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Bright spatially coherent beam from carbon-nanotube fiber field-emission cathode
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Large-area carbon-nanotube (CNT) cathodes made from yarns, films, or fibers have long been promising
as next-generation electron sources for high-power rf and microwave-vacuum-electronic devices. How-
ever, experimental evidence has highlighted that spatial incoherence of the electron beam produced by
such cathodes impeded the progress toward high brightness CNT electron sources and their practical
applications. Indeed, typically large-area CNT fibers, films, or textiles emit stochastically across their
physical surface at large emission angles and with large transverse spread, meaning large emittance and
hence low brightness. In this work, using high-resolution field-emission microscopy, we demonstrate that
conventional electroplating of hair-thick CNT fibers followed by a femtosecond laser cutting, produc-
ing an emitter surface, solves the described incoherent emission issues extremely well. Strikingly, it was
observed that the entire (within the error margin) cathode surface of a radius of approximately 75 pm
emitted uniformly (with no hot spots) in the direction of the applied electric field. The normalized cathode
emittance, i.e., on the fiber surface, was estimated as 26-nm rad with brightness of >10'¢ A /m? rad® (or

>107 Am~2 sr~! V1) estimated for pulsed-mode operation.
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I. INTRODUCTION

In the early 1990s, the carbon-nanotechnology revolu-
tion introduced a plethora of alternative advanced mate-
rials among which the carbon nanotube was notoriously
attractive for making nanoscale field-effect devices, includ-
ing vacuum devices. Many labs studied the effects asso-
ciated with field emission from a single CNT or arrays
with a counted number of isolated CNTs [1—6]. Control
over fabrication and emission of single CNT field-emission
devices was excellent and many field-emission devices
were demonstrated, e.g., field-emission radio [7] or field-
emission transistor [8], amplifier [9], and many others
[5,6].

In order to increase the output power, macroscopic
large-area CNT fibers, films, yarns, and fabrics started
to be used to increase the operating currents from pico
and nano to many amperes. Here, CNTs were thought to
replace legacy velvets [10]. The multiple benefits of CNT
fibers over legacy technology are low turn-on voltage and
high emission current at relatively low operating electric
field due to inherent high-field enhancement factor, and
high electrical and thermal conductivities [11]. It was con-
ventionally assumed that emission would be uniform, i.e.,
uniformity would translate from previously studied arrays
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of counted CNTs to the large-area CNT fibers. However,
recent studies that employed field-emission microscopy
illustrated that emission is never uniform and moreover
that the emission area is a function of the electric field
(making it cumbersome for calculating current densities).
Figure 1, reproduced from our past work [12], highlights
another issue of the large transverse spread of the emit-
ted beam where the beam lands on the imaging screen
millimeters away from the physical location of the cath-
ode source (blue circle) after traveling only a millimeter
between the cathode and the anode. This clearly points out
a very large emittance and therefore very low brightness,
making CNT fiber cathodes impractical for applications
like rf or microwave traveling-wave tubes (operating in
GHz range), microscopy, and bright x-ray sources for
medicine or active scanning. Another issue arises from
that—because all the current emerges from a few active
spots, it leads to local heating, microbreakdowns [12], and
short-lived cathodes.

After experimenting with many fiber arrangements, we
found that it is tiny singular fibrils (comprising braided
fibers) that set loose due to thermal and field-related
stress [12,13] and that eventually focus the field due to
their high aspect ratio and become pointlike random-
ized intense electron emitters eventually exploding (seen
as microbreakdowns) and repopulating surrounding areas
with more new-born fibrils. This process repeats itself
until the cathodes stops operating while emission always
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FIG. 1. Typical micrograph showing large beam transverse
spread and nonuniformity. The blue circle marks the cathode’s
position behind the imaging screen and its size.

look like a family of single-electron rays going in many
directions that are not aligned with the desired main longi-
tudinal propagation direction, such as in Fig. 1. To mitigate
this issue, hypothesized to be the major problem, we
study other cathode production technology where fibers
are electroplated with Ni and laser cut; all to suppress
the fibril occurrence and regeneration. Through experi-
mental measurements and electrostatic and beam dynamics
modeling, emission uniformity and beam brightness were
analyzed.

II. EXPERIMENTAL DETAILS

To prepare the field-emission CNT fiber cathodes, a
commercially available CNT fiber from DexMat, Inc. was
used. The fiber is made by a wet-spinning technology
[11}—pregrown arrays of CNTs are dissolved in an acid
to form a spinnable liquid dope that is extruded through
a spinneret into coagulant bath to remove acid, and then
dried in an oven. The resulting product is highly aligned
and densely packaged CNTs in a form of a fiber. DexMat
fibers have high electrical and thermal conductivity. Such
fibers were shown to feature anisotropic field emission
[14]. Emission takes place along the fiber (not from side
walls), which is a great property allowing for control over
emittance. Raman spectroscopy shows the G peak posi-
tions at 1583 cm~! suggesting rich crystalline graphitic
content as expected from high-quality fibers [Fig. 2(a)].

