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"'. Introduction

What is the multipactor effect?

Multipactor breakdown is an electron avalanche-like discharge occurring in
components operating under high vacuum conditions and high-power RF
electromagnetic fields.
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ntroduction

e Solar activity causes a continuous flux of high energy elemental
particles towards the spaceships.

e These particles can penetrate in the satellites, reaching the
electromagnetic field region of the passive RF components and
leading to a very harmful multipactor discharge.
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duction

Effects of a multipactor discharge on the device

: . 3
* Increase of signal noise
e Increase of reflected power mmm) Degradation of the device performance
e Heating up of device walls \
e Detuning of resonant cavities 1
* Physical damages
Y J Limitation of the managed RF power

Kapton window

Low-pass filter
6



roduction

In this undesired scenario the space agencies have to control and predict the
possible existence of a multipactor discharge occurring within on-board
microwave sub-systems: replacement of microwave equipments is NOT
POSSIBLE in a satellite...

Due to this, assessment of the multipactor risk in the design process of
satellite devices is crucial to avoid the appearance of the discharge during its
operation.




. Introduction

How is the discharge produced?

Basic steps:

e Free electrons reach the RF electromagnetic field zone.
e Electrons are accelerated by the RF electric field towards metallic walls of the device.
e Each colliding electron may release one or more secondary electrons from the metallic surface.

e RF electric field changes polarity and those new electrons released are pushed towards opposite
wall.

e This chain reaction causes an exponential growth in the electron population inside the device
leading to a multipactor discharge .

Wall collisions

@ vacuum

d. ®

& Primary electron (free)

RV - e-] () (e - ) e () Secondary electron




. Introduction

Multipactor theory in parallel-plate waveguide (“constant-v” theory)
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Non-relativistic Lorentz force F, = —eEgp
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Basics steps of the multipactor discharge

f is the RF frequency
—e is the electron charge
m, is the electron mass

(wt — ¢) cos @ — sin wt + sin @]

— cos wt)



. Introduction

Multipactor theory in parallel-plate waveguide (ll)

Conditions for the multipactor discharge:

1. Synchronism between the electron and the RF electric field. ——— wt;=¢ +mm ; m=1,3,5,7, ...

2. Properimpacting energy to release secondary electrons. t; , impacting time

1 m , multipactor order (number of half-periods that
takes the electron to cross the gap)

W, <W < W,

— . Example of electron trajectory and velocity form = 1
Secondary electron emission coefficient

2.5 ' | ] R
5= number of emitted electrons £os i
5L ~ number of incident electrons A
0'IO 1I1 20
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! " 10"
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W(eV) 4ICI 11 12 13 14 1}? 16 17 18 18 20
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ntroduction

Multipactor theory in parallel-plate waveguide (lII)

After imposing the conditions for the onset of the multipactor discharge it is possible to obtain the multipactor

susceptibility chart

(%]
T

For the parallel-plate waveguide %10
the multipactor zones only &
depend on the frequency gap =
product

10°}

\1 L PR | i i i L PRt
~ 1 10’

Frequency — Gap product [GHz-mm]

Multipactor susceptibility chart extracted from [1]

[1] R. Udiljak, “Multipactor in low
pressure gas”, Master's thesis,
Chalmers University of Technology,
Goteborg, Sweden, 2004.

The lower envelope of the
multipactor zones gives the
multipactor voltage threshold

Higher  multipactor modes
appear when the frequency gap
increases

11



. Introduction

Multipactor growth model for parallel-plates

As we have just seen for parallel-plate waveguides:

e The multipactor resonant electrons cross the gap between surfaces in an odd number of

half-periods of the RF signal (m=1, 3, 5, 7...)

e The value of the SEY coefficient 6 will be the same in the successive impacts due to periodic

trajectory and velocity of the resonant electron

Under these assumptions, the evolution of the electron population
with time can be obtained as follows:

N, , electron population att = 0
N, electron population after the n-th impact
d SEY at the collisions

. m
— n=Nno2
N1 = N06 2t
5 52 Time of the n-th impact
N, = N16 = Ny —
2f
N, = Ny6™ = Nye™ "9 N(t,) = Nye'nm "8

—_—

10000

8000+

6000+

40001

2000+

% 200 200 800 800 1000

T
Results for numerical simulations for the electron

population as a function of the normalized time

= atn 2
Noe a :—fln6
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bjectives

The following topics will be considered:

>

Mitigation of the multipactor discharge in coaxial transmission lines by means of
an external magnetostatic field

Study of the multipactor effect in ridge and multi-ridge waveguides

Analysis of the multipactor breakdown in coaxial lines excited with digital
modulated signals

Multipactor with ferrite materials: parallel-plate wavequide loaded with a
magnetized ferrite slab

14
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= lll. Multipactor simulation algorithm

Basic block diagram of the Monte-Carlo multipactor prediction tool

Input data:
* Waveguide dimensions

* RF frequency

» Signal type

 Initial number of
electrons

e Maximum simulation
time

» Discharge criteria

* RF voltage

R Electron motion

[ Input data ]

A 4

Integration of the egs. of motion

or

NO

SEY
computation

v

discharge criterion?

Show electron population vs time

End

Emission or absorption
of secondaries/
upgrading charge and mass

A 4

Release of the impacting
electron and/or secondaries




Ill. Multipactor simulation algorithm

Electron dynamics

* The electron dynamicsis described by the relativistic Lorentz Force:

Fo=qE+3xB) =" ST
= X ===
= y = 1/1= W/

where m, is the electron mass at rest, g=-e is the electron charge, v is the magnitude

of the velocity vector, y is the relativistic factor, E and B are the total electric and
magneticfield existing within the device

E=Eps+E; + Epol B = Bgr + Bac

where Egp and By are the RF electric and magnetic field, E,. arises due to the space
charge effect of the electron cloud, E,,; appears when a dielectric surface emits or

absorbs electrons in an unbalanced way, Edc is an external magnetic field applied in
certain circumstances (e. g. for magnetize a ferrite or for multipactor mitigation
purposes 17



= lll. Multipactor simulation algorithm

Electron dynamics (I)

e The typical electron velocities in the spacial communication systems are quite
below the value of the speed of light in vacuum and, as a consequence, the
relativistic formulation can be approximated considering that y = 1,

Finally, the problem can be expressed as a linear system of coupled second order

differential equations:

Fo= q(B+5xB)=my ™ = my 4T
= VXB)=my——=m

L=49 0 gt 0" J¢2
which has to be numerically solved.

