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SELF-BUNCHING ELECTRON GUNS"

L. K. Len and Frederick M. MaKo
FM Technologies, Inc., 10529-B Braddock Road, Fairfax, VA 22032

Abstract need for high-power microwave sources capable of reli-
able multi-megawatt performance at high efficiency.
This paper presents several new approaches for producinffecent cathode advances have been driven by the need
bunched electron beams. The need for higher power #r ultra-high-power devices. These devices require
jectors and microwave sources for various applicatior’@ghef emission current densities than thermionic cathodes
has in turn created the need for higher emission curré¥fovide and could benefit from direct modulation of the
density electron guns with a means for bunching at t}‘%ectron beam at the gun. Direct modulation of the emit-
gun. Four different cathode/gun approaches are pri&d beam can improve the gain and efficiency and reduce
sented. The first three utilize external methods of buncHe size of microwave amplifiers [5]. In addition direct
ing. They are based on: field emission, photoemission aftPdulation of the beam to produce a train of short pulses
ferroelectric emission. The fourth is based on secondal§/of interest for use as a buncher for injection into RF li-
emission and utilizes self-bunching. The latter is emph&acs. Current density and direct modulation are addressed
sized in this presentation. This self-bunching electron g the following sections by four different cathode/gun
produces naturally bunched electron beams with the useS§fi€mes.
microwave fields to generate secondary emission and mul-
tipacting of electrons. This type of electron gun is called
the Micro-Pulse GUN(MPG). One wall of an RF cavity is 2 FIELD EMISSION
made opaque to an input RF electric field but is partially
transparent to electrons in order to extract the beam. FNIT this section we present recent developments in field
has studied using simulation codes the resonant bunchimgission and direct modulation of electron beams using
process which gives rise to high current densities ¢&01 field-emission arrays (FEAs). Field-emission cathodes
kA/cm?), high charge bunches (up to 500 nC/bunch), arftive been fabricated using a variety of materials and
short pulses @100 ps) for frequencies from 1 to 12 GHz.methods. Single tips with a radius of curvature about 60
The beam pulse width is nominally ~5% of the RF periodm to 90 nm have been used to generate current densities
Experimental verification of self-bunching, cold electrorPf more than 10A/cn? [6,7]. Arrays of tips have gener-
emission, long life, and tolerance to contamination haged current densities of 240 Alcnf (DC) to 2,008
been achieved. Measurements of current density, bun2i#00 A/cni (pulsed) [8-10], which exceed current densi-
length and lifetime are presented for the MPG. ties available from thermionic cathodes. Emission from
gated FEAs can be initiated by the application of gate
voltages of less than 100 Volts. Among the advantages
1 INTRODUCTION envisioned for FEAs are the ability to address and control
the emission spatially and to directly modulate emission

The creation of high-current, short-duration pulses of elegurrent. Beam emittance from single tips is estimated to
trons has been a challenging problem for many yeapﬁ much sma_lller than any ther ty_pe of_ cathode. Normal-
High-current pulses are widely used in injector systen%e‘j beam brlghtness from single tips with total currents of
for electron accelerators, both for industrial linacs as well0 HA is estimated to be on the order of *10
as high-energy accelerators for linear colliders. Shorf/(m*steradian)11,12], or about two to three orders of
duration pulses are also used for microwave generation,fnﬁgnitllde better than thermionic cathodes. The emittance
klystrons and related devices, for research on advancé@m arrays of tips is, however, poor without integrated
methods of particle acceleration, and for injectors used finses on each tip [13-16].

free-electron laser (FEL) drivers [1,2]. Future linear col- NEC Corporation demonstrated two miniaturized TWTs
liders based on two-beam accelerator schemes [3,4] mi4$ing: lateral resistor-stabilized Spindt-type FEAs [17]
require individual RF sources capable of38 MW of and arc-resistant Spindt-type FEAs [18,19]. The arc-
RF power with a corresponding pulse width of 603 resistant FEA type TWT achieved 5,000 hours of opera-

us at a frequency of up to 30 GHz and at repetition ratéii%n and was terminated by a cause other than arc failure.

