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ABSTRACT

Field emission cathodes, comprised of commercially available carbon fiber fabrics directly brazed to metal substrates, were fabricated and
tested. Cathodes fabricated in this manner eliminate the need for an epoxy bond between the carbon fibers and the substrates and can be baked,
in a vacuum, at high temperatures, limited by the re-melt temperature of the braze. Preliminary testing at mildly relativistic voltages (200 kV-
300 kV) yielded average current emission densities of 100’s of A/cm?, which are in line with previously published results on epoxy-bonded

carbon fiber field emission cathodes.
https://doi.org/10.1063/5.0006371

I. BACKGROUND

For applications requiring high current, high voltage electron
beams, and long lifetime such as vacuum electron tubes and acceler-
ators, field emission cathodes are typically used as the electron beam
emitter. During field emission, the applied electric field is strong
enough that electrons quantum mechanically tunnel through the
potential barrier created at the surface of the cathode material by
the process known as Fowler-Nordheim tunneling.' Field emission
properties of a cathode are dependent on the strength of the applied
electric field as well as the work function of the material, surface
state, and electron transport properties within the material.

For vacuum electron devices, field emission cathodes based on
carbon fiber emitters have emerged as a leading technology for gen-
erating high voltage, high current electron beams.” Some reasons
for the selection of carbon fiber include its large surface area per
unit volume, mechanical strength, flexibility, good resistance to ero-
sion during electron emission in a vacuum, and operability over
a wide range of temperature regimes.” In addition, carbon fiber
field emission cathodes have been shown to operate into the space
charge limited regime, as required for many vacuum electron tubes

and devices, achieving operation with relatively low outgassing,” at
current densities reaching 100’s of A/cm?.”

Carbon fiber field emission cathodes are typically fabricated
with “carbon-on-epoxy” or “carbon-on-carbon” bonding meth-
ods,”” in which a substrate material is first coated with a thin layer
of adhesive or epoxy. Carbon fibers are then partially embedded in
the adhesive layer using an electrostatic flocking process,"’ form-
ing a random or semi-random array or “forest” of carbon fibers
that are bonded to the substrate surface.”*”'" ' When the substrate
material is a metal, a conductive epoxy is typically used, to ensure
electrical conductivity between the substrate and the fibers”'* (the
“carbon-on-epoxy” method). When the substrate material is bulk
carbon, graphite, or some ceramics, a carbon bond may be formed
by using an adhesive resin that can be chemically converted to a car-
bon or mostly carbon film by processing at high temperature”” (the
“carbon-on-carbon” method).

The primary goal of the present work was to explore the via-
bility of field emission cathodes fabricated with an alternative car-
bon fiber bonding method that allows carbon fiber fabrics to be
electrically and mechanically joined to the metal without the use
of an epoxy layer. The selected process utilizes a carbon-wetting
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braze material'®'" to form a conductive junction between the car-

bon fiber fabric and a copper or stainless steel substrate. By avoiding
the use of the vacuum epoxy (and associated organic constituents of
the epoxy) as a joining agent, carbon fiber cathodes can potentially
be vacuum-baked at hotter temperatures (up to the braze re-melt
temperature, <850 °C) for longer periods of time to facilitate more
effective removal of water and other adsorbed impurities.

Il. CATHODE CONSTRUCTION

A. Cathode field emission material (carbon fabric)

Two commercially available carbon fiber fabrics, an “activated”
carbon felt (ACF),"" and a graphite felt electrode (GFE)"’ material
were chosen as initial candidates for evaluation in the brazing pro-
cess. The ACF fabric, having a thickness of ~3 mm and per-area
density in the range of 0.08 g/cm®-0.09 g/cm?, was described by the
manufacturer as being comprised of a mix of various types of car-
bon fibers that had been subjected to a high temperature (>600 °C)
steam treatment to increase fiber porosity (e.g., the “activation” pro-
cess). The GFE fabric, having a thickness of ~2 mm and a density
in the range of 0.09 g/cm’-0.15 g/cm’, was described by the manu-
facturer as being comprised of a graphitic carbon fiber derived from
polyacrylonitrile (PAN).

Scanning electron microscopy (SEM) was performed on sam-
ples of both the ACF and GFE fabric. SEM images of the ACF fabric,
showing selected areas of the sample at two different levels of magni-
fication are provided in Figs. 1(a) and 1(b), respectively. SEM images
of the GFE fabric, showing selected areas of the sample at two dif-
ferent levels of magnification are provided in Figs. 2(a) and 2(b),
respectively.

