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Abstract
We present our experimental design and low power test

results of a structure for the proof-of-principle demonstra-
tion of fast increase of the first harmonic current content in a
bunched electron beam, using the technique of electrostatic
potential depression (EPD). A primarily bunched electron
beam from an inductive output tube (IOT) at 710 MHz first
enters an idler cavity, where the longitudinal slope of the
beam energy distribution is reversed. The beam then transits
through an EPD section implemented by a short beam pipe
with a negative high voltage bias, inside which the rate of in-
crease of the first harmonic current is significantly enhanced.
An output cavity measures the harmonic current developed
inside the beam downstream of the EPD section. Low power
test results of the idler and the output cavities agree with the
theoretical design.

INTRODUCTION
Non-relativistic bunched electron beams find uses in a

variety of applications including microwave sources, such
as traveling wave tubes and klystrons, and initial sections
of a particle accelerator. A well bunched electron beam is
marked by a high value of the first harmonic current. This pa-
per addresses the design of an experiment for demonstrating
a beam processing architecture, the electrostatic potential de-
pression (EPD) [1], for enhancing the first harmonic current
content in a bunched beam over a very short longitudinal
distance.

A modulated beam with the bunching enhanced by the
technique of EPD exhibits a higher first harmonic current
compared to that produced by only a conventional idler cav-
ity, and the high first harmonic current of the beam is main-
tained for a much longer beam travel distance after the EPD
section, adding to the flexibility of the configuration of the
beamline elements downstream.

An EPD element in the beamline is a section of the beam
pipe with a negatively biased voltage 𝑈EPD (𝑈EPD < 0), as
illustrated in Fig. 1. The beam pipe has an inner radius of
𝑟𝑤 , and the solid electron beam has a radius of 𝑟𝑏. The
Lorentz factors of the electron beam to be injected into the
EPD section (𝛾inj) and inside the EPD section (𝛾0) have the
relationship as given in Eq. (1),

𝛾inj = 𝛾0 −
𝑒𝑈EPD

𝑚𝑒𝑐
2 + 𝐼0

𝛽0𝐼𝐴

(
1 + 2 ln

𝑟𝑤

𝑟𝑏
− 𝑟2

𝑟2
𝑏

)
(1)
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Figure 1: Configuration of an electrostatic potential depres-
sion (EPD) element.

where 𝐼0 is the beam current, and 𝐼𝐴 = 4𝜋𝜖0𝑚𝑒𝑐
3/𝑒 =

17.0 kA.
When a modulated electron beam enters the EPD section,

the beam energy is reduced according to Eq. (1), but the
energy modulation amplitude is preserved. According to
the linear space charge wave theory [2], the wavelength
of the space charge waves become smaller when the beam
energy is reduced. As a result, at the space charge limit, the
distance that the beam covers for the bunching development
is shorter. Meanwhile, the nonlinear space charge wave
theory [3] indicates that the electron bunching can be further
enhanced if the depth of the energy modulation becomes
substantially large compared to the average beam energy,
which is scenario we are investigating inside the EPD section.

In addition, Eq. (1) indicates that in the case of a solid
electron beam, for more consistent processing of the electron
beam bunching by the EPD section exploiting the linear as
well as nonlinear space charge effects, a beam with a smaller
perveance is preferred.

EXPERIMENTAL SETUP
The planned experiment uses an inductive output tube

(IOT) developed at the Naval Research Laboratory [4] as the
bunched electron beam source.

The schematic of the experimental setup is shown in Fig. 2.
The IOT electron gun operates at 710 MHz and produces
24-keV 0.55-A average current bunched beams, the first
harmonic current of which monotonically decreases as the
beam travels downstream. The oxygen-free high thermal
conductivity (OFHC) copper idler cavity adjusts the longi-
tudinal phase space of the bunches with a gap voltage of
6 kV so that the first harmonic current of the beam will start
to increase, which is the identical scenario as in a generic
klystron idler cavity. The EPD section is biased at −12 kV
for the fast enhancement of the electron beam bunching. A
stainless steel output cavity is used to extract the information
of the harmonic current content in the beam, after which the
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beam reaches the current monitor where the beam current is
measured.

Figure 2: Schematic of the experimental setup using the IOT
electron gun developed at the Naval Research Laboratory.

Semi-loop couplers with small coupling factor 𝛽 are used
on the sidewalls of the idler and the output cavities to detect
the field strengths. The induced current of the first harmonic
𝑖1 measures the first harmonic current in the bunched elec-
tron beam,

𝑖1 = (1 + 𝛽)
𝑉gap

𝑍cav
(2)

and the gap voltage can be retrieved using the relationship
in Eq. (3).

𝑃ext =
|𝛽 |
2

��𝑉gap
��2

|𝑍cav |
(3)

The cavity coupler signals and the current monitor signal
are measured by an oscilloscope.

SIMULATIONS
TUBE Simulations

The parameters including the gap positions and the gap
voltages of the idler cavity and of the EPD section were de-
termined by simulations using the 2.5D TUBE code, which
allows for faster calculations compared to that by 3D particle-
in-cell (PIC) codes. The input beam as from the IOT electron
gun and the 2D gap field distributions for the TUBE simula-
tions were generated beforehand using the CST simulation
results.

