusps, on a time scale and with a wave-
length that are determined by the magnitude of the initial-
applied electric field.> When the initial value of the applied
field exceeds 10 MV/cm, cusps should form in <3 ns and
have a characteristic spacing of «<0.5 um. At the apex of
each cusp, the electric field will be greatly enhanced. When
the enhanced field exceeds a value of ~100 MV /cm, ions
will form by field evaporation of the liquid surface. If each
cusp emits ~ 15 uA of ion current, the current density at the
anode surface will exceed 5 kA/cm?.
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To reach the electric field strength required for EHD ion
emission in a laboratory-scale experiment, we use a field
emitter tip as a substrate, and initiate EHD ion emission
from its apex.* To a very good approximation, the electric
field at the apex of a field emitter tip is given by V' /kR, where
V is the voltage applied between the tip and a counter-elec-
trode (separated by a distance D), R is the radius of curva-
ture of the tip apex, and kK = 0.5 In(R /D), ~5 is a propor-
tionality constant whose exact form depends on the
electrode geometry.® Typically, R ~200 nm and D~ 10 cm,
producing an electric field of 10 to 100 MV/cm at the tip
apex, at applied voltages of 1 to 10 kV. During the EHD
process, Taylor cones are formed at the tip apex from a thin
layer of liquid that coats its surface.® Field enhancement at
the apex of a Taylor cone further decreases the tip voltage
required to observe ion emission. The field enhancement at
the emission site is unknown, because the actual shape of the
Taylor cone at its apex cannot be measured.

In this paper we discuss the design and the operating char-
acteristics of a field emitter tip coated with molten lithium
nitrate, operating as a steady-state EHD ion source. We re-
port the first observation of EHD ion emission from molten
lithium nitrate and the first measurements of the divergence,
the spatial distribution, and the mass spectra of the source.
Lithium nitrate is an attractive material for EHD lithium ion
production in PBFA II. It melts at a relatively low tempera-
ture (~260°C) and, unlike lithium metal, lithium nitrate
can be handled safely and used without fear of oxidation in
poor vacuum conditions. Steady-state operation has allowed
us to optimize the emission characteristics of the source in
preparation for a study of EHD emission under pulsed-field
conditions comparable to those encountered in PBFA II.

1. ION SOURCE

A field emitter EHD ion source was constructed from
stainless-steel wire (type 302, 0.2 mm in diameter) and from
25-u-thick, type 302 stainless-steel foil. The foil was fabri-
cated into a ribbon ~ 6 mm wide, and ~25 mm long. A hole,
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0.3 mm in diameter, was photoetched in the center of the
ribbon. A 1-cm length of wire, bent at a right angle (~9 mm
from one end), was passed through the hole. The short end
of the wire was secured to the ribbon by a spot weld. The
ribbon was formed into a semicircular loop ~4 mm in diam-
eter and spot welded at each end to one pin of a commercial,
two-pin header.” The header assembly was immersed in a
commercial electropolishing solution, polished at several
volts de for ~ 1 min, and rinsed in distilled water.® The long
end of the wire protruding through the hole in the ribbon was
returned to the solution and polished until a tip was formed,
~ ' mm from the surface of the ribbon. Figure 1 is a scanning
electron microscope (SEM) image of the tip and the ribbon
of a completed ion source. The micrograph was taken after
several hours of operation (note the lithium nitrate crystals
on the surface of the ribbon).

Molten lithium nitrate is highly corrosive and readily at-
tacks most materials at temperatures above 300 °C. Stainless
steel was chosen for the tip and ribbon, because it seemed
desirable to study EHD ion emission from the same sub-
strate material used for anode construction in PBFA II.
Field emitter tips made of stainless steel were able to resist
exposure to molten lithium nitrate for an extended period of
time. Figure 2 shows the apex of a typical stainless-steel tip
after exposure to molten lithium nitrate for several hours at
300 °C. Although the shape of the tip apex is clearly delineat-
ed, the morphology of the stainless-steel substrate is prob-
ably masked by a coating of lithium nitrate, since no attempt
was made to clean the tip prior to SEM imaging. Several ion
sources were constructed with tungsten tips electrochemi-
cally etched in 1 N NaOH at ~5 V(ac).® Figure 3 shows a
tungsten tip after it was exposed to molten lithium nitrate for
several hours. The smoothly etched tip apex has corroded
away, leaving a jagged, unusable end-form at the end of the
tip wire.

