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Abstract

In this paper, a self-consistent non-stationary 2-D
model of multipactor in dielectric-loaded accelerating
structures is proposed. In comparison with existing
models, this model calculates dc electric field produced
by secondary electrons self-consistently and also it
includes effects of cylindricity. Results of our calculations
are compared with the ones obtained for the 11.424-GHz
alumina-based dielectric-loaded accelerating structure
designed and experimentally tested by Argonne National
and Naval Research Laboratories.

INTRODUCTION

Multipactor (MP) is known as the avalanche growth of
the number of secondary electrons emitted from a solid
surface exposed to an rf electric field under vacuum
conditions. The secondary electrons appear as the result
of the surface impacts of energetic primary electrons
accelerated by the rf field. MP may occur in various
microwave and rf systems such as microwave tubes, rf
windows and launchers, accelerating structures and rf
satellite payloads. In different systems, it occurs in
different situations: single- and two-surface MP, resonant
and poly-phase MP, on the surface of metals and
dielectrics where the rf electric field is, correspondingly,
normal or tangential etc. MP is a severe problem in
modern microwave systems: it generates rf noise, reduces
rf power flow, changes device impedance, stimulates rf
breakdown etc. Therefore, theoretical and experimental
studies of MP are of great interests to the physicists
working in various areas of physics and engineering.

In this work, MP in dielectric loaded accelerator (DLA)
structures is studied. The starting point for our work is
experimental and theoretical studies of such structures
jointly done by Argonne National Lab and Naval
Research Lab [1, 2]. In the theoretical model developed
during those studies, the space charge field due to the
total number of particles is taken into account as a
parameter. We offer a simple non-stationary 2-D model in
which the dc field is taken into account self-consistently.
The paper is organized as follows: the next section
contains description of the analytical model and its
numerical implementation, then we show some results of
our simulations and, finally, we give a summary.

GENERAL FORMALISM

The cross-section of a cylindrical DLA structure is
shown in Fig. 1. In this figure indices 1 and 2 designate
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vacuum and dielectric regions, respectively, r, is the
waveguide wall radius and r, is the radius of dielectric.

Figure 1: Cross-section of a cylindrical DLA structure. 1
— vacuum region, 2 — dielectric, 7, — radius of dielectric,
r, — radius of waveguide wall, rn’ - location of the
charged layer.

Equations of electron motion in the cylindrical
coordinates in the presence of both rf and radial dc fields
can be written as
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Here v,, v, and v, are the radial, azimuthal and axial
components of the particle velocity, r is the radial
coordinate of the particle, e and m are electron charge and
mass, respectively. Also, in these equations, E,. is the
radial dc electric field created by the space charge, E,; and
E., are radial and axial electric components and B,; is the
azimuthal magnetic component of the rf field in the
vacuum region. We limit our consideration by TMy;-wave
only, which is commonly used in DLA structures. The rf
field components of this wave in the vacuum region are
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Here A is the rf amplitude, w = 2zf is the frequency of rf
signal, k. is the axial wave-number, k  is the transverse

wave-number in the vacuum region, c is the speed of light
and [, I; are the modified Bessel functions of the first
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kind. We assume that the problem has azimuthal
symmetry, i.e. that the charge density is uniform along ¢-
direction. Then we may calculate E,. as follows. Consider
a cylindrical layer of charges (see Fig. 1) of radius 7/ and

length L. The charges in this layer start their motion from
the surface of the dielectric where their initial surface
charge density is o,9. As the layer is moving away from
the dielectric, the total charge it contains, Q = 2zr,Lo,,
remains the same but the charge density increases, so at
r=r it becomes o =o,r,/r/. Considering a
cylindrical surface of radius r such that /< r<r, and

applying Gauss law for this surface gives E;.2nrl =
O.n/e0, Where Q.. is the total charge enclosed by the
surface. If we have N cylindrical layers of charge
enclosed by this surface, then

N
0,.= Z27rr,,'L0'n. (7

n=1

Using expressions obtained above, one may easily get
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where we have used o,y = oyw,. Here w, is the relative
weight of the n-th layer and oy is the initial (seed) surface
charge density which is assumed to be the same for all
layers in our model. Initially, the weight of each new layer
w, = 1, then, during the calculations, it varies in
accordance with the secondary yield model when particles
in the layer impact the dielectric wall.

If v, << ¢, the z-motion particles can be neglected and

the set of equations (1) - (3) can be reduced to
~2
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Here we have introduced the following normalized
variables:  F=r/r,, I=@, V =v /ro and
=V, /1,0 Also, in (8), a = is the

v ed/mcw

@0
normalized rf field amplitude and vt = e|o'0\/megrdw2 is the
so-called plasma parameter. The initial surface charge
density, oy can be expressed either through the surface
particle density pg, oy = eps, or through the linear particle
density p;, og = ep/2nr,.