 To do that, a Velocity-Verlet algorithm was employed to solve the differential
equations (=300 integration steps per RF carrier period):

> Accurate L. Verlet, “Computer ‘experiments’ on classical fluids. I.
> Efficient Thermodynamical properties of Lennard—Jones molecules,”
> Stable Phys. Rev,, vol. 159, no. 1, pp. 98—103, Jul. 1967.



I. Multipactor simulation algorithm

Space charge and polarization electric field (parallel-plate waveguide)

e The coulombian repulsion among the electrons (space charge effect) is taken into account by
considering that the electric charge due to the increase in the electron population is accumulated in
a single electron sheet of negligible thickness placed in the middle-gap of the waveguide.

e The polarization electric field in the ferrite slab appears when it becomes electrically charge as a
consequence of the emission/absorption of secondary electrons.

. 280 (1 o é'r_d)
Esc = 5 1
&1——5? h+d/2£y£h+d
ff (142
\ &d
= 1
Epd:pgiod 1-———|? h<y<h+d
(1+53)
A: multipactor discharge area
Dsc = _eN(t) N: electron population within the
A waveguide
eNoyr (0) N number of electrons extracted
Psa =—— from the ferrite slab

A

Gauss’s Law
in the vacuum

Metallic plate
&g I-::E
B glectron shest
oo Z
_ P =d -
= S "
Metallic plate

Scheme of the ferrite loaded parallel-plate waveguide with the space
charge electron sheet



. Multipactor simulation algorithm

Space charge electric field (coaxial line)

Similarly as for the parallel-plate waveguide,

waveguide and charged with a surface electr

Gauss’s Law in the vacuum

U

Electric field due to the space-charge —> ESC (7,t) = <

.

it is assumed that the electric charge is accumulated in

a single electron sheet of negligible thickness located in the center of the gap of the coaxial

on density p.(t).

4
B.d. :—fpdv
Eg J IV

Surface charge electrical density

of the electron sheet

r. = (@+b)/2 : radius of the electron sheet
N(t): electron population at time t
h: sheet height

[ ln(é)
_Eps_(t)—rsf a <r<r
r & ln(é) - = F
a
r
s (5) .
s & ll‘l(é)
\ a
eN (1)

Scheme of the coaxial transmission line
and the single electron sheet -0



. Multipactor simulation algorithm

Interaction electron-surface

e  When an electron collides with the devices surfaces, the interaction between them is modelled

by means of the Secondary Electron Yield (SEY) coefficient ¢, which is defined as
3.5

5= number of emitted electrons aof B ]
~ limpacting electron sl e T, ]
e The SEY coefficient depends on: 5 =
» Kinetic energy of the primary electron (W) 10’.
» Incidence angle of primary electron () W W

0.5 SR (NN SR NN NN SN NN NN TN (N SN N T WU S S T S
0 100 200 300 400 500 600 700 800 900 1000
» Surface roughness
Energy (eV)
Experimental SEY curve measured at the ESA-VSC High Power

Space Materials Laboratory

* Despite the concrete values of the SEY coefficient are different for each material, the shape of
the SEY curve is universal for all of them (metal, dielectrics, ferrite).

e There are several models to parameterize the SEY curve. In this work, depending on the
multipactor scenario, two different models have been employed: the modified Vaughan'’s
model and the Furman and Pivi model. 21



. Multipactor simulation algorithm

Modified Vaughan’s SEY model

The total SEY coefficient is given by the following expressions:

( .
Kinetic energy of impacting electron \ Otow if r<1

S(W .6 = 6max(‘>;)()/€(1_y))0'25 if 1<y<36

1.125 _
6max(f)m if y = 3.6

Incidence angle measured from the normal to the surface

Parameter obtained from continuity conditions of SEY
Maximum SEY value at normal incidence —

W — W Factors related to the surface roughness

Omax

= Wmax('f) - WO /

) ki€
Smax(§) = Smax(0) (1 =

2
Wi () = Wipnas (0) (1 TS )

_ 2T
Wmax /
ON 100 200 300 400 500

W W (eV) Kinetic impact energy at 6max(0)

0 < 8pw<1

22



Furman and Pivi SEY model?2

When an electron individual collides with a surface it can be:

Il. Multipactor simulation algorithm

Inelastic
backscattered

Elastic
backscattered

True secondary
emission

Primary electron

©

Primary electron

©

Secondaryelectrons

» Elastically backscattered
» Inelastically backscattered
» Absorbed
» Generate true secondaries
& &y
E,) = +
Contribution of elastically backscattered electrons ¢(Ep) p E
1+ 14+
Eel EeZ
Ep
. . . S+ —
E
Contribution of true secondaries N — m___
Ep
s—1+ (m)
Contribution of inelastically backscattered E
E) =a(1—-bE,)E, exp|—|—=—
electrons n(Ep) = af »)Ep p< (Em

))

Different components of the secondary electron emission
E, is the primary electron energy
E,=c+2Zd b=3.0 x107%,¢c =300,d = 175
y=0.56 u=0.70
a €7 x1073,10 x 1073]
€1 =& — &2
g, = 0.07,E,y = g/NZ,E,y = hZ?
g =50,h=0.25
&g elastic contribution for E;, = 0

Z is the atomic number
Om, Em, and s are parameters of the material

1M. A. Furman and M. T. Pivi, “Probabilistic model for the simulation of secondary electron em
Beams, vol. 5, 124404 (2002).