. e electron beam in the TWT is modulated in the con-
of 60-180 HZ.' Because the cost of the RF sources W'l! lVemional manner (not gate modulated). Gate modulation
a large fraction of the cost of the accelerator, there i

Sig complicated by the large input capacitance caused by
the small distance between the gate and the substrate. A
;Work_ supported by the U. S. Department of Energy under SBIR large transconductance, defined as the ratio of the change
_Email: fmako@erols.com in emitted current to the change in gate voltage, will help
Patents Pending . .
alleviate this problem. Several groups have demonstrated
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emission modulation on top of a DC beam current at fréeams. In the second mode of emission, depending on the
quencies of up to 10 GHz [8-10, 20-26]. This device ofolarity of the trigger pulse used to initiate emission it is
fers a compact and potentially highly efficient microwavealso possible to generate the electron beam fronmiie
source. tallic grid on the front surface of the ferroelectric. In this
configuration the ceramic acts as a high dielectric constant
(¢ ~ 1000), which serves to enhance the field causing the
3 PHOTOEMISSION emission at the triple points on the front surface of the fer-
roelectric ceramic. In this mode of use the emission is
During recent years, considerable effort has been appligihilar to that found in FEA arrays, where the application
to the development of laser-initiated photocathode inje©f the emission trigger pulse to the gate electrode in the
tors [27-34]. The best photocathodes have achieved tehsA is replaced by pulsing of the rear surface of the fer-
of nanocoulombs per microbunch with a train limited byoelectric emitter.  Unlike the previous two emission
the available laser systems to contain less than one hgghemes, relatively little work has been done to date on
dred bunches [34]. Photoemitters have been used maikgam modulation, and work has focused on the under-
until recently as sources of prebunched electron beamssianding of the physics of the emission process. Experi-
RF linacs. In a typical photoinjector, the photocathod@ents have been carried out by changing the material (e.g.
forms an integral part of the first R€avity before the PLZT) from an antiferroelectric to a ferroelectric state
main linac structure. The photoelectrons from the catho@5,36], and in other cases by cycling a ferroelectric mate-
are quickly accelerated in field gradients of-$00 rial (e.g. PZT) around a minor hysteresis loop [37-42].
MV/m so that the electrons reach relativistic velocitie§eam currents up to 350 A and electron energies in the
within a centimeter from the cathode surface. Thus, deange of 208550 keV with pulses in excess of 200 ns
bunching effects due to space charge are minimized. Chave been achieved [43]. The ferroelectric emission
rent interest for photocathode injectors is in high powenechanism can easily generate electron beam currents
RF generation. Potential applications include deviceghich are suitable for ultra-high-power microwave
such as two-beam acceleratf8gl] which have been pro- sources.
posed to generate tens of megawatts at frequencies of
11.4-34.2 GHz. RF power generation relies on the laser
to generate a bunch train to form the electron beam. With 5 SECONDARY EMISSION GUNS
photocathodes, the charge, bunch length, spatial and tem-
poral distribution of the electrons could be controlled byhe electron guns to be described below are based on a
varying the laser energy, its pulse duration and its spati@htural bunching process which eliminates the need for
and temporal profile. The CLIC facility [34] at CERN bunching section(s), timing system, and laser. In this
combines both injector and RF source aspects of bunchmeéthod, short (~10 ps) high-current pulses are formed by
electron emission in its two-beam accelerator. In this déie resonant amplification of an electron current utilizing
vice the drive beam consists of 24 bunches of electromultipacting from the walls of a microwave cavity. One
each with ~3 nC charge, ~1.5 mm bunch length and bunohrrow bunch is transmitted eveRf period. This cavity-
repetition rate of 3 GHz. The prebunched, pre-acceleratghe bunching electron gun is called the Micro-Pulse Elec-
beam was decelerated in a slow wave structure to producen Gun or MPG [44]. The MPG is capable of generat-
60 MW of RF power at 30 GHz in a ~15 ns pulse. ing high-current and short bunches with low emittance as
required for many accelerators and microwave devices.
Studies of the multipacting process [45-47] have concen-
4 FERROELECTRIC EMISSION trated on the theoretical aspects of the phenomenon and
the RF driver interaction. Bunch stability and its effect on
Ferroelectric emission falls broadly into two categoriegurrent saturation are treated in reference [48]. Refer-
The first involves a phase transition from ferroelectric t§nces [44] and [49-51] discuss the saturation process,
antiferroelectric state [35,36]. The second involves rapieak currents, and frequency scaling characteristics.
changes in the ferroelectric state [37-42] but does not in-Micropulses are produced by resonantly amplifying a
volve a phase transition. The former can be described Byrent of secondary electrons in an RF cavity operating
considering the free charge that exists on the surface ofafor example, a T\, mode (see Fig. 1). Bunching oc-
pre-poled ferroelectric cathode. This free charge screefidrs rapidly and is followed by saturation of the current
the extremely large electrostatic field from the surroundlensity in ten to fifteerRF periods. Bunching occurs
ing electron gun vacuum due to the material polarizatiogutomatically by a natural phase selection of resonant par-
When a rap|d|y Changing electric field is app“ed acros@CleS. Localized Secondary emission in the MPG is deter-
the ferroelectric material, it modifies the amount of surined by material selection. The reason for the name
face charge required to produce the electrostatic screeMlicro-Pulse Gun” is the fact that the pulse width is only
ing. The resulting surplus charge is ejected into the g@few percent of the Rperiod, in contrast to usual RF
and is available for the productionf pulsed electron 9uns where itis equal to half the RF period.
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slightly in time because of the location of the 5 ns slice in
—> the macropulse. More detailed measurements show that
E,sirw t the actual bunch length is about 40 ps (FWHM) which is
about 5% of the RF period. In Figure 3 the micropulse
Secondary Electrons current density is about 22 A/émand is in good agree-
ment with simulation. For this result there is about 1.1 nC
“« Output or ~7x 10'9 electrons per Riperiod. Lifetime testing has
PR B been carried out for about 18 months at almost 24 hours
/\ per day with a repetition rate of 300 Hz angssmacro-
5 X pulses. During that time, approximately 5.8 **1ficro-
? | Transmitting and Emitting Grid bunches or 62,000 coulombs (82,000 Cjchave passed
through this gun and it is still working flawlessly.