One may solve the system of equations (9) - (11)
numerically by using the Monte-Carlo algorithm and
computing particle trajectories with random initial
conditions. Assume that seed macro-particles with certain
charge density appear on the surface of dielectric with
some periodicity (instead of such periodic seeding one
may choose random times for generating seed particles).
They have random initial energies E, =mv§/ 2 and

emission angles € obeying the following probability

distribution functions [3]:
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Here Ey, is the energy corresponding to the peak of the
energy distribution function, which is of the order of the
work function of the material. The particles leave the
surface of dielectric due to the effect of the rf field (if it is
in the accelerating phase) and start their motion in the
vacuum region. During the motion, each particle produces
dc field which affects motion of other particles. On each
time-step, every particle gets checked whether it impacted
the dielectric wall. If so, the secondary emission yield 0 is
calculated based on its impact energy V; and impact angle
0; relative to the surface normal. We use the well-known
Vaughan model for these calculations [4]. After the value
of ¢ is obtained, the particle weight gets multiplied by the
one and the result is checked against limiting values. If
the new weight v/ = §w is greater than some upper limit,

Wnax, then the particle gets split into m new (secondary)
particles, where m is equal to y//w__rounded up to the

nearest integer. The weights of the new particles therefore
become equal to w//m. Each new particle is then

assigned a random emission velocity and angle in
accordance with expressions (12) and (13). If w/ is

smaller than some lower limit, w,,,, the particle gets
removed from further calculations. At each time step the
particles get sorted by height which simplifies the
calculation of dc fields.

In order to calculate the power loss induced by MP, one
may start with the instant power of one electron:

~ %o e (B, +E,)-

14
d t dc ( )

Then, using the same simplifications and normalized
variables that were introduced while deriving (9)-(11),
one may obtain

(15)

Here vzwz is the normalized dc field acting on the

- v,
p=maw'r, (7 asin(f)+ v’ 7’w2) :

particle. The average power of MP over an rf period can
be obtained by adding up instant powers of all electrons

and integrating the result over the rf period:
NYDY(I,

2z
PL z
P, ="t th : 16
MP 2”'([ £ W, P, (16)

Here p; is the linear particle density introduced above
and, therefore, P, has dimensions W/m.

RESULTS OF SIMULATIONS

Some simulations results are shown in Figs. 2-4. Fig. 2
shows the normalized amplitude of the dc field as
function of time. Results are obtained for the set of
experimental parameters listed above and two values of rf
amplitude that are indicated in the figure. Other
parameters in these calculations are the following: the
surface seed particle density ps = 10° m”, maximum yield
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value at normal incidence J,.,0 = 3, impact energy
corresponding to the maximum yield V.o = 600 eV and
material smoothness factors ky,=k;=1 (see Table I in

Ref. 3, values for alumina).
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Figure 2: Number of macroparticles (a) and normalized
total dc field (b) as functions of time for two values of the
rf amplitude.

Figure 3 shows the ratio of MP-induced loss (calculated
for 20 cm long structure, cf. Fig. 1 of Ref. 1) to rf power
flowing in the structure. These results qualitatively agree
with the ones shown in Fig. 3 of that paper. To perform
more accurate comparison, the precise secondary yield
data for the material used in the experiment should be
known. In our calculations we used approximate values
from the corresponding range for alumina. One may also
notice in Fig. 3 that at some point losses saturate and
become insensitive to further increase of the rf amplitude.

The model also can be used for estimation of
multipactor onset characteristic time in a given structure.
This time depends on the rf amplitude, secondary yield
properties of the dielectric material and the seed particle
density. Fig. 4 shows the normalized dc field as function
of time for two values of seed particle density. One may
see that at lower density it takes longer for the process to
saturate while the saturation level in both cases is the
same. Therefore, ‘cleaner’ structures with lower seed
density are less prone to multipactor occurrence. Also, if
the rf pulse is short enough, it is possible to avoid
multipactoring in such structure completely.

SUMMARY

We have developed a 2-D model of multipactor which
allows studying the effect for a reasonably small set of
parameters. It uses a self-consistent time-dependent
approach allowing analysis of the process dynamics and
obtaining important time constants. In particular, it allows
estimating the growth rates and times required for
multipactor onset in the given structure. In comparison
with available PIC codes, which also use self-consistent
approach, our model requires significantly less time for
calculations and, therefore, is suitable for rather broad
studies. Preliminary results of our calculations
qualitatively agree with the ones obtained both

4534

Proceedings of PAC09, Vancouver, BC, Canada

experimentally and theoretically by other research teams.
To perform a more detailed comparison, we need to
verify our results with more experimental data for various
DLA structures.
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Figure 3: Ratio of MP-induced loss to power flowing in
the structure as function of the rf amplitude. Calculations
are done for a 20 cm long structure shown in Fig. 1 of
Ref. 1.
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Figure 4: Normalized total dc field as function of time for
two values of the seed particle density. The rf amplitude is
equal to 10 MV/m in both cases.
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