2 J. de Lara, F. Perez, M. Alfonseca, L. Galan, |I. Montero, E. Roman, D.R. Garcia-Baquero, "Multipactor prediction for on-board spacecraft RF equipment
with the MEST software tool", IEEE Transactions on Plasma Science, vol. 34, no. 2, pp. 476-484, April 2006.

ission”, Physical Review Special Topics- Accelerators and

23



Il. Multipactor simulation algorithm

Furman and Pivi SEY model (ll)

I8,
Angular dependence for the different contributions: Ci=x ( p)
n(Ep) + (Eyp)
Ccos @ ar e\E
n(Ey, @) = U(Ep) (e C,=yx ( p) CL+C=x
n(Ep) + &(Ep)
e(Ey @) = ¢(E )COS(p 1=cos ¢ x = 0.89 k =pZ +r,p = 0.0027 For a clean flat surface,r = 0
Z=atomic number
- _ (& )t k+1
(Ep, #) = k + cos ¢
The probability for each kind of emission is given by: E-‘
%
> Elastic P.(Ep, @) = e(Ep, @) x v ey Bacscaterse
> Inelastic Py (Ep, @) =n(Ep, @) :;-3\\ ____________________________
05100 200 300 s 400 500
> True Secondaries Ps(Ep, @) =1 — Fe(Ep, ¢) — Pp(Ep, ) ey

Different contributions to the SEY coefficient
24



Electron model

In this work, it has been considered two different electron models depending on the specific

. Multipactor simulation algorithm

scenario: the effective and the individual electron models.

Effective electron:

e This model consists of the 3D tracking of a set of N, effective electrons

* Each effective electron has associated an electron population N; which is upgraded when the
electron population

electron collides with the device walls

i-th electron population after the impact

/ Ni(t + At) = Ni(t)Si

k
Ni(t) = 1_[ SL(])
j=1

j*1-th collision
& 'ﬁ‘-fci
5;9 is the SEY value of the j—th XE i Nid, 81 0
impact of the i—th electron electron "\ "N\
g/
\a—i“'r"f‘..,
J-th collision

within the device

Ne
Total electron populatlon% N(t) — z N;(t)
i=1

Scheme of the effective electron model

before the impact



. Multipactor simulation algorithm

Effective electron (I)

e The modified Vaughan's SEY model is implemented with the effective electron model

» After the collision, the effective electron is launched back from the impact point. The velocity and angle of the
released electron depends on the impact kinetic energy of the primary electron:

»  Ifthe impact kinetic energy W < W,: effective electron is elastically reflected as in a specular reflection (the
magnitude and the angle of the velocity vector with regard the normal plane to the impact surface do not

change).

»  If the impact kinetic energy W = W/: the effective electron is treated as a true secondary electron. It implies

that:
0.25

1. The output kinetic energy of the effective electron | |
is calculated by means of a Rayleigh probability ]
distribution density:

) W 7%
=—=exp\|—
n(Ws W,? p 20,

Normalization condition —> f n(W,) dw, = 1
0

W, = Departure energy of the secondary electron
n(W,) = Probability of release a secondary electron with a departure .
0 5 10 15
energy of W, W, %
W, = Standard deviation value _ S
Rayleigh distribution




. Multipactor simulation algorithm

Effective electron (llI)

In order to implement this concept in the Monte-Carlo method, the algorithm generates a random
real numberu € [0,1], and the departure energy is calculated:

W =WyV—2Inu

Note the Energy Conservation Principle has to be satisfied. It implies that the output energy cannot
exceed the value of the impacting energy.

2. The direction of the velocity vector of the electron is calculated in a local spherical coordinate
system centred at the impact point:

-The azimuthal angle ¢ € [0,2n[ is easily calculated by means of a uniform probability density:

zZ 4

@ = 2nu

- The elevation angle 6 has to be computed by means of

the cosine law:
0 = sin"t(Vu) /

J. Greenwood, “The correct and incorrect generation of a cosine ®
distribution of scattered particles for Monte-Carlo modelling of vacuum
systems” , Vacuum, vol. 67, pp. 217-222, 2002

27



Individual electron

. Multipactor simulation algorithm

e Inthis model, the number of tracked particles varies with the ongoing of the simulation and

each particle represents only a real electron.

e The Furman and Pivi SEY model is implemented allowing to distinguish the following types of
interactions: elastic backscattering, inelastic backscattering and true secondary electrons.

* When an electron impacts a surface the interaction type is obtained by means of the Monte-

Carlo method:

u € [0,1] real random number

Elastic backscattered
u<Ppb, (E , go)

Inelastic backscattered
P.(Ep @) <u <P (Ep @) + Py(Ep, 0)

True secondary
u=P,(Ey @)+ Py(Ep @)

calizion colizion

individual electron

“efs elastically

“eFbsorbed A
f absor E/' backscattered
2

P

~ /
N A

-

w I
collizion

Scheme of the individual electron model



I. Multipactor simulation algorithm

Individual electron (I1)

After the collision, if not absorbed, the electron is re-emitted from the impacting point. The
magnitude and angle (with regard the normal of the impacting surface) of the output velocity
depend on the collision type of the primary electron:

e Elastic collision. The output energy is equal to the impacting energy, W = W,. The departure
angle is equal to the incidence angle (specular reflection).

e Inelastic collision. The output energy is less than the impacting energy W < W, The departure
angle is equal to the incidence angle.

» Collision generating true secondaries:

5(Ep @)
1—8(E,g0)—n(E,g0)

Mean number of true secondaries per impacting electron —> /'l(E ,go) =

The exact number of true secondaries n is determined as:

u € [0,1] real random number
Ai if u< Af

(Note that if n = o then the impacting electron is absorbed)

A; integer part of 4
As fractional part of 1

n=

The true secondary electrons are released with an output energy given by the Raileigh distribution and an angle
following the Cosine Law, similarly as described in the effective electron case



Multipactor criteria

Multipactor simulation algorithm

A multipactor criterion must be established in the simulations in order to decide if the discharge has

taken place. Mainly, the are two possibilities:

e The number of electrons exceeds a threshold value, typically a certain number of times the

initial population value.

* Itis reached a steady state in the electron population due to the space charge effect when the

electron number becomes very high.

10°

#\L &Mv

normalized population

ol ”M

\

0 200

The electron population diminishes and no discharge is expected

400

600
uT

800

1000

Saturation
level

normalized population

0 200 400 600 800 1000
vT

Electron population quickly grows and saturation is observed
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Mitigation of the multipactor discharge
in coaxial transmission lines by means
of an external magnetostatic field



. Results

Multipactor mitigation techniques

There are several techniques in order to avoid the onset of the multipactor discharge:

e Surface treatments aimed to reduce the SEY coefficient of the surfaces. For example: chemical
polishing, groove insertions, surface coatings, etc. Inconveniences: surface treatments degrade
with time, grooves can impair the RF performance.

e External DC electric and/or magnetic fields are applied to the device in order to disturb the electron
resonant trajectories.

