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Design and Simulation of a Surface Wave-Based
Cylindrical Hollow Plasma Cavity for Wakefield

Booster for Future ete— Colliders
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Abstract— A cylindrical hollow plasma cavity was designed
for a particle-driven plasma accelerator experiment for future
e*e” colliders. Surface wave ionization was used to generate a
high-density, highly stable cylindrical hollow plasma instead of
the laser ionization. Microwave and plasma models were used
to optimize the plasma cavity structure, the gas pressure, and
the microwave frequency and power to produce a high-quality
plasma. The plasma simulation results show that with a 6 GHz
at 2 kW microwaves power, a 10@zmm 400 mm (length) x
30 mm (thickness) hollow plasma column with a density of
2.76 x 10%5/cm® will be obtained. The fluctuations of the plasma
density in longitudinal direction are less than 2%, which is
satisfactory to provide a long and stable enough plasma region
for the wakefield acceleration experiment. The details will be
described in this article.

Index Terms— Accelerator cavities, ionization chambers,

plasma applications.

I. INTRODUCTION

NEW generation electron—positron collider—the Super
au-Charm Facility (STCF)—has been proposed in China

[1]. The STCF will have a luminosity exceeding

1 x 10% cm-2 s~! and a center-of-mass energy region of
2-7 GeV. This facility is extremely scientifically and
strategically important for basic research as well as for the
production of emerging technologies and the cultivation of
extensive knowledge. Polarized electron and positron beams
are needed to increase the capabilities of the STCF in China.
The Linac of STCF can only provide a 3.5-GeV electron beam,
however, to get a high-quality high-density positron beam,
a higher electron energy is needed for the electron-target
positron source. On the other hand, positron polarization is one
of the most important upgrade plans for STCF in the future.
The helical-undulator-based positron source recognized as the
most feasible method for high density positron polarization,
however, it need a very high energy electron beam [2] which
is difficult to achieved by traditional high-energy accelerators.
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Plasma-based accelerators have higher (by more than three
orders of magnitude) acceleration gradients than traditional
accelerators and are therefore promising candidates for more
compact particle accelerators in proof-of-concept experiments.
In particular, the plasma wakefield accelerator (PWFA) at
the Stanford Linear Accelerator Center (SLAC) has recently
achieved gradients up to 100 GeV/m, enabling energy dou-
bling of 42-GeV electrons in an 85-cm-long plasma electron
source [3]. If the electron energy of STCF doubled to 7 GeV,
the positron yield will be tripled due to the positron yield
calculation. However, the beam ions accelerated by the plasma
wakefield are subjected to intense transverse forces that can
affect the efficiency of beam acceleration. Plasma hollow
channels have been proposed as a means of producing field
acceleration without the use of transverse forces [4].

Hollow plasma has been recognized to be capable of
mitigating the beam output degradation, although it was
originally suggested to confine the lasers [5]. For a hollow
tube, an electron- and ion-free accelerating area with zero
transverse forces is possible, which benefits the protection
of the beam emittance [4]. Earlier experimental observa-
tions of hollow plasma channels based primarily on low-
amplitude waves and linear plasma responses [7]-[14], as well
as laser [7]-[11] or electron [12]. Positively charged drivers
have fewer studies [6], [13]-[15], but this setup has a strong
positron acceleration regime [15]. An experiment [16] created
a 25-cm-long hollow channel. This opens up prospects for
practical applications of hollow channels in plasma wakefield
acceleration.

Particle-driven plasma accelerators generally need longer
(by up to a meter) distance and lower (ne 10%4-10'® cm-3%)
plasma densities than laser-driven accelerators. An auxiliary
laser may be needed to ionize the source species in a PWFA,
because the electric fields of the driver may be too low
for field ionization. Plasma sources play a central role in
both laser- and particle-beam-based plasma accelerators, and
the continued development of plasma sources is critical for
applications based on plasma accelerators. The production of
plasma sources should also be prioritized by research councils.
A stable and reliable plasma source inspired by surface waves
was designed and simulated in this study.

The electric field around surface waves propagating along
a dielectric—plasma interface generates and sustains a surface
wave plasma (SWP). An SWP source is a potential large-scale
plasma-processing platform and has received increasing atten-
tion since the 1990s, with the rapid production of ultralarge-
scale integrated devices, such as solar cells, flat panel displays,
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Fig. 1. Wakefield-multiplier positron source for STCF in China.

