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Electrically gated pulsed field emission from molybdenum field emitter arrays was studied.
Single-gate field emitter array devices supported by metallic substrates were fabricated by a
combination of molding and a self-aligned gate process. Devices were tested in a low-inductance
cathode holder compatible with the high-acceleration electric field of a pulsed diode gun. Pulsed
field emission down to 1.1 ns was observed for single-gate devices with 1.2�103–1.2�105 emitter
tips with 5 �m array pitches. Integrating the field emitter arrays in a high-voltage pulsed diode gun,
the authors demonstrated nanosecond field emission at an acceleration field of 30 MV/m at the
cathode surface and acceleration of the field emission electron beam up to 300 keV. In addition,
transverse beam emittance of the single-gate devices was measured with two different array sizes.

© 2011 American Vacuum Society. �DOI: 10.1116/1.3569820�
I. INTRODUCTION

In this work, we explore the nanosecond pulsed field
emission of an all-metallic field emitter array �FEA� cathode
and its operation in a high-acceleration electric field. Accel-
erator applications which demand high brightness, such as
compact x-ray free electron lasers,1–3 require compatibility
with an acceleration field in the order of 100 MV/m to pre-
vent emittance degradation of the electron beam. Operating
high-acceleration-gradient devices in pulsed mode minimizes
or eliminates breakdown,4,5 and thus switching of FEA field
emission current in the nanosecond range or below is highly
desirable. We are exploring fast electrical gating methods by
testing FEAs in the pulsed diode electron gun test facility of
the SwissFEL project at Paul Scherrer Institut.5,6

Compatibility of FEA with high-acceleration field is also
important for terahertz vacuum electronic applications.7–9

Due to the Child–Langmuir space-charge limit, these appli-
cations require high-acceleration fields in order to generate
proposed high-density beam currents in the order of
�103 A /cm2.10–13 Laser pulses irradiating metallic and
semiconductor cathodes14–17 or FEAs18,19 are commonly
used to generate ultrafast electron bunches. However, fast
electron bunches generated by using electrical gate pulses
could have beneficial applications for vacuum electronic de-
vices used from radio-frequency �rf�20–25 to terahertz
frequencies7–9 and flash x-ray tubes.26,27

II. SAMPLE AND EXPERIMENTAL METHOD

All-metallic FEAs were fabricated by molding and a self-
aligned gate process.28–30 The emitter array consisted of py-
ramidal molybdenum tips with �1.5 �m bases and
�1.2 �m heights aligned with 5 �m pitch. The radii of
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curvature of the emitter tips characterized by high-resolution
scanning electron microscope were �5 nm. These measure-
ments were obtained by controlling the pit shape of the sili-
con mold substrate using the repeated oxidation process.30

The gate electrode consisted of a 0.5-�m-thick molybdenum
film separated from the emitter substrate by a 1.2-�m-thick
SiO2 insulation layer. The root-mean-square �rms� surface
roughness of the flat gate electrode surface between emitters
was measured by atomic-force microscope and equaled 2.9
nm. Around apertures with collars �Fig. 1�b��, the molybde-
num film was rougher due to the angle of deposition.30 The
FEA was supported by a 0.4-mm-thick electroplated nickel
substrate. In the experiments described below, we used cir-
cular arrays with 1.2�103 and 1.2�105 tips of 0.223 and
2.258 mm diameters, respectively. Each tip had a gate aper-
ture with a diameter aext of 1.4 or 2.4 �m. For noncircular
shaped gate apertures, the diameter of the inscribed circle of
the gate aperture was used as aext. The sample parameters are
summarized in Table I. Figure 2 shows the field emission
characteristics for FEA-1 �open squares� measured with a
400-ns-long Vge pulse bias and FEA-2 �filled circles� mea-
sured with a AC 50 Hz bias. The maximum current of FEA-2
was 37 mA.