F1G. 2. A scanning electron micrograph showing the apex region of a type
302 stainless-steel, field emitter tip. The tip was exposed to molten lithium
nitrate for a few hours prior to imaging.

. WETTING CONSIDERATIONS

Two conditions must be satisfied to insure stable EHD ion
emission from the apex of a field emitter tip coated with
molten lithium nitrate: (i) the tip must maintain a stable
morphology, and (ii) the surface of the tip must be uniform-
ly wetted by the molten salt to insure a reliable mass flow
along its surface, from reservoir to apex. A reservoir of mol-
ten lithium nitrate must be provided close to the tip apex to

F1G. 1. A scanning electron micrograph showing the tip and ribbon end of a
field emitter, EHD ion source. Lithium nitrate crystals can be seen on the
surface of the ribbon.
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F1G. 3. A scanning electron micrograph showing the apex region of a tung-
sten field emitter tip. The tip was exposed to molten lithium nitrate for
several hours prior to imaging.
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insure the molten salt lost by evaporation from the tip sur-
face is rapidly replaced.

Molten lithium nitrate will wet untreated type 302 stain-
less steel in air or in vacuum at 300 °C, but uniform wetting is
difficult to achieve. To insure complete and reliable wetting
of the surface, a two-step protocol was developed. First, the
ribbon and the tip were heated to ~ 600 °C in vacuum for
several minutes by passing ~3 A through the ribbon. After
cooling the tip and the loop to room temperature, they were
immersed in molten lithium nitrate (at ~ 300 °C) without
breaking vacuum. The success of this procedure can be ex-
plained by noting the surface of stainless steel is depleted of
chromium when it is heated to elevated temperatures in
vacuum.'® When the chromium-depleted surface is exposed
to molten lithium nitrate in vacuum, the surface readily oxi-
dizes and wets uniformly. If heat-treated stainless steel is
exposed to air and is immersed into molten lithium nitrate
(in air or in vacuum), the wetting process will not be effec-
tive, and the surface will not wet uniformly.

A small, turbomolecular-pumped vacuum chamber was
assembled for the heat treatment and vacuum wetting proce-
dure. Lithium nitrate was loaded in air onto a small coil of
platinum wire by immersing the coil into a crucible of molten
lithium nitrate that was heated in a small furnace to 300 °C.
After several immersions, ~20 yL of molten lithium nitrate
was retained on the coil by surface tension forces. The coil
was removed from the furnace, cooled, and placed (with its
charge of solidified lithium nitrate) in the vacuum chamber.
A source assembly was mounted on the end of a linear ma-
nipulator and placed in the vacuum chamber opposite the
coil. The coil and the source assembly could be independent-
ly heated by connecting a power supply to each of them
through electrical feedthroughs provided for this purpose.
An optical microscope was positioned opposite a window in
the chamber wall to view both the coil and the source assem-
bly after the chamber was evacuated. Figure 4 is a photo-
graph of the interior of the vacuum chamber taken through
this microscope.

After evacuating the vacuum chamber to ~ 10~ ¢ Torr,
the loop was heated both to melt and to outgass the lithium
nitrate in vacuum. After bubbling subsided, the loop was
cooled, and the tip and ribbon were heated to dull red heat
for several minutes. After they cooled to room temperature,
thelithium nitrate was heated to its melting point (judged by
the existence of a stable mixture of molten and solid lithium
nitrate in the loop). Heating current was applied to the rib-
bon, and the tip was translated into the loop. Lithium nitrate
was observed to wick along the tip wire. When the ribbon
was moved closer to the loop, the lithium nitrate transferred
from the coil onto the ribbon, filling the reservoir to capac-
ity. After loading a source with lithium nitrate, the source
was removed from the vacuum chamber and stored in an air-
tight container filled with desiccant.