Vacuum pump

and microelectromechanical systems [17]. An SWP source
offers many advantages over traditional plasma devices, such
as the absence of electrodes and external magnetic fields
that facilitate the production of large-scale, high-density, and
uniform plasmas. The complex structure of an SWP source
results in a complicated coupling between the coaxial cables,
surface waves, and the plasma; thus, numerical simulations
are urgently required to analyze related physical issues and
optimize the cylindrical hollow plasma cavity system.

1. PHYsICAL DESIGN OF THE CYLINDRICAL
HoLLow PLASMA CAVITY

The cylindrical hollow plasma wakefield booster under
design is shown in Fig. 1. In order to get an enough wakefield,
the density hollow plasma should be more than % 105/cm?.
An electron driver beam and a hollow plasma channel are used
as an accelerating structure. A driver beam drives a wakefield
in a hollow plasma and accelerates the trailing beam behind
the driver beam. A portion of the energy lost to the plasma can
be used to accelerate the trailing beam. To get the high-quality
high-density cylindrical hollow plasma for wakefield booster
experiment, the cylindrical hollow SWP plasma source had
been designed and simulated. To ensure the uniformity of the
plasma density in the circumference direction, eight coaxial
microwave feedings are used to supply microwave power to the
cylindrical hollow plasma cavity. The optimized dimensions
(from a rectangular surface experiment and the microwave,
plasma simulation) of the cylindrical hollow plasma cavity
are 2820 mm x 400 mm. The waveguide length is designed
to transport a stationary wave along the waveguide (depending
on the microwave frequency). The dielectric is made of quartz
to produce a high-density SWP. The SWP source does not
require a magnet. The feeding gas and the vacuum pumping
system are designed to produce a suitable gas pressure for
surface ionization and an effective vacuum environment for
accelerated beam transmission.

I1l. PLASMA DESIGN AND SIMULATION
The SWP is a plasma that is excited by propagation of

electromagnetic surface waves. SWP sources can be dielectric-

bounded [18], [19! (surface waves propagate along the dielec-
tric and plasma interfaces) or metal-bounded [a microwave
sheath—voltage combination plasma (MVP) [20] is used,
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Fig. 2. Electromagnetic transmission in SPPs.

and surface waves propagate along the plasma and sheath
interfaces]. In this study, the Maxwell equations and a cold
plasma model are used in conjunction with the finite-difference
time domain (FDTD) method and COMSOL software to simu-
late the propagation of surface waves excited by a multicoaxial
microwave cable. The effect of different variables, such as
the plasma density, the electron collision frequency, and the
structure of a hollow circular cylindrical quartz dielectric on
the surface wave propagation are separately investigated.

The distributions of the electric fields, electron density,
and temperature are designed for uniform and stable system
operation based on two principles: the plasma is uniformly
distributed in the cavity, and the deposited power is uniformly
distributed in the axial direction.

Surface plasmon polaritons (SPPs) [21] for a metal-bounded
plasma are introduced to the dielectric-bounded plasma in
this study to determine how a plasma is established near a
plasma—dielectric interface. SPPs are electromagnetic excita-
tions at the interface between a metal and a dielectric material.
The mode changes of a surface wave at the interface between
a dielectric and a microwave plasma are also significant for
studying SPPs at a dielectric—plasma interface with visible
large-scale physical phenomena.

A. Electromagnetic Model for SPPs

The rectangular coordinate system shown in Fig. 2 is
adopted to describe the electric field near the dielectric—plasma
interface

Ex(x,z) = A& x() Ex(x)

Ez(x,z) = qez(z)ez(x) (1)
&) = o VW, € = Y @)
e = 1dgy € =C . ©)

y(@) ke dt 2(2) (2)

Substitution of (k? = k2 4+ k?) in (2) and (3) in conjunction
with the Helmholtz equation yields

) )
Vi+k Y =0 4)
- g2 2 o
zZ VY =0 ®)
Vpd = F kg — &ake ©6)
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where ypq is the axial wavenumber; applying the normal-

ization condition results in &@e=-a= 1; following ref. [20],
we can use the boundary condition to obtain the axial potential

function as|follqus:
~sinh(y z) + *cosh(y Z)

kr Co
(o = | vs D )
d
3 Ce d
,foriz<Q
S forz>0
where Kr €Xp VpZ
&
D = ¥ cosh(ya d) — sinh(yad). ®)
&p &

Combining the above equations with Maxwell’s equations
yields the solution for the electromagnetic field, where A, Az,
and As are constants that depend on the electromagnetic wave
amplitude according to the Coulomb specification condition
given below

Alkx + Azky = A3kz. (9)
For the TM wave model
Arky Ak,
H, =0 A= = (10)
kX X
As = Ak Kx. (11)