To mitigate the described stray fibril problem, few fibers
of the described kind were placed side by side and elec-
troplated with Ni in an electrochemical bath and flush
cut from the top to the required length of about 5 mm
with a femtosecond micromachining laser beam. Then, it
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FIG. 2. (a) Raman spectra of the cathode surface showing a
crystalline graphitic peak. The ratio of the G peak (approximately
1600 cm™!) intensity to the D peak (approximately 1300 cm™')
intensity is >20, which highlights high CNT crystallinity [15].
(b) Electroplated CNT fiber welded on a Ni base; H = 4.8 mm
for sample 4 and H = 4.6 mm for sample B. (c),(d) SEM images
of sample 4 and sample B, where scale bars are 50 pm.

was welded on a 1 x 1 in. Ni base. The final fabricated
structure can be seen in Fig. 2(b).

We tested two samples referred to as sample 4 and
sample B through the rest of the paper. In sample 4
fibers were twisted and in sample B were not, i.e., simply
placed along each others. As scanning electron microscopy
(SEM) demonstrates in Fig. 2(c), additional fiber twist-
ing enabled a dense core in sample 4, while sample B
[Fig. 2(d)] has visible voids between the individual fibers.
Otherwise, both samples had a fiber core diameter of
approximately 150 pwm and Ni shell thickness of approx-
imately 50 pm. Sample 4 and sample B have heights
of 4.8 mm and 4.6 mm, respectively [see Fig. 2(b)].
Surface measurements by the Alicona 3D optical micro-
scope revealed that the surface peak-to-peak roughness
was approximately 10 pm.

dc current tests and field-emission microscopy were per-
formed in our custom field-emission microscope described
in great detail in Ref. [16]. Images were processed by a
custom image-processing algorithm FEpic described else-
where [17]. The sample was placed across a Mo/YAG
screen in a vacuum chamber, as shown in Fig. 3. The cath-
ode and the chamber body were grounded and the screen
was biased. Electrons striking the screen formed micro-
graphs, which were captured by a camera behind the illu-
mination screen. The bias voltage was swept up and down
and the anode screen images were captured synchronously.
All data acquisition was performed automatically using a
controller and custom software [16].
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FIG. 3. Schematic of the dc measurement setup.

I11. FIELD-EMISSION IMAGING AND
CONDITIONING

After the sample was installed and the gap was tuned
using a doublet of two orthogonal optical microscopes, the
physical location of the fiber is determined and labeled.
To do that, the test chamber is illuminated. Because the
imaging anode YAG screen is semitransparent, the loca-
tion of the fiber can be immediately seen and captured by
photographing. The core of the fiber is marked with a red
circle for reference in Figs. 4(a) and 5(a).

After that, voltage is applied and field-emission images
are taken concurrently with /-V curves. Figure 4(b) shows
the emission micrograph of sample 4. The improvement
is immediately obvious when compared with Fig. 1. First,
the emission spot appears exactly at the optical projec-
tion of the cathode. This means beam-divergence angle is
small, so emittance can be expected to be low. Second,

500 pm

FIG. 4. (a) Sample 4 seen through the YAG screen when the
lights are on in the chamber. Its fiber core is marked with a red
circle. (b) Field emission (FE) micrograph of the same region at
the gap of 200 pm.

FIG. 5. (a) Sample B seen through the YAG screen when the
lights are on in the chamber. Its fiber core is marked with a
red circle. (b) FE micrograph of the same region at the gap of
200 pm.

there is only a single spot and its size is comparable to
the size of the fiber core—this is an indication of unifor-
mity and small angular spread of the electron beam. The
same exact behavior was observed for sample B, as given
in Fig. 5. No evidence suggesting the stray fibril issue was
observed for neither cathode. These results highlight that
such a simple electroplating strategy is extremely effec-
tive at yielding emission uniformity and spatial coherence,
thereby boosting the transverse beam brightness.

Figure 6 shows cathode conditioning /-V curves for
samples 4 and B at interelectrode gap of 200 wm. Con-
ditioning [12,18,19] or cycling, where the applied voltage
is ramped up and down to a progressively higher num-
ber in every consecutive cycle until the desired operating
current is achieved, is a crucial procedure to maximize
field-emission cathode performance and ensure stability at
the operating point.