Emitting sun‘ace\
S

\’

Figure 1. MPG concept for generation of bunched L7
beams. Side view of MPG cavity showing emitting and
transmitting grid surfaces. Figure is not to scale.

Radial space charge expansion in the MPG cavity is | macopuse
controlled by a combination of electric and magnetic fo- | |
cusing. The grid not only allows transmission of bunches |...
but also provides an emitting surface for electron multipli-
cation. Emittance growth from the grid in the MPG can

e
5 ns Slice inMicro-

be very small due to a unique feature of the MPG. | pulse measurement :

Briefly, the resonant particles are loaded into the wave at|
low phase angles. They reach the opposite grid E€r,
and thus exit at low phase angles, thereby experiencing a

reduced transverse kick from the grid wires. This minigjg e 2. Oscilloscope traces of macropulse operation of
mizes the emittance growth from the grid in the MPG. {16 | -band experiment. Top trace: the RF power in the

cavity. Bottom trace: the transmitted beam current.

WO Somv T ChE S00mv M 18 Ch1 % —1Tmv

5.1 Experimental Demonstration of the MPG

Figure 2 shows the macropulse operation of an L-band
MPG experiment. The L-band MPG cavity is designed
for a TE,,, mode and is powered by an L-band (~1.3 GHz[", |
magnetron. The magnetron is operated at 300 Hz repe F
tion rate. Each microwave pulse lasts fop$ (at the :
base) and contains about 6,313 electron bunches (1 for—
each RF period). The top trace is the RF power in the__-
cavity and the bottom trace is the transmitted macropulg
beam current from the MPG on apk/div. time scale.
The RF power delivered to the beam is about 50 kW anii SO0 psdn
the beam current is about 2 A or about 2 Algmthe = '™ _

macropulse. The current and current density are not lifjiguré 3: Experimental data showing the current trace of
ited to the above values but were the design values for tifi¢ MPG microbunches.