The aforementioned solution reduces to the following elec-
tromagnetic field in the dielectric:

A b
E=" cos(k xsinky Yo

A Ak, :
sin(kx)cos k y 2 d
D ke ‘%Qcosh(y 2) + Bsinh(y 2)
A k2 Mg b
Dk sin(ogsinkyy MM gy
A I‘Vk—&;‘—sm(k X)
iwuD kX yd

V

z

cosh(yz)Jg smh(yz) q

Ey =

Ez=

HX=
>

cosky sinh(y@ + mcosh(\/ z)
&d

- A kzcos(k )
iwpD Vi o

Z
KQsmh(ydz) +
&

The electromagnetlc field in the plasma is given by

Avp
B_cos(kxx)sm kyy exp Ypz

Hy=
P

xsin'k W cosh(ydz) (12)

EX:

E- EAkV EA(I@Q()L:oskyexpyz
y RKXE%

EZ:

(13)
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Fig. 3. Microwave transmission simulation results for cylindrical hollow
plasma generator (electric field).

Fig. 1 shows the eight coaxial microwave feeding used
to supply microwave power to the cylindrical hollow plasma
cavity.

The microwave simulation results obtained using the SPP
model are presented in Fig. 3. The microwave should move
as a stationary wave along the dielectric surface to obtain a
sufficiently strong plasma density from SPPs. More details
are provided in the description of the plasma simulation
results.

B. Numerical Simulation of Plasma
We obtain the following dielectric constant of the plasma
for a Drude semi-infinite metal [22] in a vacuum:
2
— W (15)
& =1-

g\[gg{ﬁffgqaqgeaI(/rbenaﬁt)gnuatlon( and the)z -component of the

E; = A sin(kx X)e%, plasma
E = Bsinkxe# dielectric

Weuse VX H = (aD/ét) 9 obtain Hy, and the boundary
continuity condition a/8 = —é&n/gq to obtain the dispersion
relations for the SPPs

kspp = k
A S
where &4 is the dielectric constant of the dielectric. The normal
component of the electromagnetic field is discontinuous, which

results in a surface charge at the boundary of the dielectric
(z>0)[21]

(16)

(17)

.3 kSPP i
E1z 0 - _ m Hoe SPPX (18)
and in the plasma (z < 0)
kspp _
E2z -0 = — ko£o£p HoelksPP X (19)
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Thus, the surface plasma densit)égs_gi en as
(X) _ (E —E ) :—p—H pikspp X (20)
P & 1 2z 7=0 \/ . y 0
Ed&p &+ &
It is very difficult to solve Maxwell’s equations directly to
obtain the electromagnetic fields in the plasma

oB
VX E= —
ot 5E
VXB:HJp+€[.Iat—
V-D=p
V-B=0. (21)

Thus, we solve Maxwell’s equations but use the solution of
the magnetic potential ( A=Ae™' ) to obtain the electromag-
netic field. Thus, we obtain

. X . X
jwo — wWeA+V X (U) VXA =1,

(22)

The inverse pIasmannductivity is defined as

-1 1 —aB; aBy

qnec L
= aB 1 —aBy (23)
) —aBy  aBy 1

where ne is the electron number density, a B
(a/(me(ve iw))), q is the electron charge, me is the

electron mass, Ve is the electron-neutral collision frequency,
and w is the angular frequency. The inverse plasma
conductivity has a compact form and is therefore convenient
to use.

A pair of drift diffusion equations is solved to obtain
the electron density and the mean electron energy. Electron
convection from fluid flow is neglected. Electron transmission

is described by the following equations:

0
5t(e) V- [Nl - E) — De - Vne] = Re

; (24)

M)+V - [-n(u-E)—D -Vn]+E-F=R

ot ¢ £ € € € e €
(25)

where the electron source R and the loss of energy due to
inelastic collisions are accounted for. The electron mobility
can be used to determine the electron diffusivity, the energy
mobility, and the energy diffusivity as follows:

- PX

5
De = peTe, pe= 3 K, D =ucE . (26)

The inverse electron mobility can be written in compact
form as r

1 4 1
z
I‘IdC 1 By |
[Je_l = B: - —Bx (27)
Mdc
1
B By BX Hdc

where g is the electron mobility in the absence of a magnetic
field.
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Fig. 4. Velocity of Ar flow in the hollow plasma cavity.