We found that the electroplated fibers should be con-
ditioned with small incremental steps to avoid adverse
effects, such as sudden burn-down. Figure 6(a) demon-
strates the case where the maximal field was doubled with
respect to the previous conditioning cycle, such that the
current went up from 3 to 22 pA. Next, after completing
the ramp down, Sample 4 stopped working completely,
which was possibly due to applying electric power that
exceeded that in the previous run by more than an order
of magnitude. Its operation could not be rejuvenated by
applying higher electric fields. This is unlike a condi-
tioning scheme that was used for cathode B as shown in
Fig. 6(b). The emission current was doubled at every con-
ditioning cycle: up to 1 A and down to 0, then to 2 pnA,
to 4 LA, to 8 pA, to 16 WA, and finally to 32 pA. By
doing so, cathode B was conditioned softly (compared to
sample A) maintaining and enhancing its performance: (i)
the resulting operating field went up and doubled, reaching
same exact value where cathode 4 burned down; (ii) turn-
on field and field-enhancement factor remained nearly the
same meaning that cathode B was conditioned to stably
sustain higher local field.
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FIG. 6. (a) The conditioning scheme of sample 4. Both ramp

up and down curves are shown. There is a clear decrease
in performance. (b) Conditioning scheme of sample B. Only
ramp-up curves are shown. There is no considerable change in
performance.

When it is compared to our past cathode designs,
detailed in Ref. [12], they emit less at any given field. This
is an expected result because (with stray fibrils mitigated)
the field enhancement is reduced. However, turn-on fields
are still very low, between 1 and 2.5 V/um. Because the
beam was tight suggesting high current density, we limited
our measurements to between 10—100 pA as the power-
density deposition at the imaging screen could attain above
1 kW/cm? at the voltage source limit of 1100 V, thereby
literally drilling holes in it [20,21]. At 1100 V, sample 4
maxed out at 20 wA and sample B 30 pA, respectively.
Again both cathodes had similar metrics. Having these
metrics and qualitative results in mind, a step was taken

to carry out more quantitative analysis and calculate cath-
odes’ emittance and brightness. All detailed in the next
section.

IV. EMITTANCE AND BRIGHTNESS

In the phase space, (x,x’), x is spatial position and
X' =dx/dz = (dx/d¢)/(dz/df) = v, /v, is the slope of the
trajectory from longitudinal centrosymmetric axis of each
particle. Then, rms emittance €, is defined as

& = V(AX2)(AX2) — (AxAX')2, (1)

where Ax = x — (x) and Ax’ = x’ — (x’). For a beam with
cylindrical symmetry in (x,y) and (x’, ") centered around
zero, (x) and (x') are zero. Then, Eq. (1) becomes

& =/ () (x2) — (xx)2. )

rms emittance is a function of the beam energy as x’
changes under acceleration, and is not useful while com-
paring beams at different energies. On the other hand,
from Liouville’s theorem [22], normalized emittance is
a conserved quantity under acceleration as long as the
beam is only subjected to conservative linear forces, so the
rms emittance will be conserved under linear beam opti-
cal elements such as focusing solenoid and quadrupole.
The relation between the rms emittance and normalized
emittance [23] is given by

e = B, 3)

where y = 1/,/1 — B2 is the Lorentz factor and 8 = v/c.
Because of acceleration, the longitudinal kinetic energy is
dominant and v & v,, and, in turn, 8 & v,/c. In our case,
also y & 1 because energy is <1 keV. By substituting y,

,B,andgx,
N U 5 v2 vx2 4
e"_?<x>v_§_xu_z' @)

Due to acceleration, the particles have approximately the
same v, so it can be taken out of the averaging operator in
Eq. (4). Then,

_ \/(xz)<z_§> _ (;%)2. )

In terms of (8., B,) = (vi/c,v,/c), Eq. (5) transforms

& = St B2 — (B2 ©)

024017-4



BRIGHT SPATIALLY COHERENT BEAM. ..

PHYS. REV. APPLIED 22, 024017 (2024)

In a special case, where x and B, are uncorrelated, (xf;) =
0, then, Eq. (6) reduces to

& = g = o =, ’"m<?

Mean-transverse energy (MTE), Eyvrg, 1s %me(vz), where

v = v’ 4 v]. Because of the cylindrical symmetry in

(Ve vy), Emre & 3me(202) = me(v?). Then, Eq. (7) in

terms of MTE is
E
N =0, |0 (8)
MeC

This form is especially useful at the cathode surface where
momentum and position spaces are uncorrelated. It is
noted, the correlation can also be removed at the beam
waist when the beam is focused with proper beam optics
[24].