IV. EHD ION EMISSION

The EHD emission characteristics of a source were ob-
served visually during dc operation, in real time, by allowing
the emitted ions to strike a microchannel plate (MCP) im-
age intensifier placed several centimeters from the tip apex in
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FiG. 4. The interior of a turbomolecular-pumped vacuum chamber used to
wet field emitter tips with molten lithium nitrate.

a high-vacuum chamber. The magnification of an image on
the MCP screen is ~ D /3R, where D is the MCP-to-tip dis-
tance, R is the tip radius, and S~ 1.5 is a proportionality
factor that describes deviation from pure radial projection
(B =1).° Typical emission patterns are shown in Fig. 5 at a
magnification of ~ 10°. The emission pattern at threshold
(defined by the onset of stable ion emission) is shown in Fig.
5(a). The ion beam has an angular divergence of several
degrees. A similar divergence was measured at threshold for
six other lithium nitrate sources. A distinct threshold vol-

FiG. 5. EHD ion emission from molten lithium nitrate at the apex of a
stainless-steel. field emitter tip. Threshold at (a) 3.0, (b) 3.5, (¢) 4.0, and
(d) 5.5kV.
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tage was observed with each source between 3.0 and 4.0 kV.
As the tip voltage (i.e., the field strength) was increased,
more emission sites appeared on the MCP phosphor screen,
as shown in Figs. 5(b)-5(d). The emission current and the
number of emission sites at a given field strength were very
reproducible for each source examined. The emission pat-
terns observed in this study are similar in appearance to the
structureless emission patterns seen when liquid gallium
EHD ion sources are operated at low emission currents. '

V. MASS SPECTROSCOPY

Six ribbon sources were heat treated, loaded with lithium
nitrate in vacuum, and stored in desiccant-filled containers
until mass spectra could be obtained. Mass spectra were
measured in a single-focusing, 90° magnetic-sector mass
spectrometer equipped with a Be—Cu electron multiplier de-
tector.'” Spectra were obtained by plotting the electron mul-
tiplier current as a function of the magnetic field strength
(m/e is proportional to the square of the field strength).
Figure 6(a) shows a typical mass spectrum obtained with a
LiNO, EHD ion source at two reservoir temperatures. The
reservoir temperature could not be directly measured. In-
stead, the ribbon current I, (proportional to the reservoir
temperature) was measured. The appearance of the reser-
voir was monitored in an optical microscope as the heater

F1G. 6. Mass spectra of EHD ion emission from molten lithium nitrate at the
apex of a stainless-steel, field emitter tip. Ion current is plotted as a function
of magnetic field strength: (a) source 4 close to the melting point of lithium
nitrate and (b) source 4 just below the boiling point of lithium nitrate.
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current was increased. When a mixture of solid and molten
lithium nitrate was observed the temperature of the reservoir
was judged to be close to the melting point of lithium nitrate.
Figure 6(a) was taken at I, ~1.5 A, close to the melting
point of molten lithium nitrate. Figure 6(b), taken at 7,, ~2
A, corresponds to a much higher reservoir temperature, but
below the boiling point of lithium nitrate. The dominant spe-
cies in the mass spectrum at all reservoir temperatures
(between the melting point and the boiling point of lithium
nitrate) is the cluster ion (LiNO,)Li*. At low reservoir
temperatures (LiNO,),Li™" is observed. At higher reser-
voir temperatures this species is not detected. Cluster ions of
this form have also been observed during field desorption of
molten KCl and NaCl crystals in vacuum.'?