In this chapter, we explore the multipactor mitigation when an DC magnetic field is applied to a coaxial
transmission line

>

Bpc(7,t) = BpcZ

S V.
Erp(7,t) = —Obcos(ant — B2)7

TEM fundamental rIn (a)
mode of the coaxial line
= - VO A B
Ber (7, ) = — 7 cos(2rft — f2)
rcln (E) y \ y
f is the RF frequency a and b are the inner and outer coaxial radii
(7, @, z) are the cylindric coordinates ¢ is the speed of light in vacuum Transversal cross section of a coaxial line

B is the propagation factor V, is the RF voltage amplitude

33



Magnetic field implementation

We consider two different posibilities:

Solenoid: uniform DC magnetic field Permanent magnet: non-uniform DC magnetic field

34



Solenoid: uniform DC magnetic field

A solenoid was designed and manufactured to provide an uniform axial DC magnetic field along
the coaxial sample when it is fed by a DC electric current Solenoid

Support: Aluminium hollow
cylinder

—

Wi

Winding: copper wire —

—

Inner radius i =15.80 mm
Outer radius e =19.05 mm
Length h =300 mm

re diameter @ =0.8 mm
22 turn layers

Aprox. 375 turns/layer

Total turns = 8250

Inner conductor radius 2 a=1.515 mm

Outer conductor radius = b =3.490 mm

Gap 2 d=b-a=1.975mm
Impedance=> Z =50 Q

Material = Copper
W, =25eV
W, =175 eV

Orax = 2-25

Coaxial sample 35



esults

Solenoid: uniform DC magnetic field (II)

Solenoid calibration set-up in the Electromagnetism Laboratory (Faculty of Physics)

Voltmeter (magn
]I probe) |

36



V Results

Solenoid: uniform DC magnetic field (IIl)

B (mT)

Results of the solenoid calibration

257

®  Experimental

Equation

Fit of the experimental data

=)

B,(0,0,7)= o N1

2 h

|: DC current feeding the solenoid
z: axial coordinate in the axis

a: mean radius = 29.3 mm
h: length =300 mm
N: number of turns = 8250

In the center of the solenoid a DC magnetic
field of 3.8 mT for I=100 mA is detected.

37




Solenoid: uniform DC magnetic field (IV)

Multipactor measurements were performed at the European Space Agency and Val Space
Consortium High Power RF Space Laboratory (Valencia, Spain):




. Introduction

Multipactor experimental set-up

INulling System
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e UVlamp e Electron probe
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V. Results

Solenoid: uniform DC magnetic field (IV)

Multipactor RF power threshold as a function of the cyclotron to RF frequency ratio

400 - . . . : [ RF frequency = 1.145 GHz 1
350! —e— Numerical simulations | |
X Experimental data »> Good agreement between theoretical and
300+ experimental data.
250/
= » Within a certain range of f/f, the
= 200 multipactor RF voltage threshold drops
sl 150! below the without magnetic field case.
100t » Experimentally no discharge was detected
for f/f > 0.8. Theoretical simulations
20} predict no multipactor above f /f > 0.9
OEIJ 012 014 O_IB 018 1 » Small differences can be related to

fo/f inaccuracies in the SEY data used in
theoretical simulations.
B
cyclotron frequency . _ € Boc

me 2T 40



V. Results

Solenoid: uniform DC magnetic field (V)

Why for high external magnetic fields does the multipactor disappear?

<>

Ir;ner —e—Numerical simulations
conductor .

X Experimental data
order 4

outer inner
conductor conductor

order 2

order 2

. Double-
surface
X
. - . Single-surface
0 0.2 0.4 0.6 0.8

fc/f

As the magnetic field increases it bends
the electron orbits forcing single-surface
multipactor regimes.

The increase of the magnetic field also
implies that the electron time of flight
between successive impacts becomes
shorter as a consequence of the orbit
bending.

Single-surface multipactor orders must be
an even number (m = 2,4,6...) to ensure
the resonance with the RF electric field.

The impossibility of  single-surface
multipactor orders below 2 and the
reduction of the time of flight of the
electron due to the magnetic field justifies
the mitigation of the multipactor for high

magnetic fields.
41



Solenoid: uniform DC magnetic field (VI)

Can be multipactor mitigated at any RF frequency?

Theoretical results for other RF frequencies predict multipactor mitigation when f_/f increases above a threshold
which depends on the specific RF frequency but it is approximately within the range f/fe[0.7, 1]

f=0.435GHz

f=1.145GHz
70 400
_:_N”me.'i“'Sim”'ati""s ) 250 A [—»—Numerical simulations
60 *  Experimental data b ¥ \ | x Experimentsl data
0 300 ’} " '\.*
= 250 8¢
S 40 / g | ’
s = 200 Pal /
o / iy b. s
30 * . 150 s % {
% / o "gpeet |
« 100 | | X o
20= *“_}:"wq_;' -— 50 L. xmd
*
10 0 0.2 0.4 0.6 0.8 0
: - : : 0 02 0.4 06 08 1
folf
folf
f=2.000 GHz f =3.000 GHz
2500~ . : . 4000 o : . :
| —e— Numerical simulations T | —=—Numerical Simulations]
? 3500 ¥ 1
2000 {1 I|I
ri 3000 lll
| |
~ 1500+ ‘t' ’ . 2500 ; 1
ey \ .
g | Jvl g 2000/ \ I\ .
& 1000¢ o s /
1000 \ I 1500 lllll . ){.‘
A\
A
1000 . '
500 h‘ M ! Ses 4
[ /. s / 500+ v \l /
- % - L
%% 02 04 06 08 1 % 02 04 06 08 1
fe/f fo/f
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V. Results

Permanent magnet: non-uniform DC magnetic field

A hollow cylindrical neodymium permanent magnet was employed to generate a non-uniform magnetic field
over the coaxial sample.