The electron gun beamline �Fig. 3�a�� consisted of a diode
electron gun, a two-cell rf cavity operating at 1.5 GHz, and a
diagnostics beamline. The diode electron gun accelerated
electron beams up to 500 keV. The field emission electron
pulse was monitored by the wall-current monitor and by the
scintillating screens Scr-1 or Scr-2, located 1280 and 2030
mm downstream from the cathode, respectively. The gun
beamline was equipped for emittance measurement including
thermal emittance of the electron beam using the solenoid-
scan technique. In the solenoid-scan technique, the emittance
of the beam is evaluated by analyzing the beam image size
on Scr-1 or Scr-2 as a function of the magnetic field of the
solenoid-1 or -2.31,32 Further details of the combined diode-

rf-cavity gun and the beamline are described in Ref. 6.
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Figure 3�b� shows a schematic diagram of FEA chips in-
tegrated into the diode gun using the cathode holder. General
construction of the cathode holder is depicted in Fig. 3�c�.
Emitter arrays consisting of 1.2�103 tips �0.2 mm diameter�
or 1.2�105 tips �2.3 mm diameter� were placed at the center
of 6.8 mm square chips. A circular gate electrode of 5.4 mm
diameter overlapped the array for both sizes. The cathode
holder had a 4 mm diameter opening with its inner edge in
contact with the gate electrode. Figure 3�d� shows the elec-
tric field profile along the axis of the gun, where the anode-
cathode gap g, defined by the separation between zB and zC,
was equal to 4 mm. This electric field profile was obtained
from an electrostatic simulation based on the finite-element
method. F0 is defined as the value given by the cathode
voltage divided by g. The left edge corresponds to the FEA
surface, where the acceleration field on the FEA surface was
approximately a factor of 2 smaller than F0 due to the 1 mm

�� ��

��� ��

a) FEA-1

��� ��

�� ��
b) FEA-2

FIG. 1. Scanning electron microscope images of the single-gate FEAs with
1.2�105 emitter tips: �a� FEA-1 with the gate aperture diameter aext equal
to 2.4 �m; �b� FEA-2 with aext equal to 1.4 �m.

TABLE I. Parameters of FEAs used in this study. The
FEA-5, were measured by the solenoid-scan techniqu

FEA 1

Array diameter �mm� 2.258
Number of the emitters 1.2�105

Array pitch ��m� 5
Gate aperture diametera ��m� 2.4

�horizontal
�n� �mm mrad� …

�vertical
�n� �mm mrad� …

a
For noncircular shaped gate apertures, the diameter of th
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recess �the distance between zA and zB�. The exact reduction
factor depended on g; for g=4 mm, the reduction factor was
0.52 as indicated in Fig. 3�d�.

An air-core resonant transformer technology was used to
generate the pulsed accelerating diode voltage.33 Figure 4
shows the accelerating voltage wave form of the diode gun,
as measured by a calibrated capacitive divider.33 The full
width half maximum �FWHM� duration of the first negative
pulse peak maximum was �250 ns. The accelerating volt-
age amplitude and the gap g were variable. Thus, electron
bunches could be accelerated up to 500 keV in different ac-
celeration conditions.34 In order to reduce breakdown prob-
ability, a critically coupled damped resonant system was
used to provide an asymmetric oscillatory pulse �Fig. 4�a��.
To synchronize field emission with the first negative maxi-
mum of the accelerating voltage, time indicated by a dashed
line in Fig. 4�b�, we developed nanosecond pulser described
below. The maximum repetition rate of the pulsed diode gun
was 10 Hz, being limited by the power capability of the main
charging supply. Using mirror polished stainless steel coated
by diamondlike carbon as cathode and anode, an acceleration
field over 200 MV/m can be generated with g of a few
millimeters.5,6 The Child–Langmuir current density under
such acceleration conditions is well above �4 kA cm−2.
However, to evaluate the maximum current density more ac-

alized rms emittance ��n� of two FEAs, FEA-3 and
horizontal and vertical directions.

