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Abstract—Diamond Field-Emitter Arrays (DFEAs) are arrays
of diamond pyramids with exquisitely sharp tips and micron
scale bases that produce high current densities. These arrays
can be fabricated in arbitrary shapes, ranging from single tips
to many millions of tips, so that they produce an inherently
shaped electron beam. Each tip emits a modest current but large
dense array can produce many Amps. We are investigating these
cathodes for use in dielectric wakefield accelerators, however they
may also be applicable to vacuum microwave tubes. Recently,
shaped beam production and transport has been demonstrated
in the 1.3 GHz rf gun at the Argonne Cathode Test Stand
at Argonne National Laboratory. Charge was measured on a
Faraday cup and the beam imaged on a YAG screen with peak
electric field gradients on the cathode ranging from 12-35 MV/m.
Three cathode geometries were tested: one 1 mm equilateral
triangle with 7 micron base pyramids and 10 micron pitch, one
1 mm equilateral triangle with 10 micron base and 25 micron
pitch and one sparse 5x5 square array with 20 micron base and
400 micron pitch. The two triangular arrays emitted 35 nC in
an rf macropulse at 35 MV/m and 13 nC charge at 27 MV/m
respectively, while the sparse array emitted 0.060 nC charge at
15 MV/m. This paper presents results of the triangular array
experiments including damage due to breakdown in the rf gun
and initial models of tip-to-tip shielding.

Index Terms—field-emission, UNCD, diamond, RF-gun, pat-
terned beam, shaped beam, shielding

I. INTRODUCTION

Transversely shaped beams are broadly interesting for a
number of applications. Possible applications include nano-
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electronics, rf guns, diodes, terahertz devices, and certain
free-electron lasers [1]–[5] . We are presently developing
inherently shaped beams for use with the emittance exchange
(EEX) technique proposed at Los Alamos National Laboratory
(LANL) and recently developed at Argonne National Labo-
ratory (ANL) [6]–[9]. The EEX produces temporal shaped
beams from transversely shaped beams, for increasing the
efficiency of dielectric wakefield acceleration.

Current methods to produce transversely shaped beams
include using a photocathode excited by a patterned drive laser
beam [10], and using an intercepting mask on the electron
beam [7], [8], [11]. The disadvantages of the mask method
include hazardous x-rays, produced when the mask intercepts
the beam, beam loss onto the mask of up to 80%, and
inconsistency in the beam shape shot-to-shot due to jitter. One
can overcome these disadvantages by creating a cathode that
produces an intrinsically shaped electron beam. Additionally,
using a field-emission cathode eliminates the need for a drive
laser, simplifying overall gun design.

LANL has recently developed the capability to produce
Diamond Field-Emitter Array (DFEA) cathodes [15]. These
cathodes are arrays of pyramids having nanoscale tips, with
base sizes ranging from 3 µm to 25 µm, and pitches of
5 µm and greater. While DFEAs have been investigated for
a number of years at other institutions [16], [17], LANL
currently has a program studying these cathodes in a 40
kV dc test stand. Fig. 1 shows the SEM images of dense
triangular DFEA cathodes, with the insets showing differ-
ent magnifications. Cathode fabrication is based on standard
silicon wafer techniques, allowing production of arrays with
nearly arbitrary geometric shapes. In this paper we present
initial results from the two dense triangular DFEA cathodes
that were tested in the rf gun at the Argonne Cathode Test-
stand (ACT) facility at ANL [12]–[14] as well as initial



simulations of tip-to-tip shielding. Results from the sparse
array tests, which successfully demonstrated production and
transport of a patterned beam from a field-emission cathode
in an rf gun, along with initial estimates of per-tip current and
emission area, are reported elsewhere [18]. Earlier steps in this
work have been reported in [19], [20]

