BEAM DYNAMICS IN RF GUN WITH PLASMA CATHODE
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Radiofrequency (RF) guns with a plasma cathode are comparably simple sources of intense electron beam of na-
nosecond pulse duration. The plasma cathode is produced either due to the surface high-permittivity dielectric flash-
over triggered by an external voltage source or due to RF discharge. Numerical simulation results of self-consistent
transient electron beam dynamics in S-band RF gun with the plasma cathode are described in the paper.

PACS: 29.25.Bx, 41.75.Fr, 52.59.Sa, 77.22.Jp, 85.50.-n

INTRODUCTION

Radiofrequency (RF) sources for electron linacs tend
to generate beams with unique parameters. The main
advantage of these sources is the beam of series dense
bunches of particles with low emittance. Therefore RF
guns are found their wide application mainly in acceler-
ators with high-brightness beams that are used for x-
rays and gamma rays generation, in free electron lasers
particularly. Resonance systems of RF guns are com-
posed of one or few coupled RF cavities. Beam parame-
ters depend on the amplitude and on-axis accelerating
electric field distribution. An RF gun cathode with defi-
nite emission determines the greatest difference in a
particle dynamics and beam generation in RF guns. RF
guns with thermionic and photoemission cathodes have
got the maximum spread in accelerator technique. High-
brightness beam generation in such devices is well re-
searched. Meanwhile, RF guns generating powerful
pulsed electron beams may be paid of great applied in-
terest. These are the plasma cathode RF guns that may
be comparably simple sources of intense electron beam
of nanosecond pulse duration. The plasma cathode is
produced either due to the surface high-permittivity
dielectric flashover triggered by an external voltage
source [1] or due to RF discharge [2]. According to the
results of the first experiments executed in NSC KIPT,
electron beam with a 0.5 MeV energy, 11 A pulsed cur-
rent and 50 ns pulse duration was generated by S-band
single cavity RF gun. Beam parameters at the gun ex-
traction are determined mainly by the energy stored in
the gun resonance system that is decreased significantly
during the current pulse. Beam dynamics research is
evidently reduced to the self-consistent problem solu-
tion in this case. The paper describes results of the self-
consistent beam dynamics research by the numerical
simulation technique.

RF GUN

Single cavity RF gun with the external pulsed volt-
age source driven plasma cathode was chosen for the
particle dynamics research. The gun resonance system
includes S-band (f;=2797 MHz) Eqy cavity that is fed
through a waveguide by the klystron RF amplifier oper-
ating in self-excited mode. The quality factor and oscil-
lation rise time of the cavity are Q=1.2.10° u
Q/#fy=1.4 ps respectively. The face side of the cavity
has the plasma cathode mounted on. Plasma in the cath-
ode is developed due to the surface dielectric flashover
triggered by an external pulsed voltage. The gun design
is described in detail by the reference [3]. The cathode
design is rough drawn on the Fig. 1.
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Fig. 1. Plasma cathode design (sectional view)

The base element of the plasma cathode is the ferro-
electric BaTiO; (£=2150) disk 2 with diameter 10 mm.
The rear side of the disk is deposited by the metallic
electrode 3 for the triggering pulse U, to be supplied
from external pulsed generator. The triggering pulse
amplitude and polarity can be varied. The front side of
the disc contacts with metallic electrode 1 that has been
grounded in operation. This circular electrode is pat-
terned by the on-axis pinhole that is extruded to cylin-
drical channel with diameter of 1 mm and length of
1.5 mm. The end face of the channel has the sharped
ridge that is in a contact with the ferroelectric disc.
Plasma is developed due to discharge in this contact
while the triggering voltage pulse is applied. Physics of
this phenomenon is researched in depth, see for instance
[1]. After the developing, plasma is expanded through
the cylindrical channel and reaches the gun cavity. Elec-
trons are emitted from plasma surface and are accelerat-
ed by the cavity field.