The finalized positions and gap sizes of the idler cavity,
EPD section, and the output cavity for the 710 MHz exper-
iment are illustrated at the top of Fig. 3. The gap size of
the idler and the output cavity is 10 mm, and that of the
EPD gaps is 5 mm. The centers of the idler cavity, EPD
decelerating gap, EPD re-accelerating gap, and the output
cavity are located at 70 mm, 90 mm, 125 mm, and 160 mm
downstream of the waist plane (𝑠 = 0) of the IOT gun.

The evolution of the average as well as the first harmonic
current was also tracked in TUBE along the beam path. In
Fig. 3, it can be seen that the the average current 𝐼0 is con-
stant, at 0.55 A. When there is only the 24 kV IOT gun
in the simulation, the first harmonic current 𝐼1 decreases
monotonically (brown curve) due to the initial distribution
of the electron bunch phase space formed at the gun. With

idler
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Figure 3: The TUBE results of the evolution of the first
harmonic current along the propagation of the beam. The
centers and the gaps of the idler cavity, EPD decelerating gap,
EPD re-accelerating gap, and the output cavity are indicated
in the diagram at the top of the plot.

the idler added in place with 6 kV gap voltage, the electron
bunch longitudinal phase space distribution is modified and
𝐼1 starts to increase (green curve), peaking at 𝑠 = 200 mm,
with 𝐼1 = 1.00 A = 1.82𝐼0. After the −12 kV EPD sec-
tion is added (red curve), the maximal value of 𝐼1 reaches
𝐼1 = 1.01 A = 1.84𝐼0, and the value of 𝐼1 stays at 1.01 A
from 𝑠 = 131 to 195 mm.

With the EPD section implemented, the first harmonic
current peak value is boosted, although slightly. In Fig. 3,
the 𝐼1 distribution shaped by the idler cavity alone has clear
increase and decrease sections with a single peak value in
between, however, with the addition of the EPD section, the
high 𝐼1 value is maintained as a plateau section downstream
of the EPD, granting much more freedom to the positioning
of the output cavity. Moreover, the EPD section brings the
position of the maximal 𝐼1 value closer to the upstream
direction, shortening the total length of a potential structure.

CST Simulations
The entire structure was modeled and simulated in CST

PIC solver for the confirmation of the field excitation inside
the idler as well as the output cavity. The parameter setup
used was identical to that in TUBE simulations. The gap
voltage magnitudes in both cavities in the results from the
CST simulation are given in Fig. 4.

CST PIC simulations were also performed without the
output cavity, and the first harmonic current at the position
of the output cavity center was calculated to be 𝐼1 = 1.89𝐼0.
Then the EPD voltage was turned off, and this value de-
creased to 𝐼1 = 1.80𝐼0. This is in agreement with the TUBE
results, attesting to the prediction that the EPD section moves
the position of the increased 𝐼1 further upstream.

Analytical estimate indicated that the idler cavity resonant
frequency should be about 710.2 MHz to obtain the 6 kV
gap voltage for an electron beam pre-bunched at 710 MHz.
The cavity dimensions along with the tuner designs were
determined by CST frequency domain simulations.
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Figure 4: CST PIC simulation voltage probe results of the
idler and the output cavities.

MECHANICAL FABRICATION
The vacuum chamber 2 (Fig. 2) and all the parts were

fabricated at Jaguar Precision Machine, LLC. A sectional
view of the assembled structure is shown in Fig. 5. A high
voltage feedthrough is used to apply the negative high voltage
to the EPD section, which is positioned in the bracket of
Macor spacers, specially designed to avoid the concentration
of the high direct current electric field at the triple point
locations and to damp the parasitic modes.

Figure 5: Assembly of the experimental structure. 1-idler
cavity, 2-EPD section, 3-output cavity, 4-current monitor,
5-Macor spacers, 6-linear motion feedthrough for tuning,
7-semi-loop coupler port.

LOW POWER TEST
Low power tests were performed on the idler and output

cavities, measuring the reflection coefficients (𝑆11). The
results are shown in Fig. 6. The results shown were measured
after the structure was assembled and the vacuum chamber
was mounted to the output of the IOT electron gun. The
idler cavity has a resonant frequency of 𝑓0 = 708.16 MHz
and an unloaded quality factor of 𝑄0 = 2859, and the output
cavity has 𝑓0 = 708.01 MHz and 𝑄0 = 156.
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Figure 6: Reflection coefficient (𝑆11) measurement results
of the idler and the output cavities.

The ratio of the cavity inner radius to the gap size is very
large in the cavities, and there was deviation of the reso-
nant frequencies of both cavities due to the deformation that
took place in the assembly process. Additional mechanical
tuning was performed to make corrections to the resonant
frequencies.

CONCLUSION
We have designed and fabricated a structure for demon-

strating the fast electron bunching enhancement by the tech-
nique of electrostatic potential depression (EPD). The low
power tests of the cavities of the structure were performed
and showed agreement with theoretical calculations. The
beam test will be carried out using an inductive output tube
(IOT) as the source of the pre-bunched electron beam.

Simulations in TUBE have predicted that an optimized
EPD section as having been implemented in the experiment
can increase the level of the first harmonic current achievable
downstream, shift the axial position of the peak 𝐼1 value
upstream by a considerable amount, and give rise to a flat
profile of the distribution of the enhanced 𝐼1 downstream,
adding to the design flexibility.

In the beam test, various experimental parameters will be
attempted to verify the capability of the EPD technique in
realizing fast enhancement of the first harmonic current of a
bunched electron beam.
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