Comparatively, the morphology and geometry of the fibers
comprising the ACF and GFE fabrics were observed to be differ-
ent from each other. The ACF fibers were ~10 ym in diameter
with cylindrical cross sections and appeared to have rough sur-
faces. The GFE fibers appeared to be comprised of agglomerations
of smaller ~2 ym diameter fibers. The cross sections of the agglom-
erated macro-fibers were irregular and appeared to range from ~8
pym to 12 ym, depending on the fiber and viewing angle.

B. Joining of the carbon fabric to the metal substrate

The braze joining of graphite and carbides to various metals
has been investigated back as far as the 1970s.”"*' To wet and adhere
non-reactive molten metals to graphite, this technique first requires
metal plating layers on the graphite/carbon. In the 1990s, develop-
ments in reactive braze metal fillers permitted the application of
“active” braze alloys made with small additions of active metals such
as Ti, Hf, and/or Zr to braze ceramics and carbides without pre-
plated layers on these carbon-based materials.”””” In 1998, further
work was published that disclosed the use of active copper-silver
based braze fillers with small additions of titanium to join graphite to
metals.”” The use of an “active” braze alloy to directly join the carbon
fiber fabric layer to the metal substrate avoids the added complexity
and potential contamination issues that would be introduced by a
metal pre-plating step.

This past work in active brazing of graphite/carbon led to the
selection of 32Cu-63Ag-1.75 w/o braze filler alloys to bond the
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FIG. 1. (a) Scanning electron microscope image of the ACF fabric showing multiple
constituent fibers. (b) Scanning electron microscope image of the end region of
one of the individual fibers comprising the ACF fabric.

carbon fabrics to the copper and stainless steel bases of the cath-
ode. The investigators specifically used the Cu-Ag-Ti braze paste
(CuSil-ABA® from Morgan Advanced Materials) which consisted of
prealloyed-325 mesh (45 ym nominal diameter) metal powder par-
ticles mixed with organic binders that would burn off completely
without the production of free oxygen and decompose completely
with no carbon residues below the filler metal melting temperatures
of 780 °C-815°C.

For this work, the copper and stainless steel base materials were
immersed and/or wiped with lint-less fabrics to remove possible
residual oils/greases prior to adding ~20 um layers of the CuSil-
ABA® paste to the metallic surfaces. The filler paste layer thick-
ness was selected to minimize the infiltration of the carbon fabric
with molten filler metals during the vacuum brazing cycle. After
the pastes were evenly spread on their metallic bases, the carbon
fabrics were lightly pressed against the applied paste layers on the
base metals. After pressing the fabrics into the braze paste layers, the
assemblies were dried at 80 °C for 3 h-4 h to set the CuSil-ABA®
paste binder and to drive off some of the volatile organics before the
assembled parts were vacuum brazed.
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FIG. 2. (a) Scanning electron microscope image of the GFE fabric showing multiple
constituent fibers. (b) Scanning electron microscope image of the end region of
one of the individual fibers comprising the GFE fabric.

The assembled fabric/braze paste/metal paste parts were fix-
tured in the vacuum furnace with graphite flat or shaped tools in
order to apply as uniform pressure on the fabric surfaces as possi-
ble. These tools were designed to achieve “dead loaded” pressures
of 1.0 g/mm? as the assemblies were brazed. In the braze cycle, the
paste binder was decomposed and off-gassed, and the metal filler
powder particles were subsequently melted such that the molten
braze filler layer wetted the graphite/carbon fibers and the metal
bases to achieve chemically reacting bonds. The vacuum braze cycle
consisted of ramping from room temperature (~25°C) to 740 °C,
maintaining pressures of 1 x 107* Torr or lower. Upon reaching the
required temperature and vacuum pressure thresholds, the furnace
is heated to the final braze temperature of 860 °C +10 °C for a 10 min
hold. At the completion of the hold, the heater is de-energized and
the furnace is allowed to cool to room temperature over multiple
hours.

Initial test samples consisted of small 2.54 cm diameter stain-
less substrates with similarly sized patches of the ACF and GFE
fabrics. Following successful joining [Fig. 3(a)], the ACF and GFE
samples were then cross sectioned along a plane perpendicular to
the surface of the samples, polished, and imaged under a microscope

ARTICLE scitation.orgljournal/rsi

wicking

substrate

FIG. 3. (a) Test samples consisting of a 2.54 cm diameter stainless steel substrate
joined to the ACF (left) and GFE (right) carbon fiber fabrics; (b) microscope image
of a cross section of the ACF sample showing minor wicking at the braze interface;
(c) microscope image of a cross section of the GFE sample showing minor wicking
at the braze interface.