II. EXPERIMENTAL TEST SETUP

A schematic of the ACT set-up is shown in Fig. 2. The test
stand consists of a 0.5-cell L-band 1.3 GHz rf gun, followed by
several beamline diagnostics including: gun solenoids, Gsol1
and Gsol2, a beamline solenoid, Bsol, two Faraday cups,
FC1 and FC2, and three YAG screens, YAG1, YAG2, and
YAG3. FC1 is coincident with YAG1, and FC2 is coincident
with YAG3, as shown. The rf field in the gun cavity is
calculated based on the measured input power. The vacuum
level was maintained at or below 2x10−8 Torr. Generally
during experiments the rf power was increased slowly until
emission was observed on YAG1, at which point the gun
solenoids were adjusted to maximize the charge capture. The rf
power was subsequently increased to a stable operating point,
and images could be seen on all three YAG screens. Charge
during the rf macropulse as a function of field was measured
on the first Faraday cup (FC1), and re-plotted as I-V curves.
We tested two dense triangular array cathodes. The first, CAT1,
was an equilateral triangle, 1 mm on a side, with 7 µm base
pyramids and 10 µm pitch. The second cathode, CAT2, was
also an equilateral triangle 1 mm on a side, with 10 µm base
and 25 µm pitch. SEM images of CAT1 and CAT2 are shown
in Fig. 1. As can be seen in these images, the DFEA pyramids
emerge from a flat diamond film about 10 µm thick. This film
is brazed onto the molybdenum substrate as shown in Fig. 3,
which is then attached to the cathode plug and mounted in the
rf gun. In Fig. 3, the black square is the diamond film, and the
triangular array can be seen above and slightly left of center
of the cathode holder.

III. EXPERIMENTAL RESULTS

Charge in an rf macropulse measured on FC1 is plotted as
a function of electric field on the cathode in Fig. 4 (left for
CAT1 and right for CAT2). The different colors correspond
to different sets of data taken on different days and times.
Typically we started testing the cathode at lower cathode fields,
working to higher fields. Data were taken starting at the highest
field achieved with minimum breakdowns, and collected for
descending fields on the cathode to avoid breakdowns during
the collection process. The maximum charge measurements of
35 nC at 36 MV/m and 9 nC at 21 MV/m for CAT1 and CAT2
respectively, surpass the sub-nC charge produced in this gun
using a copper photocathode [21], which is notable because
the gun is far from optimized for a field emission cathode.
Another significant point is that the charge for the sparser,
slightly larger pyramids, CAT2, is higher for the same field
than the charge from the denser smaller pyramids, CAT1,
even though there are significantly more tips on CAT1. We
have conducted simulations to investigate tip-to-tip shielding,

discussed later, and it appears that this explains the difference
in emitted charge between the cathode samples.

There were a number of challenges in these tests including
difficulty centering the arrays on the cathode plug and sharp
edges of the cathode plugs. Fig. 5 shows the image of the
beam from CAT1 on YAG2. While there are features that
suggest a triangular shape, we did not observe a clear triangle
for this sample. Likely a combination of both space charge
effects near the cathode and poor array centering with respect
to gun center, or more specifically, the magnetic center of the
gun solenoids, contributed to this difficulty imaging the beam,
especially as it was transported down the beam line.

Sharp cathode plug edges likely contributed to the maximum
cathode field gradients that we were able to achieve, because
these edges initiated breakdowns in the gun. It is likely
that at sufficiently high fields the array may have caused
breakdowns, however there was no diagnostic to determine the
location of breakdowns observed in the gun region. Break-
downs eventually led to decreased bunch charge from the
array in subsequent tests. At the end of the experiment when
the arrays were removed from the gun and imaged by SEM,
significant damage was observed, as shown for CAT1 in Fig. 6.