SIMULATION TECHNIQUE

Electron emission from plasma and post-acceleration
by electric field with strength of tens megavolt per me-
ter is transient during all stages of beam shaping in RF
gun. Therefore, the overall transient intense beam dy-
namics can be researched numerically only. Self-
consistent transient beam dynamics in this case was
simulated using the computer code developed in NSC
KIPT [4, 5] and based on application PARMELA [6]
and SUPERFISH [7] codes.

According to the algorithm of the developed code
the slow-varying complex amplitudes C, of electric

E(t,r) and magnetic H(t,r) fields of standing wave
cavities are evaluated from the difference equation:
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where « is the resonant frequency of the cavity, Q, is
the unloaded quality factor, Z, is the shunt impedance
per unit length, d is the cavity length, E, is the mean
amplitude of the on-axis electric field, 1 is the particle
velocity, S is the coupling factor for a cavity with a
feeder, ¢ is the phase shift, and Pr(O") is the incident RF

power at the given time step. The overbar in Eq. (1)
represents time averaging.

The developed code consists of two blocks. The first
block solves the task of a cavity excitation by a beam
and by external RF source simultaneously computing
field amplitude and phase in the instant temporal step
At. The second block is the PARMELA code which
solves motion equations in the field with instant ampli-
tude and phase and with space charge forces taken into
account. To keep a physical sense of the obtained re-
sults, the temporal step At should be longer than the
time-of-flight of particles through the simulated longi-
tudinal segment Az.

The self-consistent dynamics simulation code ac-
cepts the following initial data:

- parameters of a RF gun resonance structure includ-
ing axial electric field distribution;

- initial energy and spatial distribution.

Accelerating field distribution and values of @, Q
and Zg, were computed using SUPERFISH code. As for
initial array of particles arranging, there were made the
following assumptions for the simulation:

- drift velocity of plasma ions is one order of magni-
tude less then drift velocity of electrons and the beam
shaping is finished to moment when plasma ions begin
affect the field distribution in the gun cavity;

- emission from plasma surface in vacuum is ther-
mionic. Analysis of this process with Maxwell-
Boltzmann distribution law taken into account evaluates
the following expression for calculation of the electron
emission current density from plasma surface [8]:

,-zene[kn]” exp[JeTE J @
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where e — electron charge; m, — electron mass; T, —
plasma temperature; n, — electron plasma density; E —
electric field strength; k — Boltzmann constant;

- velocity of electrons (~10° cm/s) leaving plasma is
two order of magnitude higher then plasma sheath ex-
pansion velocity over the emission surface (~10° cm/s).
Plasma sheath moves on a distance less than 50 pm dur-
ing the current pulse duration (~40...60 ns). Therefore,
electron emission from plasma surface was considered
as quasi-steady process in the particle dynamics simula-
tion.

- the triggering pulse duration is much higher than
RF field oscillation period and much less than oscilla-
tion rise time of the cavity (c/fo<<7,<<Q/ #fy).

- the alternating of the triggering pulse polarity was
simulated by applying additional longitudinal momen-
tum of electrons in the initial distribution so that elec-
trons were accelerated for the U, >0.

SIMULATION RESULTS

During the simulation we studied temporal and spa-
tial performances of RF gun exit electron beam depend-

ISSN 1562-6016. BAHT. 2017. Ne6(112)

ing on plasma density, on the triggering pulse amplitude
and polarity and on the cavity field magnitude. The trig-
gering pulse duration is 60 ns and it is applied to the
cathode rare electrode after 2.25 us of the RF power
pulse supplying. This time moment corresponds to the
maximum accelerating field value. RF power pulse en-
velopes featured for the RF gun operation are shown on
Figs. 2 and 3.
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Fig. 2. Pulses of incident and reflected RF power
(beam current pulse is 10 4)
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RF power is reflected significantly in the moment of
the triggering pulse applying and the RF field amplitude
in the gun cavity is decreased and its phase is changed
at the moment of the beam current pulse raising (Fig. 3).
Such RF field behavior is the result of the sum of radia-
tion field of accelerated particles and of the cavity
stored field before the beam current pulse raising.
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Fig. 3. Amplitude and phase of the cavity field
(beam current pulse is 10 4)

The current pulse shape and amplitude at the RF gun
exit depends on plasma density significantly and on
accelerating field magnitude while the triggering pulse
is applied (Fig. 4).