Expressions for the magnetic field generated by a permanent magnet are derived from the equivalent
volume and surface currents. These expressions are required for the multipactor numerical simulations.

411y b
— 0=
Volume magnetization M= M2 (r +10)? b, A
) = — N _ 41y \___i__’@ﬂ—
Equivalent surface current KM =MXn ky = 2 | A !
(r+r0)2+(z—h/2) 4 ri
- — ' i h
Equivalent volume current Ju=VXM . /
T‘TO B
k2 = h 2 v
(r+m1)%+ (z + /2) '
Elliptical integral of the Second Kind

Elliptical integral of the First Kind

= E(k,) E(k ) k\z k.2 Scheme of the hollow magnet with
B.(r,z) = r l 2 Lo = (1 _ L) K(ky) — ( — %) K(kz)l height h, and bz and b2 radii.
1

%
1
27T\/_7"7"0 1 +TO M = 1.153 x 10° A/m

N

B,(r,2) = K )kzn(kz;a) —< —ﬁ> kiTi(ky,0) ——B (1, 2) by =12.5 mm
Znﬁ 1 + b, = 16.5 mm

h = 44 mm
Elliptical integral of the Third Kind
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V. Results

Permanent magnet: non-uniform DC magnetic field (II)

Multipactor simulations and an experimental test campaign was carried out to assess the multipactor
mitigation capabilities of the magnet prototype

According to the simulations, multipactor is
inhibited below 4.030 GHzmm, which
corresponds to f /f =1.12

Firstly, it was explored the multipactor
threshold without magnet, finding good
agreement between theory and experiment.

Secondly, the same frequency gap values
were measured with the coaxial immersed
in the hollow magnet. No discharge was
found for any of these cases, in concordance
with the theoretical predictions.

Magnet mitigation behavior is quite similar
to the solenoid case (the empirical condition
of mitigation for values above the range
f/felo.7, 1] is roughly fulfilled)

P (W)

1000 £

100 ¢

Inner conductor radius = a=1.238 mm Material = Copper
Outer conductor radius > b =2.850 mm W, =19.5eV

Gap > d=b-a=1.612mm W, ., =219.7 eV
Impedance> Z=50Q 8oy = 2.61

max

—e— without magnet (theoretical)
& with magnet (theoretical)
X without magnet (experimental)

0.6

0.8 1 2 3 4 5 6 7 8
fxd (GHzmm)
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V. Results

Conclusions

It has been demonstrated the capability of using an uniform axial DC magnetic field for
inhibiting the multipactor discharge in a coaxial transmission line .

e Multipactor discharge can be suppressed at any RF frequency provided a strong enough
axial DC magnetic field is applied.

e Asarule of thumb the minimum magnetic field for ensure mitigation must fulfill that
fJ/fe[0.7, 1]

e Besides, it has been found that the non uniform axial magnetic field generated by
means of a neodimium permanent magnet can also suppress the discharge.

e For the hollow magnet prototype analyzed the multipactor mitigation behavior is very

similar to the uniform axial magnetic field case and the aforementioned rule of thumb
(f/fe[0.7, 1]) can still be applied.
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V. Results
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Multipactor in ridge waveguides



V. Results

Ridge waveguides

Ridge and multi-ridge waveguide sections are widely employed for constructing band-pass and low-pass filters
devoted to space telecommunication applications. In this section:

e Multipactor susceptibility charts will be computed for several typical ridge waveguide topologies
e Asimple method for multipactor prediction in structures containing ridge waveguide sections will be presented

symmetrical asymmetrical
w w
L__In. L__|[w
. t b b
Ridge |4 i
[ i
a d bin
Double- b
ridge
Symmetrical evanescent mode ridge waveguide filter topology
a a
e o . a is the waveguide width
Multi- W, -| '“_ 2 -| b b is the waveguide height
ridge hId 0 d d is the gap between ridges or ridge and waveguide
_[ AL : w is the ridge width
- a ” a

his the ridge height 48



Multipactor susceptibility charts

Several multipactor susceptibility charts have been computed by means of the commercial software

FEST3D [1] for a wide range of cases of practical interest.
RF electric field pattern in ridge waveguides

The standard WR-75 rectangular waveguide has been taken
as the housing dimensions for the ridge waveguides.

The ridge waveguides are assumed to be silver-plated with
the following SEY parameters W, =30eV, W, ., =165 eV,

Opax = 2-22

Mag[r\.q an_E) (V/

Equivalent voltage for susceptibility charts is computed
integrating the RF electric field along the ridge gap:

a
= j - _Z dl differential element parallel
0 to the gap direction

' :SI- [1] FEST3D, www.fest3d.com
=]m)




V. Results

Multipactor susceptibility charts (II)

Study of the variation of multipactor voltage threshold with the ridge width (in all cases the gapis d =
0.5 mm):

ridge

It is observed that the narrower the ridge
the higher the multipactor threshold, but
only slight variations are noticed

Double-
ridge

This phenomenon is due to that low values
of w/a allow electrons escaping from the
gap region so an extra voltage is needed to
compensate these electron losses

Multi-
ridge
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Multipactor susceptibility charts (IV)

Study of the variation of multipactor voltage threshold with the gap length:

Ridge w/a=o0.4

Double-ridge 2w/a = 0.4

 Very little variations of the
multipactor  threshold  are
observed within the gap range
explored
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V. Results

Multipactor prediction using susceptibility charts

The following method allows predicting the multpactor threshold in devices containing ridge
waveguide sections by using the previous susceptibility charts:

1. ltisrequired the computation of the RF electromagnetic field pattern of the whole structure (for example, using
FEST3D, CST, HFSS).