By using the normalized emittance, the normalized
transverse brightness, By, can be calculated as

By = ey )

where I is the emitted current. €} = € can be taken in
cylindrical symmetry.

A. Measurements and simulations

To compute emittance, the distribution of particles in
x space and B, space are needed [Eq. (6)]. Experiments
and simulations were used together to obtain these values.
Experiments formed a validation set to check simulation
parameters. The experiments were as follows: the screen
was moved away from the cathode progressively (Fig. 7).
The voltage was set accordingly to maintain the current
constant at 20 nA to enable a strong beam image signal
but avoid additional beam expansion due to the vacuum-
space-charge effect. A micrograph at each step is recorded
(see Fig. 7). In Fig. 7, as expected, the beam expands
transversely more as the interelectrode distance increases.
The spots in the micrographs are Gaussian in nature, hav-
ing an intense center and quickly fainting tails. To extract
the transverse beam size from projected micrographs, each
spot can be modeled mathematically as a cylindrically
symmetric Gaussian (o, = 0,) as

(x — xc)z + _yc)2

2
207

p=AeXP<— )+C. (10)

Here, (x,y) are the space dimensions, (x.,y.) are the coor-
dinates of the peak, oy is the standard deviation, p is the
intensity, 4 is the amplitude, C is the background offset

Gap

I
I
I
o
I~20nA

FIG. 7. The screen was moved away from the cathode pro-
gressively, thereby increasing the cathode-anode distance from
200 to 1600 pm in 200-pm intervals. The spot size at each posi-
tion was measured (Fig. 8) and plotted in Fig. 9(a). The voltage
was adjusted (630, 780, 860, 940, 970, 1040, 1070, and 1100 V
for 200-, 400-, 600-, 800-, 1000-, 1100-, 1200-, 1400-, 1600-pm
gap, respectively) at each step to maintain the current constant
at 20 nA so that the illumination of the screen was similar. The
spot size increases as the distance increases because the beam has
more time to expand. These measurements were used to validate
GPT simulation parameters (Figs. 9 and 11).

[17]. The model parameters 4, o,, and C for each spot
were computed with the least-squares fitting method. After
fitting, the spot diameter was taken as 20,. An exemplary
fitting done by FEpic [17] for the beam imaged at 200-pm
gap is presented in Fig. 8. The resulting dependence of
the experimental spot size versus the cathode-anode dis-
tance is shown in Fig. 9(a) with blue triangles. The data in
the figure is only for sample B. Because sample 4 burned
down, studies similar to those presented in Fig. 7 could not
be carried out.

The end-to-end beam dynamics simulations were per-
formed in General Particle Tracer (GPT). The experimen-
tal growth rate was used to assess the realism of the
simulated cathode surface and the simulated beam initial-
ization. The procedure was as follows: the electric field
maps were generated in COMSOL for each gap (Fig. 10). In
COMSOL, the cathode geometry was set with a core diam-
eter of 150 wm, a shell thickness of 50 wm, a height of
4.7 mm, and a periodic peak-to-peak surface roughness of
10 pm, according to the measured dimensions using opti-
cal 3D microscopy. For the anode, a flat surface having
the same diameter as the scintillator screen was used. The
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FIG. 8. The experimental spot size data for the 200-um gap
(Fig. 7) is shown in (x,») vs pixel intensity as a color surface.
The plot reveals the Gaussian nature of the spot. One standard
deviation from the center (o) is a good representation of the spot
radius. The cylindrically symmetric Gaussian function expressed
in Eq. (10) was fitted (the mesh surface shows the fit) to calculate
experimental o,.

system was biased with the same voltages as in the exper-
iments summarized in Fig. 7. The generated field maps
were exported to GPT. An exemplary field distribution for
1-mm gap is shown in Fig. 10.

In GPT, the beam was initialized with a uniform circular
distribution 150 wm in diameter [Fig. 11(a)] in the coordi-
nate space (x,y) and with 0-eV initial energy [Fig. 11(b)]
in the momentum space (B, B,) = (v«/c,v,/c). The ini-
tialization in the coordinate space assumes a uniform emis-
sion over the entire CNT core surface. The simulations
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FIG. 9. Experimental vs simulated spot sizes (obtained with
0-eV initial MTE) were found to have good agreement
[Fig. 9(a)], validating the claim of the uniform emission and
the nonexistence of the stray emitters. The larger the gap, the
larger the spot size, as the beam has more time to expand. GPT
simulations enabled obtaining the distribution of final positions
[Fig. 11(c)] and momenta [Fig. 11(d)], and hence calculating the
beam emittance through Eq. (6). The emittance is reported in
Fig. 9(b): as the interelectrode gap increases, the fringing field
decreases, and the resulting emittance lowers to approximately
0.06 mm mrad.