IV. INITIAL MODELING RESULTS

In parallel with the cathode experiments, we have been
conducting modeling using the MICHELLE gun code [22].
Emitter simulations were conducted in MICHELLE; individual
emitters were modeled to get accurate field enhancement
factors and currents similar to the experiment, then interactions
between individual emitters were modeled to describe whole-
array behavior. The array behavior led to the initial demon-
stration of shielding effects between emitters. This shielding
effect is consistent with previous results [23]. The models are
challenging in part because the ratio between the largest and
smallest element in the model is around 10000:1, as shown in
Fig. 7. Here we see an individual pyramid with the nanometer
scale tip represented as a rounded pillar on the top. The
pyramid base is 25 µm, and the diameter of the pillar is
20 nm. The largest element in the model has a length of about
14 µm, while the smallest is 1.3 nm. Figure 8 shows modeled
electron emission scaled to include the whole pyramid (left)
and showing just the sharp tip (right). In the right frame, the
equipotential electric field lines are also shown in green.

Fig. 9 shows the geometry used to investigate tip-to-tip
shielding. The figure shows two quarter-pyramid emitters
of fixed base size and with a variable pitch shown by the
red double-headed arrow. The model uses Neuman boundary
conditions to emulate an infinite sea of emitters. Emission
current data was modeled for pitches from 10 µm to 50 µm,
with a constant pyramid height of 5.5 µm (base of 7 µm) and is
shown plotted in Fig. 10. This plot agrees roughly with initial
experimental data, showing that emitted current increases with
array pitch until about 30 µm. Though we do not have good
measurements of per tip current, we do observe that bunch
charge for a fixed cathode field increases with emitter spacing
for pitches of 10-25 µm. Experiments taking place this fall



Fig. 1. SEM images of the two triangular arrays at different magnifications. On the left is ”CAT1” with 7 µm base, 10 µm pitch, and on the right is ”CAT2”
with 10 µm base, 25 µm pitch. Both cathode arrays are 1 mm equilateral triangles.

Fig. 2. ACT beamline schematic, where FC1, and YAG1 are coincident, along with FC2, YAG3.

will help confirm these results. A purely geometric argument
suggests that once the emitters are more than twice the height
apart they should not shield each other, however these initial
results suggest that the shielding effect we observe may be
more complicated.

V. CONCLUSION

Initial DFEA cathode tests in an rf gun show great promise;
we are able operate inherently shaped field-emitter arrays
and achieve high bunch charge. Cathode plug modifications
are being made to reduce breakdown from sharp edges, and
improved array centering will help patterned beam transport.
Further experiments are underway to examine the role of
pyramid base size and pitch on emission behavior, continue
to investigate tip-to-tip shielding effects, and better understand
I-V characteristics and emitter lifetime.
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Fig. 4. Charge in an rf macropulse vs. electric field at the cathode for CAT1 (left) and CAT2 (right)

Fig. 5. Image of the beam of YAG2, 1.5 m down the beam line. We did not
observe a clear triangular pattern from this sample, most likely due to space
charge effects.

Fig. 6. SEM image of CAT1 after breakdowns in the rf gun. At sufficiently
high field, arrays can sustain significant damage.

Fig. 7. Mesh details of the pyramid tip simulation, progressively zooming
from left to right. Note that the pyramid base can be 25 µm in length while
the diameter of the nanotip can be 20 nm, requiring vastly different sizes of
mesh elements.

Fig. 8. Emission from a single tip modeled in MICHELLE. The whole
pyramid is shown in the left frame, while the right frame shows detail of
emission from only the very tip, as well as the green equipotential electric-
field lines.



Fig. 9. To conduct initial models of tip shielding, we construct a unit array
containing two quarter-pyramid emitters with fixed base size and variable
pitch, matched with Neuman boundary conditions to form in infinite sea of
emitters. Pitch is then varied while observing simulated per-tip emitted current.

Fig. 10. Initial plot of per-tip emitted current as a function of tip spacing.
Notice that current does not increase significantly for pitches larger than about
25 µm spacing for these 7 µm base pyramids.