2. Theequivalent voltage is calculated by integrating the RF electric field for each of the ridge waveguide sections.
3. The highest equivalent voltage V', is selected, the multipactor discharge will appear first at that ridge section.
4. In the multipactor susceptibility charts it is searched the case (frequency gap product, waveguide and ridge

dimensions) that most fits with the aforementioned ridge section, and the multipactor voltage threshold is

obtained Vg4

5. Multipactor power threshold at the input port of the device can be obtained with the following expression:

P., is the power at the input port of the device assumed to obtain the RF electromagnetic field pattern of the structure
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. Results

Multipactor prediction using susceptibility charts (lI)

Example I: Evanescent mode band-pass filter [1]

Filter dimensions
e Input and output port implemented in a

] a 6.790 mm
WR-137 waveguide (b,, = 34.85 mm, a, = "
15.80 mm) by, 5-275Mm
w 3.050 mm
[ =]
RF frequency, f = 9.78 GHz h 2.480 mm
* Frequency gap, fxd=3.08 GHzmm : ©:315mm Scheme of the symmetrical evanescent mode ridge
. ) |, =1 0.250 mm waveguide filter analyzed
e The most similar case in the * ° ° 9120 ’
susceptibility charts is the curve for wja &=t ~ 0.901mm - Ridge2
= 0.4, d/b =0.026, with a threshold of =1, 7.785mm 110 . EE@EE
4 Ridge
o e O O O D 0 D000 oD
Veqth =310V t,=t,  1.412mm s 100F
_ _ =1, 8278 mm >
Summary of the multipactor analysis
t 1.411 mm sob™ . - -
Discharge is foreseen at ridge 5 002 04 06 08 1 12 14
105.4 z (mm)

Equivalent voltage over the gap for 1 W of input power

[1] P. Soto et al., “Performance analysis and comparison of symmetrical and asymmetrical configurations of evanescent mode ridge
waveguide filters”, Radio Science, vol. 44, RS6010, d0i:10.1029/2008RS004034, 2009. 53



Multipactor prediction using susceptibility charts (ll1)

Example II: High-power S-band filter [1]

. L G e trical
Input and output port implemented in ~ >C c o e TVeTIAgE Symmetrica

waveguide

a waveguide with b,, = 6.4526 mm , oo .
a,,= 72.1360 mm) |
RF frequency, f=2.78 GHz | T

e

—_ = == — 1L158
Frequency gap, fxd=6.71 GHzmm N l
The filter is made of copper, W, = 35 0349 oz - f=01095
eV, 0,ax = 2.3, W, = 165 €V
From the susceptibility chart is the b = Veqtn|” _
threshold is V,, 4, = 530V N 7 B

Summary of the multipactor analysis

13.921 1449 1532

Vi (V)

900

Multipactor char for five-ridge
symmetrical waveguide
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— 60O}
=
£
& 500}
>
400}
300 . . i ,
5 6 7 9 10
fxd (GHzmm)
14}
o3 cconroree
L LRy

10F

« Ridge 1
+ Hidge 2
s Ridge 3
* Ridged
= Ridge 5
+ Ridge &
~ Ridge 7

0

2

4

6

z (mm)

[1] H. Guthart, “A high-power S-band filter,” IRE Trans. Microw. Theory Tech., vol. 10, no. 2, pp. 148-149, Mar. 1962.

8
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V. Results

Conclusions

Multipactor susceptibility charts have been computed for several ridge and multi-ridge
waveguides .

An approximate method based on the susceptibility charts is presented for predicting
the multipactor voltage threshold in devices containing ridge and multi-ridge
waveguides sections.

The results of such approximate method are applied to a evanescent mode filter and a
high power S-band filter finding good agreement when comparing with results from
numerical simulations.
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V. Results
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Multipactor with digitally modulated signals



V. Results

Most of the multipactor studies consider single-carrier harmonic signals whereas realistic signals
employed in space telecommunications are multi-carrier and digitally modulated.

In th
excit

is section, it is analyzed the multipactor RF voltage threshold in a coaxial transmission line
ed by a single-carrier digital modulated signal

To reach this aim the following points are considered:

1.

Theory of digital modulated signals
Multipactor simulations with the effective electron code (basic modulation scenarios)

Analysis of multipactor with RF pulsed signals

b
Coarse method for multipactor prediction with arbitrary digital \/“
modulated signals
: : : : T oy
Multipactor simulations with the individual electron code (complex

modulation scenarios)
Cross section of a coaxial line



V. Results

Theory of digital modulations

A digital modulated signal allows to transmit a bit sequence encoded as a certain combination of symbols of
the modulation scheme.

Each symbol has a predefined duration in the transmitted signal denoted by T, typically this value is given in
terms of the & factor, which is the ratio between the symbol duration and the RF carrier period

There are many ways to modulate digitally a carrier signal: § = T

» The phase of the RF carrier signal can be switched among a certain number of values between different
symbols, e.g. phase-shift keying (PSK)

» Both the phase and amplitude of the RF carrier can be varied between symbols, e. g. : quadrature
amplitude modulation (QAM) or amplitude and phase-shift keying (APSK).

Example: BPSK V(t) =V, cos2rft + 6,,(t))

Voltage =T if the bitis “0”

\/\//\/\/\/\\/\/ Tlme =0 ifthe bitis"“1”

Ts Ts 4Ts
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V. Results

Theory of digital modulations (ll)

Any arbitrary digital modulated signal can be expressed as:

V(t) = VA(t) cosrft + 6(t))
A(t) and B(t) are the symbol amplitude and phase, respectively, which change from symbol to symbol

Alternatively, any arbitrary digital modulated signal can be expressed in terms of the 1/Q data in
the following form (phase-shift keying):

V(t) = VolI(t) cos(2mft) — Q(t) sin(2mft)]

0000 0100 1100 1000

O 010 O T

0001 0101 1101 1001

O 010 O

o k\ 9 olo o
00 10 O O O O

0010 0110 1110 1010 11 | 1001

Q-

60
BPSK (M=2) QPSK (M=4) 16-QAM (M=16) 16-APSK (M=16)



V. Results
Theory of digital modulations (ll)

After the modulation of the RF carrier, in order to smooth transitions between symbols, a filtering process is
applied to the signal. A typical choice is the use of the Root Raised Cosine filter (RRC).