As one can see, the beam current is increased and its
pulse duration is decreased while the growth of plasma
density. The last fact is defined by the relation of the
cavity stored energy and of the energy transferred to the
electron beam. The main parameter defining quality of
the beam at plasma cathode RF gun exit (emittance and
energy spread) is space charge forces. So, the Fig. 5
shows beam normalized emittance dependences at the
gun exit vs. plasma density for different values of the
triggering voltage and accelerating field value of
36 MV/m.

Space charge forces effect is confirmed by the fact
that beam emittance value is decreased while the accel-
erating electric field strength is increased. Fig. 6 illus-
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trates this dependence for the alternate triggering pulse
voltage values. The emittance increase for E>36 MV/m
is interpreted by the effect of nonlinear transverse com-

ponents of RF fields.
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Fig. 4. Beam current pulse at the gun exit for
Uy =-2.5 kV. Accelerating field magnitude is

E=36 MV/m (top) and is E=44 MV/m (bottom)
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Fig. 5. Emittance vs. plasma density for negative Uy
(top) and positive U, (bottom) and for E=36 MV/m
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Fig. 6. Dependencies obtained for plasma density value
ne=1510"

As it follows from the Fig. 6 the beam emittance

value is decreased in

half for the field strength range

from 28 to 44 MV/m whereas, the beam current is also
increased. Space charge forces are determinative for the
evaluation of the electron beam energy performances.

As it follows from the
the electron repulsion

simulation results (Fig. 7) there is
due to space charge forces that

prevents electron phase bunching and causes energy

spread increasing.
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Fig. 7. Electron energy and phase distributions
at the gun exit for plasma density values 0.5-10" (a, b);
1.5-10%(c, d) and 4.5-10" (e, f) and E=36 MV/m
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Fig. 8. Phase electron distribution at the gun exit for the
plasma density value of 1.5-10" and for electric field
strength E=20 MV/m (top) and E=64 MV/m (bottom)

ISSN 1562-6016. BAHT. 2017. Ne6(112)

The effect of space charge forces on phase length of
electron bunches is decreased with the accelerating elec-
tric field strength increasing. So, Fig. 8 shows phase
spreads for the plasma density value of 1.5-10%.

Beam shaping and beam performances in the RF gun
with plasma cathode are also depend on the triggering
pulse polarity. For the positive triggering pulse polarity
beam current and emittance values are higher than for
the negative triggering pulse polarity for any plasma
density. Besides, for U,>0 the average beam energy is
lower than for Uu<0. The simulated dependences fit
well experimental data described in reference [3]. It
should be noted, the effect of a triggering pulse polarity
and value on the beam shaping in the near cathode re-
gion should be more studied in future.

Fig. 9 shows dependences of the beam pulse current
at RF gun exit on accelerating field strength for differ-
ent plasma density values.
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Fig. 9. Beam pulse current vs. accelerating field
strength for different plasma density values

The obtained dependences feature the current of a
vacuum diode in a space charge mode operation. Emis-
sion is limited by space charge for low field strength
values and for higher field strength values the current is
increased due to increasing of emission current density
according to the expression (2).

CONCLUSIONS

Numerical simulation defined main spatial and ener-
gy beam performance dependences at the plasma cath-
ode RF gun exit vs. plasma density and electric field
strength. It was established that the main determined
factor of these performances is space charge forces. The
accelerating electric field strength should be increased
to get more beam quality. Simulation results fit well
experimental data obtained before. This gives ground to
state that the used numerical simulation technique fits
electron beam shaping in the plasma cathode RF gun
adequately.

REFERENCES

1. G.A. Mesyats. Electron emission from ferroelectric
plasma cathodes // Phys. Usp. 2008, v. 51, p. 79-
100; DOI: 10.1070/PU2008v051n01ABEH006426.

2. M.Il. Ayzatsky, 1.V. Khodak, V.A. Kushnir,
V.V. Mitrochenko, V.F. Zhiglo. Ultra-high frequen-
cy intense pulse electron sources // Radiophysics and
Electronics. 2003, v. 8, Ne 1, p. 115-119.