3 4 5
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105 1.2�105 1.2�105 1.2�103
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a
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a
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FIG. 2. �Color online� Relation between gate-emitter bias Vge and the anode
current Ia for the two 1.2�105 tip FEAs, FEA-1 �open squares, aext equal to
2.4 �m� and FEA-2 �filled circles, aext equal to 1.4 �m�. DIODE: pulsed
diode gun, RFC: rf-cavity, PS: pulsed solenoid, Sol-1 and Sol -2: solenoid,
Scr-1 and Scr-2: scintillating screen monitor, K: cathode holder, and A:
anode.
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curately, one should consider the two-dimensional geometry
and the ratio between the gap and the emitter diameter,12,13

as well as the acceleration field profile along the gun axis.
The electron beam was accelerated and passed through an

anode iris with a diameter of 2 mm. When operating 1.2
�105 tip FEAs, a part of the field emission beam can be
clipped by the anode iris since the array diameter is 0.6 mm
larger than the anode iris diameter. However, electron loss is
minimal because of lateral focusing of the electron beam

Distance z along the axis

FFEA =
0.52 F0 2 mm
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FIG. 3. �Color online� �a� Schematic diagram of the pulsed diode electron
gun test facility of the SwissFEL project at the Paul Scherrer Institut, �b�
schematic of the FEA device structure �top view�, �c� closeup of the emitter
cross-section enclosed in �a�, and �d� the corresponding electric field profile
along the gun axis. DIODE: diode gun, PS: pulsed solenoid, RFC: rf-cavity,
Sol: solenoid, Scr: screen monitor.

(a)

(b)

FIG. 4. �Color online� �a� Typical wave form of the oscillatory high-voltage
pulse generated by the diode gun accelerator. �b� The first part of the oscil-
latory high-voltage pulse marked in �a�. To accelerate electrons, the electron
emission is triggered at the first negative peak of the pulse indicated by the

vertical broken line.
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near the FEA surface. This lateral focusing can be inferred
from the correlation between increases in axial electric field
and distance z as shown in Fig. 3�d�.35

We developed two fast pulsing schemes, which are de-
picted in Figs. 5�a� and 6�a�. Although the FEA gate capaci-
tance is �1 nF due to the large area of the gate electrode, it
is possible to drive the field emission down to nanosecond
range by utilizing the low series resistance of the FEA chip
�in the order of 10−4 �� and RC time constant of the device,
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FIG. 5. �Color online� �a� Schematic diagram of the FEA driver. �b� 4-ns-
wide pulsed field emission �FWHM� from FEA-3 �1.2�105 emitter array�.
�c� Comparison of pulsed I-V and dc I-V.
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FIG. 6. �Color online� �a� Schematic diagram of the second FEA driver. �b�
1.1-ns-wide pulsed field emission from FEA-4 �1.2�105 emitter array�. �c�

Comparison of pulsed I-V and dc I-V.
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which is several orders of magnitude less than 1 ns. There-
fore, nanosecond switching of FEAs is possible by devising
appropriate driver circuits in combination with a low-
inductance FEA holder �Fig. 3�c��. In the first method, shown
in Fig. 5�a�, we excited a damped oscillatory gate pulse by
switching a charged capacitor voltage. With this method, a
sinusoidal-shaped gate pulse with 15 ns FWHM duration
was applied to the FEA. When the trigger pulse Vtrig closed
the transistor switch Sw, the charge prestored in Cs by the
driver supply voltage Vdc was partially transferred to the
FEA via the low-impedance transmission line Zt �character-
istic impedance 11 � and length of 100 mm� within
�15 ns, applying a pulsed emitter bias Vge of �0.7Vdc to the
FEA. In the second method, shown in Fig. 6�a�, the FEA was
biased by a current pulse of a few nanoseconds with negative
polarity, immediately followed by a current pulse with the
same amplitude and duration but with opposite polarity. Cur-
rent pulses up to �60 A with a duration of a few nanosec-
onds can be applied. A DC offset voltage Vdc is additionally
available.