The amplitudes of the Li * peaks in Fig. 6 have been mag-
nified 10 X for clarity. From a measurement of the area un-
der each peak in the mass spectrum, we conclude the abun-
dance of Li* is < 8% of the integrated abundance of all
other species in the mass spectra (at any reservoir tempera-
ture). Li’* and Li* * ions were never observed during EHD
operation of these sources when molten lithium nitrate was
present in the reservoir. When the reservoir was depleted of
lithium nitrate, ion emission could be induced for many min-
utes by increasing the field strength and raising the source
temperature. The mass spectra changed dramatically under
these conditions. The total ion current decreased, Li ™ ions
dominated the mass spectra, and a small abundance
(~0.1%) of Li** was observed. Cluster ions disappeared
from the mass spectra. The change in the emission charac-
teristics of the source is attributed to a different mode of
operation. We speculate that when the reservoir is depleted
of lithium nitrate, EHD ion emission disappears and ions are
generated by thermally enhanced field desorption of a lith-
ium-rich residue from the tip surface. Li** could be pro-
duced under these conditions by a post field-ionization pro-
cess, since a higher field strength is required to initiate ion
emission. Post field ionization is the mechanism generally
used to explain the formation of the multiply charged ions
observed during field evaporation of refractory metals at
high field strengths. '* The generation of ions from a lithium-
rich surface layer may be of practical interest, because it
could provide a method to prepare anode surfaces for PBFA
IT that would produce a pure Li © beam without the need to
maintain a layer of molten material at the surface.

Figure 7(a) shows a mass spectrum obtained with an-
other source operating at I, ~ 1.4 A, close to the melting
point of molten lithium nitrate. A comparison of Figs. 6(a)
and 7(a) demonstrates the reproducibility of ion emission
from two different sources operated at similar reservoir tem-
peratures. Figure 7(b) shows a magnified scan through the
most abundant lithium isotope peak (’Li* ), taken as a func-
tion of total emission current /. At low emission currents
(I; ~0.8uA) the 'Li* peak is dominant. When the field at
the tip apex is increased (by increasing the extraction vol-
tage V), the emission current increases and a shoulder,
shifted to higher masses, appears in the spectra. The ampli-
tude of the shoulder and the peak shift increases with in-
creasing emission current. At high emission currents (7,
~10uA) the shoulder dominates the mass spectra. Each of
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F1G. 7. Mass spectra of EHD ion emission from molten lithium nitrate at the
apex of a stainless-steel, field emitter tip. Ion current is plotted as a function
of magnetic field strength: (a) source 3 close to the melting point of lithium
nitrate and (b) mass scan through 'Li* peak (source 3) as a function of
total emission current.

the other species in the mass spectrum behaved in a similar
fashion. We attribute the shoulder to ionization processes in
the vicinity of the tip apex because a peak shift toward higher
m/e is characteristic of ions formed at a position in space
where the potential is less than the tip bias.

VI. CONCLUSIONS

Ion emission has been observed from the apex of stainless-
steel field emitter tips coated with molten lithium nitrate in
the presence of a high electric field. The ion formation pro-
cess is interpreted as EHD ion emission, because it exhibits
features that are characteristic of EHD ion emission from
field emitter tips coated with liquid metals. The stability of
the emission process is dependent on the stability of the tip
(i.e., its resistance to corrosion) and on an uninterrupted
flow of lithium nitrate along its surface. Uniform wetting of
the tip surface by molten lithium nitrate is a prerequisite for
optimum mass flow, and for stable ion emission.

Mass spectroscopy has revealed three characteristic fea-
tures of ion emission from molten lithium nitrate EHD ion
sources (operating in a dc mode, under steady-state condi-
tions): (1) Li* ions comprise < 8% of the total emission
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current, (ii) Li** and Li* * ions are not present in the mass
spectrum, and (iii) the dominant species in the mass spec-
trum at all reservoir temperatures is the cluster ion
(LiNO;)Li*. The results of this study differ significantly
from an earlier study of EHD ion emission from field emitter
tips coated with lithium (meta)borate.'® In that study Li*
accounted for 78% of the total emission current, Li, BO,*
for 18%, and Li** for 2% of the total emission current. In
the present study Li’* and Li** were observed only when
the reservoir was depleted of lithium nitrate.

We cannot predict if the ion species observed under dc
operation of the source will also be observed when the source
is operated in a pulsed mode, on a nanosecond time scale.
Pulsed-field experiments are planned to answer this ques-
tion. Pulsed-field operation will utilize imaging atom-probe
techniques for spatial diagnostics and for analysis of the ion
species by time-of-flight mass spectroscopy.'®
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