1
0.8
cos ((1 +TSF)1tt) +%sin ((1 —TSF)nt) 0.6
: 4T .-
T : "X
: : N
Roll-offfactor 0<I' <1 0.2 ‘\7 WEO-?S
The digital modulated signal after filtering process is given by T T s o a w
Example: BPSK signal before (above) and after (below) a filtering
Yoo withI" = 0.2 RCC. Symbol sequence “10...", §=5
V) =V, z g(t — nTs)A, cos2rft + 6,) 1

n=—oo

Wit

Hence, the final shape of the digital modulated signal
depends mainly on:

» The &factor
» The transmitted symbol sequence s
> Thefilter type




V. Results

Multipactor simulations with the effective electron code

BPSK without filtering: It is shown the multipactor RF voltage threshold normalized to the multipactor

threshold of the unmodulated (harmonic) signal

v Transmitted bit sequence “10..."

v No filtering: the phase varies 180° at
the symbol transition (T,)

It is observed that:

» Modulation affects the multipactor
voltage threshold, specially for § < 30

> Different behaviors depending on
the f x d value: with low f x d
normalized threshold raises up, with
medium-high f x d normalized
threshold diminishes

Time symbol
RF carrier period

_Ts —
T —

VO/VO, un

1,6

1,4

1,2

0,8

0,6

0,4

Inner conductor radius = a=1.515 mm
Outer conductor radius 2 b = 3.490 mm
Gap > d=b-a=1.975 mm
Impedance> Z=50Q

Material - Copper
W:L =25 eV 0 1
Wmax = 175 EV
8 oy = 2.25

max

—o—-fxd=1GHzmm
-o—fxd=3GHzmm
-0 fxd=5GHzmm

i A\ — - = e
’
’ ] "\ ,)?-
[ -D/ i
— TN /
/I’ / '\.___.,/A"
/
i ,."’ ,/
= f-_‘_
/ ~d
’I
L /,
|/
‘¢
1 1 1 1 1 1 3 111 N . , s sl
1 18 100
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V. Results

Multipactor simulations with the effective electron code (ll)

BPSK with RRC filter: It is shown the multipactor RF voltage threshold normalized to the multipactor threshold

of the unmodulated (harmonic) signal

v' RRCfilter, I =0.25

v Transmitted bit
"“101010..."

sequence

It is observed that:

» Different behavior with respect to
the without filter case: the curves
for different f x d values do not
converge at § =100

» For low f x d normalized threshold
raises up as § diminishes, whilst
with medium-high f x d the
normalized threshold diminishes
as & does

2,5

0,5

—-o—-fxd=1GHzmm
i -o-fxd=3GHzmm
-0 fxd=5GHzmm
B R
/D\ 7 \EL ,-’D"—‘D_‘—""D-————-lj
L 7 ] UDU’ =
/
B Vs
Vs
/
i 4 j
Im| s .
- e - N
. DL \‘o/ \ P I
o » > T
I:II I/
- rd
l’,”
f— ,I/
[ 4
I L 1 L 1 L L Ll l L L Il Il L 1 Ll |
1 10 100
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Multipactor simulations with the effective electron code (lll)

V. Results

QPSK with RRC filter: It is shown the multipactor RF voltage threshold normalized to the multipactor threshold

of the unmodulated (harmonic) signal

v
v
v

RRC filter, ' = 0.25
fxd=1GHzmm

Sequence "“11011000...":
shifts of 90°,180°,90°,180°...
Sequence "“11010010...":

phase

phase

shifts of 9o° between successive

symbols

Seq. "11011000"

’ 0 100 200 300 400
vT

Seq. "11010010"

0 50 100 150 200 250 300
T

1,8

VUJVO, un

—-o—- Sequence "11011000..."
-e- Sequence "11010010..."
-0+ Sequence random

10

S
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V. Results

Multipactor simulations with the effective electron code (V)

Experimental validation. It was carried out a multipactor experiment to validate some of the previous results
presented

v' BPSK
60 r
v' without filtering —e- Simulation
[ o0 Experimental
v f=435MHz, fxd=0.859 GHzmm 50 F
v Transmitted bit sequence “10...”
40}
=
. _ o
It is observed: 30t
» Good agreement between
theoretical and experimental data 20 F
10 1 M A & M MR | M & A M e a1l
1 10 100
S
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esults

Multipactor simulations with the individual electron code

Theoretical and experimental results are based on the following parameters scenario:

*  RF carrier frequency is 1.145 GHz.

* The dimensions and characteristics of the coaxial sample are:

Inner conductor radius =2 a=1.238 mm Gap 2 d=b-a=1.622mm
Outer conductor radius = b = 2.850 mm Material = copper

Impedance> Z=50Q

* The Furman and Pivi SEY parameters for copper are

$=1.539
8,=1.77
W, =277eV
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IV Results

Multipactor simulations with the individual electron code (ll)

In a first step, we consider QPSK digital modulated signals with simple periodic symbol sequence

(Q and X sequences)

0 100 200 300 400 500 600 700 800 900 1000

"0 100 200 300 400 500 600 700 800 900 1000
T
Voltage of the RF signals as a function of the time normalized
to the RF period. Top: QPSK with Q sequence. Bottom: QPSK
with X sequence. In both cases, § =100.

The multipactor RF voltage threshold for the modulated signals is
expressed in dB

_ Vin
Vin(dB) = 201og Vo

Vin,cwis the multipactor RF voltage threshold for the CW case

5 12 = - =
r —e—Numerical simulations t —=—humerical simulalions
-=-Coarse method 10} -8-Coarse method
4 , a -
-4 "2(-gap-crossing” rule 8 20-gap-crossing” rule
m 3 o
= Z 6
Iy £
~ 2 A = 4
e —n—s A
1 _
a S e WP
0 Loa - I SRR T O | 0 * i Y MR W R
10 30 100 300 70O 10 30 100 300 FOO
£ fs
5 5

RF multipactor voltage threshold as a function of the & factor for
Q (left) and X (right) sequences .

> It is found good agreement between results from numerical
simulations and the coarse method.

» Significant discrepancies are found when comparing with the
“20-gap-crossing” rule.

» The numerical simulations and the coarse method predict a
slight increase in the multipactor RF voltage threshold for low
€ values.



V. Results

Multipactor simulations with the individual electron code (lll)

Next, we consider the case of realistic signal random sequences of symbols for QPSK, 16-APSK, 32-

APSK, and 16-QAM digital modulations?

-1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

0 5000 10000 15000

0 5000 10000 15000

) 0 5000 10000 15000
tT

Voltage of the RF signals as a function of the time normalized
to the RF period. Top to bottom: QPSK, 32-APSK, 16-APSK,

and 16-QAM. In both cases, & =100.