particular experiment. Note the clean current trace over

the full RF pulse length. ) )

When a fast (50 GHz) sampling oscilloscope is used andFigure 4 shows a MPG experiment at S-band (2.85
a 5 ns slice of the macropulse as indicated in Figure 2 @12). The micrometer that is vertical in Figure 4 is used
examined, the micropulses can be observed. Figuretcgadjust the curr.ent. The diagonal mlcrome.ter.|s used to
shows a measurement of the bunches on a 500 ps/div. tifHge the Tk, cavity. The macropulse operation is shown
scale. The bunches appear with the periodicity of the Rt Figure 5 where the top trace is the RF power in the cav-
field (~792 ps), in excellent agreement with simulatiody @nd the bottom trace is the transmitted macropulse
[44,49,50]. The pulse amplitude appears to decreaBgam current, both on a Ous/div. time scale. The RF

35 Baseline

D
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power is about 400 kW and the macropulse current is 6 SUMMARY
about 18 A. The corresponding micropulse or bunch cur-
rentis 360 A. The macropulse current density is about 1§ the last several years, considerable progress has been
Alem?and the corresponding micropulse or bunch curreRade in advancing cathode sources of electrons. Exten-
density is 200 A/cth The S-band MPG has been operatsjve work has been done on the field emission source and
ing at a repetition rate of 5800 Hz with a 2.251s prototype microwave tubes are being fabricated using
macropulse and 6.3 nC per microbunch. There are 6,4@d emission arrays. Field emission arrays hold the
microbunches or 40.5C per macropulse. Note also thepromise of direct modulation of emission, but this feature
clean current trace over the full RF pulse length. The $as yet to be demonstrated in a practical device. High
band work is presently being extended to give ap5 current densities have been achieved in electron emission
pulse at a frequency of 2.995 GHz. from ferroelectrics. In this case, the physics of the emis-
sion process is not completely understood on a materials
level. These sources show potential for use in high cur-
rent source applications such as high power microwave
tubes. Further work is required to study the useful life of
Cavity Tuner Cavity . . .
! the sources especially at high current, long pulse and high
/ Tapered Waveguids repetition rate. Like field emission arrays, direct modula-
tion of emission is difficult which due to the high
capacitance.
An extensive amount of work has been done with pho-
toemitters on the production of single pulses and on the
s ; generation of a short train of pulses. The main application
*\ s has been as injectors for accelerators. Their use in RF
b s generation is at present limited to relatively short duration
pulses. Photocathodes are complementary to the MPG de-

. ) ) vice since they can provide a flexible assortment of pulses.
Figure 4: Close—.up of the S-band experiment ;howmg the Finally, we have described the MPG, a device which
tapered waveguide and the MPG. RF power is fed to th@es secondary emission in an RF cavity to produce a train
cavity via the tapered waveguide (wrapped in heating nicosecond long electron pulses. In contrast to pho-
tape) from the right. The micrometer on top provide adpemission sources the MPG can easily produce multi-
justability to the electrode. A charge collector is attacheghicrosecond long macropulses. When driven with a
to the coaxial feed-th_rough at the bottom. A port with aRlystron, it can form a very compact and high gain RF sys-
RF probe and one with a leak valve are on the left. Them  The fact that the MPG produces prebunched pulses,
micrometer in the back is for cavity tuning. and doing so before post-accceleration, makes it ex-
tremely attractive for use in many applications including
RF generation, radiography, radiation therapy, radiation
sterilization, and in injector for high-energy accelerators.
Its proven long lifetime is a big advantage.

Research and development of new electron emitters has
advanced substantially in the last several years. However,
these novel emission schemes have not yet received wide-
spread use. Additional research and development is still
required to provide improved electron gun solutions for
practical applications.

The electron emission schemes presented in this paper
are described in more detail in reference [51].

Electrode Adjustor

L Charge Collector
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Figure 5: Osmllos_cope traces of macropulse .Operat'on.(ﬁ)rmation on ferroelectric emission, field emission and
the S-band experiment. Top: The RF power in the Cav'%hotoemission

Bottom: The transmitted beam current macro pulse.
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