[Figs. 3(b) and 3(c), respectively]. Images of the samples showed that
minor wicking of the braze had occurred during the joining process.
Because the wicking regions remained well below the exposed sur-
face of the fabric, the samples were, for the purposes of the present
exploration, considered to be successfully joined, and the same join-
ing process was utilized for a set of experimental cathodes intended
for emission testing under high voltage.

lll. PROOF OF CONCEPT EXPERIMENTS:
CROSSED-FIELD EMISSION

Experimental testing of two prototype cathodes in a crossed-
field configuration, relevant to magnetrons, magnetically insulated
line oscillators, and similar high power microwave (HPM) sources,
was performed. Two cathodes (one each of the ACF and GFE fab-
rics) were fabricated for an existing recirculating planar crossed-field
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FIG. 4. Photo of stainless steel cathode substrates and carbon fiber fabrics (GFE
left and ACF upper right) prior to brazing.

amplifier (RPCFA) experiment.”””* Each cathode consisted of a pol-
ished stainless steel block, approximately 6.6 x 12.0 x 1.0 cm’, with
a 1.5 x 9.1 cm? emission area (13.7 cm?) on one side, as shown in
Fig. 4. A fully detailed description of the experimental setup, proce-
dure, and results for the RPCFA experiment is available in Ref. 24;
however, key findings associated with the performance of the ACF
and GFE brazed cathodes, referred to in Ref. 24 as “Cathode A” and
“Cathode B,” respectively, are summarized hereinafter.

All crossed-field cathode testings were performed with a 1.5 cm
anode to cathode gap and with a cathode voltage of ~300 kV. Mag-
netic field values between 0.20 T and 0.25 T were used. During ini-
tial comparison testing of the brazed carbon fiber fabric cathodes,
the ACF cathode was employed in 35 shots (with a “shot” being
defined as a single pulsing of the Marx bank) and the GFE cath-
ode was tested in 39 shots. These data were compared to a control
set of 58 shots using an existing metal and Glyptal patterned cath-
ode with the same cathode geometry.”* In all cases, these shots had
rise times of the order of 100 ns with pulse durations typically 200
ns—400 ns. Individual shots (pulses) were fired on a 2 min-5 min
interval. Summary current data from these experiments are plotted
in Fig. 5. Mean peak current is defined as the average over the dataset
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FIG. 5. Mean peak current emission for the metal/glyptal, ACF, and GFE cathodes
tested in the RPCFA experiment. Error bars indicate one standard deviation from
the mean.
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of the peak current reached during the pulsed operation (shot) of the
crossed-field amplifier. Current was measured by a Rogowski coil
wound around the cathode stalk between the Marx bank and the
cathode.

The ACF cathode was found to outperform the control cathode
(metal/glyptal) by a statistically significant margin. The GFE
cathode results were found to differ from those of the metal/glyptal
cathode by a small, but statistically insignificant margin. Statistical
significance was calculated based on a two-tailed, heteroscedastic,
student’s t-test using the metal/glyptal cathode as the control set. A
threshold of 0.1 was used to determine statistical significance. Addi-
tionally, both the ACF and GFE cathodes significantly reduced the
incidence of arcing (6% of shots for ACF and 5% of shots for GFE),
as compared with the metal/glyptal cathode (17%). This is likely a
result of lower outgassing from the carbon cathodes.

Calculating current density using the designed cathode emis-
sion area of 13.7 cm? for the metal/glyptal, ACF, and GFE cathodes
yields 282 A/cm?, 308 A/cm?, and 275 A/cm?, respectively. Even
allowing for substantial emission from unintended portions of the
cathode, emitted current densities are on par with the 100’s of A/cm?
expected from carbon fiber field emission cathodes.’

IV. PROOF OF CONCEPT EXPERIMENTS: LINEAR
BEAM EMISSION

Experimental testing of a brazed carbon fiber fabric cathode in
a linear beam configuration was performed. The modulator used for
experiments on the brazed carbon fiber cathode was the nonlinear
transmission line (NLTL)-based electron beam driver described in
Ref. 25. This modulator consists of a 15-stage Marx bank pulser,
high power NLTL,” ** electron beam diode, and magnetized drift
tube. The NLTL voltage diagnostics and drift tube electron beam
diagnostics were configured in the same manner as that in previous
experiments.”’