83



3. L.V. Khodak, V.A. Kushnir. A Plasma Cathode for a erators, Spectrometers, Detectors and Associated
Radio-Frequency Gun // Instruments and Experi- Equipment. 2006, v. 558, iss. 1, p. 235-239.
mental Techniques. 2008, v. 51, Ne 5, p. 729-735. . L.M. Young. PARMELA. Los Alamos: 1996, 93 c.
4. V.V. Mytrochenko, V.A. Kushnir, A.N. Opanasenko. (preprint/Los Alamos National Laboratory, LA-UR-
Simulations of transient phenomena in thermionic 96-1835).
RF guns // Proceedings of EPAC02. Paris, 2002, . J.H. Billen, L.M. Young. Poisson Superfish. Preprint
p. 1669. Los Alamos National Laboratory LA-UR-96-1834,
5. V.V. Mytrochenko, A.N. Opanasenko. Study of 1996.

transient self-consistent beam dynamics in RF linacs
using a particle tracing code // Nuclear Instruments
and Methods in Physics Research Section A: Accel-

. G.A. Mesyats. Ectons, Part 1. Ekaterinburg: “Nau-

ka”, 1994, p. 243 (in Russian).
Article received 11.10.2017

JTAMHAMMKA ITYYKA B BICOKOYACTOTHOM NNYHIKE C IMJIASMEHHBIM KATOJOM
U.B. Xooak, B.A. Kywnup, B.B. Mumpouenxo, A.H. Onanacenko

BricokowacToTHble mymku (BY) ¢ miasMeHHBIM KaToOIOM SIBISIFOTCS CPABHUTENBHO HMPOCTHIMH MCTOYHHKAMHU
MHTEHCHBHOTO MMITYJILCHOTO JIEKTPOHHOTO ITy4YKa HAHOCEKYHIHOH muuTensHOCTH. [Ima3sMeHHbIi kaTox oOpasyercs
00 BCIEACTBUE pa3psa, YNPaBIsIEMOTO BHEIIHMM HCTOYHHMKOM HAIPSHKEHUS, 110 TOBEPXHOCTH JHIJIEKTPUKA C
OOJIBIION AMAIIEKTPHUYECKOM MPOHHIIAEMOCTHIO, MO0 BenencTsue CBY-paspsaa. B pabote npuBoasTCs pe3ynbTaThl
YHUCJIEHHOI'0 MOJEJIMPOBAHUS CaMOCOIVIACOBAHHON HECTAllMOHAPHOM NMHAMUKH 3JIEKTPOHHOrO Iydyka B BU-mymike
10-cM amamaszoHa ¢ Ia3MEHHBIM KaTOOM.

JIMHAMIKA ITYUYKA Y BACOKOYACTOTHIM F'APMATI 3 IINIA3MOBUM KATOJIOM
L.B. Xooak, B.A. Kywnip, B.B. Mumpouenxo, A.M. Onanacenxo

Bucokouacrorhi rapmaru (BY) 3 mi1a3MoBHM KaTOIOM € MOPIBHSHO MPOCTHMH JIXKEpeJIaMu IHTEHCHBHOTO iMITy-
JBCHOT'O €JIEKTPOHHOIO MyYKa HAHOCEKYHIHOI TpuBaiocTi. [1na3mMoBuil KaTol yTBOPIOETECS abo BHACTIZIOK PO3ps-
1y, KEpOBAHOTO 30BHILIHIM JDKEPEJIOM HANPYTH, IO MOBEPXHi AICNEKTPUKA 3 BEIHKOKO TICICKTPHYHOK MPOHUKHIC-
TI0, a0 BHacninok HBU-pospsmy. Y poOoTi HABOIATBCSA pe3yIbTaTH YUCIOBOTO MOJICIIOBAHHS CaMOY3TOMKEHOT
HECTalliOHapHOT TWHAMIKH eJIeKTpOHHOTo Imyuka y BU-rapmarti 10 cM miama3oHy 3 I1a3MOBHAM KaTOAOM.
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