In the experiment, FEAs were first conditioned in a test
chamber �not shown� with a maximum anode voltage of 4
kV. The conditioning involved either repeatedly scanning the
gate-emitter bias between 0 and a progressively higher value
over a period of a few minutes or applying a 50 Hz AC
voltage with gradually increasing maximum amplitude. We
continued this scan for tens of hours until current-voltage
characteristics became stable. The emission current was col-
lected by a stainless steel Faraday cup separated from the
cathode by a distance of 40 or 10 mm. The background pres-
sure of the test chamber was in the order of 10−8 mbar.
FEAs were further tested by a long pulse bias �400 ns or
longer� or a short pulse bias �a few nanosecond� using the
pulser shown in either Fig. 5�a� or 6�a�. For the experiment
in the high-voltage diode gun, FEAs were transferred
through air after the conditioning and pulse test. The back-
ground pressure of the diode electron gun was also in the
10−8 mbar range.

In Sec. III, we first discuss the field emission experiments
using the two pulsers depicted in Figs. 5�a� and 6�a�. Then
we discuss the pulsed field emission experiment in the diode
electron gun using the first pulser �Fig. 5�a��. Integration of
the second pulser �Fig. 6�a�� into the diode electron gun, in
combination with rf acceleration, is planned for a future ex-
periment.

III. RESULTS AND DISCUSSION

First we discuss the results of pulsed field emission using
two different pulsing techniques. Figure 5�b� shows the
pulsed field emission from a 1.2�105 tip array �FEA-3� bi-
ased with the switched capacitor pulse driver depicted in Fig.
5�a�. We observed an emission current pulse of 4.0 ns
FWHM duration when the charging voltage of the driver was
117 V. This generated a pulsed gate-emitter voltage Vge of
�82 V with a duration of 15 ns for an anode-cathode dis-
tance of 40 mm and anode voltage Va of 400 V. The observed

pulse duration was about four times shorter than the Vge
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pulse due to the nonlinear current-voltage characteristics of
the field emission. A second current pulse was observed at
�30 ns after the main pulse with magnitude ten times
smaller than the main pulse. This appears to be triggered by
the second maximum of the damped oscillatory gate pulse.
Figure 5�c� shows that the relation between anode current Ia

and Vge, with DC Vge, compares well with the relation be-
tween pulsed Ia and Vge in the measured Vge range of Ia of up
to �0.2 mA.

Figure 6�b� shows the pulsed field emission from a 1.2
�105 tip array �FEA-4� using the pulser in Fig. 6�a�. A
pulsed Ia with a FWHM duration of 1.1 ns was observed for
an anode-cathode distance of 10 mm and Va of 800 V. In this
measurement, the estimated pulsed Vge value was 86 V, cor-
responding to an injection current pulse amplitude of �56 A.
A DC-bias voltage Vdc of �2 V was also applied at the same
time. Figure 6�c� compares the dc Ia-Vge relation with the
pulsed measurement obtained by scanning Vdc, with the
pulsed Vge fixed at �64 V. The two measurements agreed
well for Ia up to 0.5 mA. It was found that Va and anode-
cathode separation L impacted the observed current pulse
duration over this time scale. As depicted in Fig. 7, when L
was increased from 10 to 40 mm, the pulse was delayed by
1.6�0.1 ns and became broader by 1.4�0.1 ns. The ap-
proximate agreement between these two values can be as-
cribed to the Shockley–Ramo induction of the current to the
anode circuit by electron motion.36,37

Further reduction of the pulse duration is feasible by us-
ing faster bias pulses in combination with, for example, an
increase in current pulse amplitude and optimization of de-
vice geometry, including reduction of device capacitance.25