The output waveform for the modulator, described in detail
in Ref. 25, consists generally of a 20 ns-30 ns quasi-DC pulse with
varying degrees of RF modulation (from a few 1’s of % to 10’s of
%, depending on the NLTL bias setting). In place of the Friedman-
style” cathode used in the original experiments,” an axially emit-
ting annular electron beam cathode (Fig. 6) featuring the brazed

FIG. 6. Photo of the annular beam field emission cathode comprised of the ACF
fabric (black annular layer) brazed to copper.
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FIG. 7. Photo of the annular beam field emission cathode, comprised of an annular
ACF fabric layer brazed to a tapered cylindrical copper substrate, mounted to the
cathode stalk assembly.

ACEF fabric field emission surface was used. A 2.70 cm radius cen-
ter conductor, beginning 10.0 cm downstream from the cathode
surface was included in the magnetized drift tube to increase elec-
tric field uniformity at the cathode surface and reduce space charge
effects.

A brazed ACF cathode was used for the linear beam emission
proof-of-concept experiments. The cathode’s 16.03 cm” emission
area consisted of an annular carbon fabric region with an inner
radius of 2.79 cm and an outer radius of 3.59 cm, which was brazed
to a tapered copper cylinder. A photo of the cathode after installation
on the cathode stalk is shown in Fig. 7.

The initial beam emission experiments, using the brazed ACF
carbon fiber fabric cathode, consisted of 81 shots across five differ-
ent Marx charge voltages (10 kV, 15 kV, 20 kV, 25 kV, and 30 kV).
Figure 8 provides a plot of mean peak current values vs peak volt-
age values for all shots performed at each Marx charge voltage. Error
bars indicated one standard deviation from the mean. As was done
for the Ref. 25 experiments, voltage was sampled using a D-dot at
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FIG. 8. Peak current values vs peak voltage values for cathode shots across five
different Marx charge voltages (10 kV, 15 kV, 20 kV, 25 kV, and 30 kV).
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the output end of the NLTL, and current was sampled with a B-dot
20 cm downstream of the cathode emission surface. Considering the
calculated cathode emission area of 16.03 cm?, at the highest volt-
ages, peak current density from the brazed carbon fabric cathode
begins to approach values (100’s of A/cm?®) reported by others for
carbon-on-carbon fiber cathodes with similar emission areas.”” A
V*?2 dependence of current density on applied voltage indicates that
the cathode operates in the space charge limited regime.””’

V. SUMMARY AND CONCLUSIONS

The authors have provided a preliminary exploration of the via-
bility of field emission cathodes fabricated with an alternative carbon
fiber bonding method (compared to typical “carbon-on-epoxy” or
“carbon-on-carbon” bonds) that allows carbon fiber fabrics to be
electrically and mechanically joined to the metal without the use of
an epoxy layer. The selected process utilizes a carbon-wetting braze
material to form a conductive junction between the carbon fiber fab-
ricand a copper or stainless steel substrate. By avoiding the use of the
vacuum epoxy (and associated organic constituents of the epoxy) as
a joining agent, carbon fiber cathodes can potentially be vacuum-
baked at hotter temperatures (up to the braze re-melt temperature)
for longer periods of time to facilitate more effective removal of
water and other adsorbed impurities.

Initial emission testing of brazed carbon fabric cathodes
in crossed-field and linear beam configurations yielded current
densities of 100’s of A/cm? (exceeding 250 A/em? at 230 kV).
These current densities approach current density values described
in the literature for carbon fiber field emission cathodes fabricated
with carbon-on-epoxy and carbon-on-carbon techniques and hav-
ing similar emission areas. The presence of the braze interface does
not appear to substantially interfere with the transfer of current from
the substrate to the carbon fiber electron emission layer. It has been
shown by Zhang et al. that, with sufficient data, it is possible to char-
acterize the contribution of the contact resistance at the interface
layer between the emitter and the substrate.”” Although the present
datasets, being for the purposes of demonstrating proof-of-concept
only, are not sufficient to adequately support such an analysis, this is
of interest to the authors in the future characterization efforts.

It is known that for carbon-fiber-based field emitters described
in the literature, the fiber geometry, fiber composition, and presence
of coatings, such as CsI,”'>" substantially impact cathode perfor-
mance and emission uniformity. Thus, it is reasonable to expect
that an exploration of other commercial or custom carbon fabrics
with different fiber compositions could yield materials with supe-
rior field emission properties to the two materials evaluated in the
present study. Additionally, coatings used on published carbon fiber
cathodes, such as those described by Shiffler et al,>'>* would be
expected to be compatible with a variety of carbon fiber fabrics and
could potentially provide enhanced performance, compared to the
uncoated carbon fabric.

SUPPLEMENTARY MATERIAL

See the supplementary material for current data supporting
Fig. 5 and current vs voltage data supporting Fig. 8.
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