TABLE |
MAIN PROCESSES IN AR PLASMA IONIZATION

No.  Reactions Description Ae (eV)
etAr—etAr Elastic 0

2 etAr—etArs Excitation 1.5

3 etArs —setAr Superelastic -11.5

4 etAr-=>2e+Ar" lonization 15.8

5 e+Ars =22e+Ar" lonization 4,24

Electrons continually gain energy from the electric fields
for SPPs at the interface between the dielectric and plasma
chambers. The electromagnetic field given by (13) and (15)
can be used to express the energy deposition for ignition
electrons as

1

Pspps = 2—Re E -Jp E. (28)

The following equation can be solved to obtain the mass
fraction of each nonelectron species [23], [24]

0
Pat
The model for argon plasma chemistry involves the fol-

lowing series of collisions, namely elastic, excitation, direct
ionization, and stepwise ionization.

(W) +p(u - V)wg =V - ji + Rx. (29)

IV. RESULTS AND DISCUSSION

To make sure the Ar gas flow have a uniform distribution
and completely cover the plasma. Gas flow simulation (by
,IANSYS 1 .%had ?onducted before the . plasma_ simulation,

n the gas flow simulation, the Ar inflow is set at 70 sccm, and
the velocity of Ar flow in the hollow plasma cavity is shown
in Fig. 4. With a two-pump system, a uniform gas pressure
distribution in the hollow plasma cavity had been got.

The temporal behavior of the simulated electric fields and
power deposition, and the corresponding variation in the
plasma density and the hot electron temperature up to the
steady-state condition are presented in this article. The gas
pressure of hydrogen in the plasma chamber is 1 Pa, and
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Fig. 5. Simulated plasma density of the cylindrical hollow plasma cavity
(2kW at1 Pa).
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Fig. 6. Microwave efficiency for different microwave frequencies.

the microwave power supplied to the microwave window
is 1.5-11 kW. The simulated electron density is shown
in Fig. 5.

Prescribed microwaves must be propagated in suitable
microwave structures to obtain a high-efficiency plasma cavity.
The microwave efficiency for plasma ionization is simulated
using different microwave frequencies and cavity structures
(by varying the length, radius, and size of the quartz dielectric).
The plasma simulation results showthat a @820 mm x
400 mm plasma cavity with 10-mm-thick ¢100 mm yx 400 mm
quartz tubular columns optimizes plasma generation and sta-
bility. The microwave efficiency is defined as the ratio of the
microwave absorption by the plasma to the microwave input.

Fig. 6 shows the microwave efficiency for different
microwave frequencies to get the plasma density 2.0 %
10'%/cm?®. Considering the price of the microwave power
source, 6 GHz is the most suitable frequency for plasma
generation. Fig. 7 shows the simulated plasma density at
different microwave power levels (using a 6-GHz microwave
frequency). A stable and reliable plasma is needed to produce
an available wakefield for the accelerator, and plasma uni-
formity along the axial direction is critical in determining an
effective acceleration length. Fig. 8 shows that the fluctuations

| = 2021

T T T "~ T T T T "~ T T 1 T 1
o 1 2 3 4 65 6 7 8 9 10 11 12

Microwave power (kW)

Fig. 7. Simulated plasma density at different microwave power levels.

—— Plasma deTéiKl]

3.04

254

2.0

Plasma density(10'%/cm?)

0.0

0 50 100 150 200 250 300 350 400
Position (mm)
Fig. 8. Plasma density along axial direction (6 GHz at 2 kW).

in the plasma density along the axial direction (6 GHz at 2 kW)
are within 2%, which is satisfactory for wakefield acceleration.
According to preliminary calculation results, a maximum
longitudinal field of 681 MeV/m can be obtained with the

plasma density of 2.76 x 10%/cm?.
V. CONCLUSION

A cylindrical hollow plasma cavity was designed for a
wakefield booster for future ete— colliders. The SWP model
was used to optimize the plasma cavity structure, the gas
pressure, the microwave frequency, and the microwave power.
The simulation results show that 6 GHz at 2 kW microwaves
with eight coaxial microwave power feed-ins, a #00 mm x
400 mm (length) % 30 mm (thickness) plasma column with a
density of 2.76 x 10'°/cm? can be obtained. The fluctuations
in the plasma density are less than 2%, which is satisfactory
to provide a long and stable enough region for the wakefield
acceleration. In the future, the gas flow simulation will be
combined with the plasma simulation to ensure an effective
vacuum environment and uniform plasma for the wakefield
accelerator. Based on the high stability and reliability cylin-
drical hollow plasma cavity, a high accelerating gradient with
effective acceleration distance more than 400 mm can be
expected in the future. Machining of the plasma chamber is in
progress. Detailed experimental results of the electron beam
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acceleration cavity will be presented in the future. And the
wakefield acceleration and transformer ratio optimization will
be presented in another article.
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