The RC diffusion/propagation time T�RC� of the gate pulse
over the FEA is one limiting factor for the field emission
current pulse duration of the experimental FEA chip. By de-
fining T�RC� as the time required to reach 5% of the voltage
uniformity over the area with radius r of 2 mm, we found, by
solving the two-dimensional diffusion equation for the volt-

�RC�

FEA-4

FIG. 7. �Color online� Pulsed field emission current wave form from FEA-4
�1.2�105 emitter tip array� driven by the pulser shown in Fig. 5�a� at two
cathode-anode distances L of 10 and 40 mm when the total Vge voltage was
�70 V.
age and current pulses, that T is equal to
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T�RC� � 0.6r2/D�RC�, �1�

where D�RC� is the diffusion coefficient given by the follow-
ing:

D�RC� =
dh

���0
. �2�

In Eq. �2�, d is the thickness of the gate, h is the thickness of
SiO2, � is the resistivity of the gate layer, �0 is the vacuum
permittivity, and � is the dielectric constant of SiO2. T�RC�

was estimated to be 32–150 ps based on the measured values
for the materials used in our FEAs �� of 20–100 �� cm and
� of 4.5�. T�RC� was 6–30 times shorter than the shortest
pulse duration observed here.

Now we discuss the nanosecond operation of FEAs in the
diode electron gun combined with the switched capacitor
pulser depicted in Fig. 5�a�. After transferring the pretested
FEA to the gun through air and evacuating the gun to a base
pressure of �10−8 mbar, field emission synchronized to the
high-voltage pulse was achieved. The electron beam was
then transported along the beamline to the screen Scr-1. Fig-
ure 8 shows the electron beam image of a 1.2�105 tip array
�FEA-3� detected by screen Scr-1 when the acceleration field
Facc on the FEA surface was 30 MV/m. This Facc was gen-
erated by applying a high-voltage pulse of �230 kV to the
cathode when the gap g was 4 mm. The pulsed solenoid
current was 800 A and the focusing magnetic field of the
double-solenoid sol-1 was 18.9 mT. In this optics setting, the
field emission electron beam distribution from the FEA was

FIG. 8. �Color online� Pulsed field emission from a 2 mm diameter FEA,
FEA-3 �1.2�105 tip array�, under an acceleration field Facc of 30 MV/m on
the FEA surface, imaged at screen Scr-1 of the pulsed diode electron gun.
imaged over a �6 mm diameter area of the screen. The lines
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show the cross-sectional average intensity along the horizon-
tal and vertical direction of the beam image. Under this high
Facc, we were able to extract a stable bunch charge of
�1.5 pC with Vge equal to �75 V. Using this FEA, the
highest beam energy 300 keV �at a g of 15 mm and Facc of
11 MV/m� was attained with a 0.1 pC bunch charge and a Vge

of �50 V. The highest bunch charge �10 pC� was extracted
with a Vge of �70 V under a �230 kV diode acceleration
voltage �g of 15 mm and Facc of 8.5 MV/m�.

The observed granular emission image, shown in Fig. 8,
indicates that not all of the emitter tips contributed to the
emission. This can be ascribed to the nonuniform tip apex
radii distributions as well as variations in cleanliness of tips.
When the operation parameters were fixed in the conditions
studied here, we found that the screen image and emission
charge were stable for several hours during the tests. We also
observed a flickering of some granule points without chang-
ing the total emission charge. It is likely that the tip apex
nonuniformity may be partially compensated for by a tip-
blunting method which involves carefully increasing the
pulse and dc-bias voltage and the anode voltage.38 However,
this should perhaps be applied under low Facc and low Va

environment. During the FEA conditioning process in the
separate test chamber with low Facc, we observed an increase
in emission current over a period of a few days. Both step-
wise and smooth increases of the maximum current were
observed. However, attempted in situ conditioning with
nanosecond pulsed emission in the diode gun was so far
unsuccessful because small arc events tend to lead to de-
struction of both the cathode and the cathode/anode fixtures.