E; (V/m): longitudinal E, (V/m): radial field

FIG. 10. The longitidunal and radial electric fields for 1-mm
gap computed in COMSOL. The geometry has a core diameter of
150 pwm, a shell thickness of 50 wm, a periodic peak-to-peak sur-
face roughness of 10 wm. It was calculated for an emitter post
length of 4.7 mm. The same voltage of 970 V was applied as in
the experiment (Fig. 7). The result shows a strong radial fringing
field on the order of 1 x 10°® V/m. This is due to the high aspect
ratio of the cathode. The fringing field is mainly on the shell but
it also affects the field over the core due to close proximity. The
periodic roughness also enhances the radial field (the red heart-
shaped regions above the core region) but its effect disappears a
few pm above the surface. The center has zero radial field due to
the cylindrical symmetry.

were run for each gap and the final state of the beam was
recorded at the screen position. The final distribution of
particle positions and momenta for the gap of 1 mm are
given in Figs. 11(c) and 11(d). From the final positions,
o, were calculated as o, = /(x?), and 20, was taken as
the beam diameter similar to the experimental case. The
beam diameter is plotted in Fig. 9(a) with black circles.
From the final position and momentum distributions, (x?),
(B?) and (xB,) were calculated and substituted to Eq. (6)
for emittance calculations. The emittance values are plot-
ted in Fig. 9(b). From Fig. 9(b), the normalized emittance
is around 0.06 mm mrad for longer distances.

From Fig. 9(a), the measured and simulated beam diam-
eters are in very good agreement for every gap. This shows
the simulated fields (Fig. 10) and beam initialization [uni-
form emission in Fig. 11(a)] are realistic. It forms a quanti-
tative proof for uniform emission observed in Figs. 4 and 5.
Secondly, because the simulated fields did not assume any
high aspect ratio stray features over the surface, it proves
that electroplating successfully suppressed the formation
of the stray emitters causing abrupt beam expansion. Third,
this realistic simulation also enabled obtaining the final
momentum space [Fig. 11(d)] together with the coordi-
nate space [Fig. 11(c)], making computation of the beam
emittance [Fig. 9(b)] possible.

Taking the measured current (limited to 10100 pA
due to extremely high power density in Fig. 6) as 50-
WA dc current and emittance as 0.06 mm mrad, the nor-
malized brightness [Eq. (9)] in the dc mode is By =
2.8 x 10'% A/m? rad®. The same very fibers could draw
1-10-A peak current in the pulsed mode with a pulse
length of 100300 ns [25]. Taking it as 5 A, in the
pulsed mode (preferable mode in most VED HPM
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FIG. 11. In the coordinate space (x,)), the beam was initial-
ized with a uniform circular distribution [Fig. 11(a)] with the
radius of the physical core (75 wm). In the momentum space
(Bx, By), the initial MTE was set to 0 €V, so it is just a point at
the origin [Fig. 11(b)]. The final particle positions and momenta
distributions for 1-mm gap are shown in Figs. 11(c) and 11(d).
Similar to the experimental case, the final spatial distribution
[Fig. 11(c)] is Gaussian. One standard deviation (o, = +/(x2))
from the center was taken as the final beam radius, which is plot-
ted in Fig. 9(a) for each gap. From the final coordinate space
[Fig. 11(c)] and momentum space [Fig. 11(d)], values of (x?),
(ﬁf), and (xB,) were calculated. Then, from Eq. (6), the final
emittance was calculated and plotted in Fig. 9(b). The radial
fringing field (Fig. 10) is lowest at the core center and highest
at the core edge. Therefore, while the beam center keeps its ini-
tial state, the beam edges expand [Fig. 11(c)] and gain transverse
momentum [Fig. 11(d)] thus forming a Gaussian distribution.

applications), the brightness could attain a notable value
on the order of By ~ 10" A/m? rad®. This (phase-space)
brightness can be converted into geometrical brightness,
a definition of brightness commonly employed in the
electron-microscopy literature. The geometrical reduced
brightness is defined as B? = (d//d2)(1/U)(1/Scathode)»
where Q is the solid angle, U is the voltage at which the
current / is measured, and Scathode 18 the emission area of
the cathode. The calculations show that it could attain a
value on the order of BS ~ 107 A m™2 sr™! V™! in the
pulsed mode. This number is within the range obtained for
single CNT emitters [26].

B. Effect of initial energy

In GPT, the beam was also initialized with typical values
of MTE (Fig. 12). A uniform circular distribution (B =
B,") was used in the momentum space (Fig. 12). To set a

«10~%  Initial momentum

ﬂ;nax
—4 -2 0 2 4
B, x1073

FIG. 12. The representation of the beam initialization with
a nonzero initial MTE (coordinate-space initialization was the
same as before). In momentum space, a circular uniform distri-
bution with a radius of 8;"®* was used. To set an intended initial
MTE, the required B"®* was calculated by Eq. (11). The results
for initial Eyrg = 0,0.25 and 1 eV are plotted in Fig. 13.

specific initial MTE in the momentum space (Fig. 12), the
radius of the distribution, B"®*, was set as (see Appendix A
for the derivation)

max 4 Evite
— . (11)
X 2
MeC
(a) Spot diameter = 20 (b) Final emittance
450 0.12
400 B
T 450 H ® o010,
8
= 300 i E 008 °
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9] s 3 e ° .
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FIG. 13. It shows the effect of the initial MTE on the final state
of the beam. In Fig. 13(a), the simulated spot size deviates fur-
ther from the experimental case as the initial MTE increases. At 1
eV, the deviation from the experimental spot size becomes more
pronounced (the 0-eV case is the closest one to the experimental
case), so MTE must be <1 eV as expected for the given mate-
rial [27]. So, the realistic final emittance has to be somewhere
between the blue dots and the black ones in Fig. 13(b), which
means the emittance is about 0.08 mm mrad as the worst-case
scenario. The emittance is always lower for larger interelectrode
distances, as the fringing field drops at larger anode-cathode
distances.
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FIG. 14. The field maps generated for shell thicknesses of 50
and 100 pm are shown for the 1-mm gap case. The thicker the
shell, the smaller the effect of the radial field on the CNT core
(the radial field is pushed to the edges). On the other hand, the
reduction in the longitudinal field is not as strong. The radial
and longitudinal fields in close proximity to the surface are not
affected by the thickness change (red zones on the surface), as
the surface roughness is the dominant factor there.

0.1 0.0 . mm

In the coordinate space, the beam was initialized in the
same way as before [Fig. 11(a)]. The simulation results are
plotted in Fig. 13.

From Fig. 13(a), as the initial MTE increases, the sim-
ulated spot size deviates more from the experimental one.
At initial Eyitg = 1 eV, the deviation is more prominent,
indicating that the real initial MTE is expected to be under
1 eV. It also has to be a nonzero value in reality. Therefore,
the real final emittance must be somewhere between blue
dots and black ones in Fig. 13(b). The beam emittance 0.08
mm mrad can serve as an ultimate upper limit (worst-case
scenario).

C. Effect of shell thickness

In cOMSOL, the shell thickness was doubled (100-pwm
shell) and the resulting fields were recalculated for each
gap (Fig. 14). In GPT, the beam was simulated with
these alternative fields while initializing the beam as uni-
form with 0-eV initial energy [same as Fig. 11(a) and
Fig. 11(b)]. The results are plotted in Fig. 15. Doubling
the shell thickness reduces emittance [Fig. 15(b)] and spa-
tial beam divergence [Fig. 15(a)] at any distance. The
reason is that the thicker shell pushes the radial fringing
field away from the core (Fig. 14), thereby its nonlinear
radial force imposes lesser emittance growth. At 200-pum
gap, the reduction in the emittance is approximately 25%
[Fig. 15(b)]. On the other hand, at 1600-um gap, the
reduction in emittance is only 8% [Fig. 15(b)]. This dif-
ference arises because as the gap increases, the fringing
field becomes more longitudinal (i.e., at an infinite gap, the

(a) Spot diameter = 20 (b) Final emittance
450 1 0.12
400 L4 )
= B o010
E 350 e E
= 300 ® o 0.08@
9] ° ° €
g 250 ¢ ° ° £ 0.06 * o .
° ~ 0.06e .
& 200 o o g ® o o o o 8 8
S 150 s ° S 004
15} £
a 100 1 =
%) s « 50-um shell £ o0.02 « 50-um shell
50 + 100-um shell w - 100-pm shell

0.00 - :
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Distance (pum)

ol J
200 400 600 800 1000 1200 1400 1600
Distance (pm)

FIG. 15. The increase in the shell thickness leads to an
improvement in the final beam emittance. The emittance
decreases by almost 15% for the shorter gaps [Fig. 15(b)]. On
the other hand, the benefit of having a thicker shell is less promi-
nent for the larger anode-cathode gaps. The thicker shell reduces
the fringing field on the core, resulting in less emittance growth
[Fig. 15(b)] and less beam expansion [Fig. 15(a)] by its nonlin-
ear radial force. However, the fringing field naturally decreases
as the anode-cathode gap increases, leading to less impact from
a thicker shell.

anode and cathode see each other as point sources, result-
ing in no radial field on the beam path at all), diminishing
the contribution of a thicker shell.