Finally, we used the solenoid-scan technique to measure
the transverse emittance of the field-emitted electron beam
from FEAs with two different array sizes: FEA-3 �1.2�105

tip array with the array diameter of 2.258 mm� and FEA-5 �a
1.2�103 tip array with the array diameter of 0.226 mm�.
Figure 9�a� shows variations in the rms field emission elec-
tron beam diameters as a function of the magnetic field of the
solenoid Sol-1, which is located 800 mm away from the
anode �see Fig. 2�a��. These were measured at the Facc of 9
MV/m on the FEA surface with �250 kV diode voltage and
g of 15 mm. The right panel of Fig. 9�a� shows the result for
FEA-3 with a bunch charge of �0.5 pC measured at Scr-1.
The pulsed solenoid current was 800 A. The left panel shows
the result for FEA-5 measured at the second screen Scr-2,
located 750 mm downstream from Scr-1. For the FEA-5
emittance measurement, the bunch charge was �0.2 pC and
the pulsed solenoid current was 775 A. The beam diameters
for each magnetic field setting were evaluated by fitting the
electron beam intensity profile by a Gaussian distribution.
The normalized rms emittance ��n� of the beam was then
evaluated by fitting the Twiss parameters to the measured
magnetic field dependence of the beam diameter and optics
of the beamline.6,31,32,39 The results of the fitting are indi-
cated by the chain curves in Fig. 9�a�. The ��n� values are
summarized in Table I. In Fig. 9�b�, we show the values of
��n� geometrically averaged in two directions. These results

�n�
indicate that for both FEAs, � is proportional to the FEA
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diameter D, described as ��n��1.7D. In Fig. 9�b�, we also
show the previously reported ��n� equal to
3.0�0.2 mm mrad for a 5�104 tip and 1 mm diameter
single-gate Spindt-FEA under Facc of 3.6 MV/m, a 40 pC
bunch charge, and a 100 ns FWHM pulse width.31,32 This is
�1.8 times larger than the value obtained in the present mea-
surement. We should note that the emittance value is highly
sensitive to the parameters of the accelerator optics and the
homogeneity of the emission beam. Therefore, further sys-
tematic study will be required to confirm the proportionality
of the emittance value reported here and to clarify the impact
of the FEA device structures and operation conditions, as
well as the emission nonuniformity.40

IV. SUMMARY AND CONCLUSIONS

In summary, we developed nanosecond pulsed field emis-
sion schemes for single-gate molybdenum FEA cathodes
compatible with the diode electron gun of the SwissFEL test
facility. Synchronization of nanosecond gated field emission
from the FEA to the high-voltage pulse of the diode gun was
realized. Compatibility of the FEA with an acceleration field
of up to 30 MV/m was demonstrated. In addition, the
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FIG. 9. �Color online� �a� Relation between the rms beam size and the sol-1
magnetic field �DSL field� for two FEAs with array diameters of 2.258 mm
�FEA-3, 1.2�105 tip array�, in right panel, and of 0.226 mm �FEA-5, 1.2
�103 tip array�, in the left panel. �b� The relation between the FEA diameter
D and the ��n� averaged over the two directions for the two FEAs and the
previously reported ��n� for a Spindt-FEA. The line shows the relation ��n�

�1.7D.
solenoid-scan method was used to evaluate the normalized

J. Vac. Sci. Technol. B, Vol. 29, No. 2, Mar/Apr 2011

Author complimentary copy. Redistribution subject to AIP lice
rms emittance of the FEA. Further reduction of the emission
pulse width is foreseeable by optimization of the pulse
scheme and the FEA device geometry. However, the emit-
tance value urges implementation of a built-in focusing gate
structure to realize a high-brightness cathode based on
FEAs.2,41,42 Hence, the development of double-gate FEAs
compatible with nanosecond gated emission will be the sub-
ject of research in the immediate future.
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