In Fig. 16, surface fields 15 wm above the surface were
plotted for both of the shell thicknesses. Field emitters are
built as high-aspect-ratio structures to enhance the field at
the tip, and so to lower the operating voltages. The disad-
vantage is that the radial field gets enhanced too. So, the
tip geometry requires optimization as the control over the
radial field is essential to reduce emittance growth in field
emitters. For this specific cathode, doubling the shell thick-
ness reduces the radial field almost by half [Fig. 16(a)],
which reduces the emittance by approximately 15% for
shorter gaps [Fig. 15(b)]. At the same time, the longitu-
dinal field [Fig. 16(b)] drops only by 20%. This means the
cathode could perform even better with a thicker coating
without needing to increase the operating voltage consid-
erably. However, for larger gaps [Fig. 15(b)], it may not
be worth increasing the operating voltage for the smaller
effect of a thicker shell on emittance. A similar itera-
tive analysis, as shown in Figs. 15(b) and 16, can be
conducted to determine the optimal operating geometrical
and electrical conditions for best injection for a particular
electron-gun design.

D. Intrinsic emittance

So far, only beam emittance—the emittance measured
on the screen away from the cathode—has been consid-
ered. In this section, the cathode emittance, also called
intrinsic emittance, is discussed. The intrinsic emittance
is the emittance right at the cathode surface when the
beam is launched. Because momenta and positions are
not correlated at the cathode surface, Eq. (8) can be
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FIG. 16. The field for the gap of 1 mm and applied voltage of
970 V was sampled over the red line (15 pm above the rough-
ness peaks) and plotted for 50 and 100 pwm shell thicknesses. At
100-pum shell, the radial field reduces almost in half [Fig. 16(a)],
but the longitudinal field reduces only by 20% [Fig. 16(b)].
Therefore, by optimizing the shell design the emittance growth
can be mitigated without appreciably increasing the operating
voltage to attain the same amount of charge. As the red line is
placed continuously closer to the cathode surface, the blue and
black lines approach each other because the very surface fields
are controlled by the roughness.

used for emittance calculation. With the uniform emis-
sion (proven in the previous sections), the initial beam
radius can be taken as the core radius (75 wm). Then,
for a uniform distribution, o, = (x?) = Xmayx/2 = 75/2 =
37.5 pm. In another study of CNT fibers [27], electron
energy distribution (EED) measurement reveals 250-meV
initial MTE. This value can be taken as intrinsic and ther-
mal MTE. From Fig. 13(a), the spot size starts to deviate
strongly from the experimental data when MTE is set
to 1 eV. Therefore, for the studied cathode the intrinsic
MTE is <1 eV. It must also be that MTE is >0 as the
statistical distribution of electrons inside the material in
thermal equilibrium imposes it. Given our CNT material
is made by the same production method as the one stud-
ied in Ref. [27], 250-meV intrinsic emittance is a good
approximation. Then, by taking o, = 37.5 pm and Eyrg =
250 meV, from Eq. (8), the intrinsic emittance becomes
€N = 0.026 mm mrad = 26 nm rad. Using this value and
the measured 50-wA dc current, the cathode brightness
is By = 1.5 x 10" A/m? rad® in dc mode. Assuming the
fiber gives approximately 5 A peak current in the pulsed
mode [25], the cathode brightness could attain a notable
value on the order of By & 10'® A/m? rad®. This number
is outstanding and is comparable with brightness metrics in
the state-of-the-art microwave and rf accelerator injectors
[28].

In photoemission, the intrinsic emittance is a key met-
ric determining the beam quality. As photocathodes are
designed to be flat (so the fields are linear and normal to the

surface), the emittance is conserved. Therefore, the laser
spot size and intrinsic MTE of the cathode material have
special significance in photoemission. Regarding nonlin-
ear effects causing emittance growth, the photoemission
literature generally focuses on the space-charge effect or
radial field on the surface created either by surface rough-
ness [29—31] or work-function variation over the cathode
surface [32—34]. Studies showed that the radial field cre-
ated by these surface nonuniformities could increase the
emittance by up to 30% [30,31,34].

In the present study, the emittance on the screen (approx-
imately 0.06 mm mrad) is approximately 2.3 times larger
than the intrinsic one (approximately 0.026 mm mrad).
This growth is not only a result of the surface roughness.
In field emission, the cathode must be built as a sharp
post. Therefore, the fringing radial field on the surface is
inevitable (Fig. 10). It appears that the fringing field is
the major factor causing the emittance growth (Figs. 13
and 14). The effect of the local fringing field caused by
the surface roughness quenches quickly, a few wm away
from the surface (Fig. 10). On the other hand, the effect
of the global fringing field caused by emitter edge bound-
aries has a dramatic influence on the beam over longer
distances (Fig. 10). Hence, the effect of intrinsic emittance
is buried by the emittance growth due to external factors.
Nevertheless, since intrinsic emittance represents the ulti-
mate minimum that cannot be reduced by any linear beam
optics or any adjustment to the shell thickness, it is useful
to have an estimate of it.

V. CONCLUSION

In conclusion, we presented a simple and efficient field-
emission cathode design where CNT fiber core was plated
with a nickel shell. This design had two functions. First,
it compresses the core, and provides mechanical strength
thereby preventing stray fibril formation during condition-
ing and operation. Second, such a design (while slightly
reducing field enhancement and increasing turn-on field)
reduces the fringing field on the CNT fiber and therefore
the defocusing radial field.

As field-emission microscopy directly demonstrated,
both tested cathodes featured excellent spatially coherent
emission. Field-emission microscopy aided by image pro-
cessing and beam dynamics simulations confirmed that
the entire fiber core of 150 pm in diameter actively and
uniformly emitted electrons, as well as enabled phase-
space analysis. All of these combined allowed the observed
emission coherence to be quantified through calculating
emittance and brightness. The extremely low emittance
resulting in record brightness highlights a simple and
practical path forward for the CNT fiber technology that
has long been expected to advance high-frequency vac-
uum power devices but had limited success due to low
brightness.
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Finally, it was demonstrated that the nanoscopic single
CNT cathode technology can be translated to the macro-
scopic fiber CNT level in terms of emission uniformity.
In other words, spatial coherence and uniformity (intrinsic
to a single CNT emitter) can be achieved in a CNT fiber
comprised out of billions of single CNTs. The obtained
brightness figures of merit further confirm this technology
translation in that ultimate single CNT emitter brightness
is feasible to attain for CNT fiber cathodes.
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APPENDIX: MEAN TRANSVERSE ENERGY OF A
UNIFORM CIRCULAR DISTRIBUTION IN
MOMENTUM SPACE

A uniform circular distribution with a radius of " in
momentum space is given in Fig. 17(a). We can define
another variable 8 such that *> = 8 4 ;. Then, the
probability distribution function (PDF) of g is the lin-
ear curve in Fig. 17(b). The proof is as follows: assume
the three concentric red circles in Fig. 17(a) dividing the
momentum space into three regions. The number of par-
ticles inside a region is proportional to the area of the
region. So, the probability of finding a particle in the inner-
most region (0 < g < BI™/3) is %, in the middle region
BI™/3 < B < 2B1%/3)1is %, and in the outermost region
@B /3 < B < BI™)is g. In the PDF curve [Fig. 17(b)],
the area under the curve for 0 < 8 < "™ /3 is é, for
B3 < B <280 /3 18 %, for 28" /3 < B < B is
g; and the total area is 1. So, the PDF in Fig. 17(b) models
the distribution in Fig. 17(a) correctly.

From Fig. 17(b), analytically the PDF is

2 .
B, 1f0 < B < BT,
— ] )2 x Al

PP) {O, otherwise. A

Then, the average of B2 is
w%=/ B*o(B)dp

1

=5 (B (A2)

(a) Uniform circular distribution
1 0_3 with radius M3
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]r(nax Zﬁ;na)( B)lc‘ﬂax
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FIG. 17. A uniform circular distribution [Fig. 17(a)] with

radius B in momentum space (B, Sy) forms a linear PDF
curve [Fig. 17(b)] with respect to 8 (8% = 82 + ,3y2). This can be
understood by dividing the momentum space into virtual regions
with the red circles in Fig. 17(a). By considering the number of
particles inside each region [Fig. 17(a)], the probability of find-
ing a particle in the innermost region is 1/9, in the middle region
is 3/9, and in the outermost region is 5/9. The area under PDF
[Fig. 17(b)] for the range of B corresponding to the innermost
region is 1/9, for the range of 8 corresponding to the middle
region is 3/9, and for the range of B corresponding to the outer-
most region is 5/9. This shows that the PDF function [Fig. 17(b)]
accurately represents the uniform distribution [Fig. 17(a)].

By definition, MTE is

1
Emte = Emecz(ﬂf + ;)

= Jmed (B

1
— _meCZ(ﬂ;naX)Z‘

2 (A3)
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So,

4 E
B == (A4)
’ meC

This concludes the derivation of Eq. (11).
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