8

—+—Numerical simulations —+—Numerical simulations
-=-Coarse method 6 -=-Coarse method
6 —4-"20-gap- ing" rul ~4-"20-gap-crossing" rule
. gap-crossing” rule e a g gap-crossing” ru
o Bttt b~ o =
% ) % 4 B L
Z 45 Y = T
£ 2 £ T,
> N > \\&
L 2 hR Y
2 - ..
A Ty i e
0 Aoaaa Ao A A ksl 0 Thaaa A A A AAA
10 30 100 300 700 10 30 100 300 700
S S
6
—+—Numerical simulations —*—Numerical simulations
6 -#-Coarse method —o-Coarse method
-4~ "20-gap-crossing" rule 4 -4&-"20-gap-crossing" rule
—_— o —_— -
R LN
g« . ] .,
= S £ T
> ) a\‘; > 2 "—‘.-g.\&,__i&_%
l\&h 24
" N
0 R ST A A A AAY 0 LA aa Yy
10 30 100 300 700 10 30 100 300 700

3 ¢
RF multipactor voltage threshold as a function of the & factor for
the random sequences. From left to right and top to bottom:
QPSK, 16-APSK, 32-APSK, and 16-QAM.
> It is found good agreement between results from numerical
simulations and the coarse method but there are significant
discrepancies with the “20-gap-crossing” rule.

» The numerical simulations and the coarse method predict a an
increase in the multipactor RF voltage threshold for low §
values.

1Telecom and Navegation signals of ESA Galileo constellation



V. Results

Multipactor simulations with the individual electron code (1V)

Comparison with experimental results

] Experimental

. b E B Numerical simulations
[CJExperimental == Coarse method A
4r N M Numerical simulations L 2l B [ “20-gap-crossing” rule §
E-Coarse method i E B E
(" 20-gap-crossing” rule 4 HIIA g H H
_ 37|ME
ia) £ g H E
) Re £ 1 g g ]
Z = H E g g
¢ 0 > : g g g
> 21 |ME E H H i g
1 B B £ i
Bl | E i g
0 m L g W i H] Hm Efﬂ m 5 ﬂ] m a[ﬂ lm
Q400 Q40 Q20 X400 X40 X20 QPSK40 QPSK4D0 16APSKA0 16APSKA00 32APSKA0 32APSKA00 16QAMA0  16QAM400

RF multipactor voltage threshold for different digital modulated signals. The number after the modulation indicates the § value.

> ltis found good agreement between results from numerical simulations and the coarse method with the experimental data.

» Significant differences between the “20-gap-crossing” rule and the experimental results are found.
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V. Results

Analysis of multipactor with RF short and ultra-short pulsed signals (1V)

To overcome these inconveniences, we propose an indirect method to determine the electron density
(population) during the discharge based on the study of the multipactor RF voltage threshold in RF pulsed
signals.

V A
| |
’ :
i |
i |
| | | t
i | |
> |

i ton i

Scheme of a RF pulsed signal

» During the active part of the pulse (t,,) the signal is time-harmonic and the electron population will increase
whenever the RF voltage amplitude exceeds the CW multipactor RF voltage threshold

» During the inactive part of the pulse the electron population will diminish since electrons are mainly
absorbed by the walls

> Ift, <<T, there will not be electron accumulation from one pulse to next, consequently only the active part
of one individual pulse must be analyzed in the multipactor simulations
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V. Results

Analysis of multipactor with RF pulsed signals (V)

A\

The evolution of the electron population is obtained by means of the individual electron simulation code

» Assuming different values for the electron population at the discharge level (the multipactor crterion), it is
obtained the multipactor RF voltage threshold curves for the RF pulsed signals

A\

» This fact is in agreement with the theoretical results presented in [1]

0 100 200 300 400
4T

Number of electrons as a function of the normalized time

[1] E. Sorolla, A. Sounas, M. Mattes, “Space charge effects for multipactor in coaxial lines”, Physics of Plasmas, vol. 22, 033512 (2015).
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. Results

Coarse method for multipactor prediction

The coarse method is a procedure that allows to estimate the multipactor RF voltage threshold for digital

modulated signals relying only in numerical simulations for the CW signal at the carrier frequency. Presents the
advantage of being much faster than the numerical simulations (hours versus minutes).

This method is based on the electron growth model for parallel-plates with CW signal

N, , electron population att =10

N (t,) electron population after the n-th impact aty Zf _ ue
= a=—Ind th=n

8, average SEY at the collisions N(tn) = Noe (1) m Y "

2f
m multipactor order Time of the n-th impact

The following assumptions can be made:

l. Time can be assumed as a continuous variable since the time required for the
onset of the discharge is much greater than the time between successive impacts

Il.  Signal envelope varies smoothly over the time interval between successive impacts

of the electron (i.e. £>>1). This implies that the electron trajectories between two
successive impacts are little disturbed due to the envelope change.

1 1 T N

] i, \ /! A

— = 5 ;
N AT 7 8 o 10 1

Electron resonant trajectory with m =1

/
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o
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o
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. Results

Coarse method for multipactor prediction (1)

N(t) = Noeat

Differentiation

e Assumption Il implies that (1) and (2) are locally valid for modulated signals, but it has to be taken into

dN— dt (2
N (2)

account that now the growth factor a varies with time

dN Integration

~ = a(t)dt (3)

* Expression (4) constitutes the basis of the coarse method since it provides the time evolution of the

electron population within the component.
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Electron population evolution for different
values of the RF voltage amplitude

o (ad)

Value of the a factor for different RF voltage amplitudes

N(t) = Nyexp (fota(t)dt) (4)
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. Results

”20-gap-crossing” rule

e Up to now, the standard adopted by the European Space Agency (ESA) for multicarrier
multipactor design is based on the “20-gap-crossing” rule [1], which is used as an engineering
“rule of thumb” for assessing the risk of multipactor breakdown.

e This rule states that “with a multi-carrier signal, multipactor events will be detectable
whenever the power is maintained above the CW threshold for a time period about 20 gap

crossings of the electron”.

Example: ] A AT AR AT
E : II I|I | I|I | I| |I III |I '|I
£ [ T A T A | | { '|
1.8 I| |I II |I Ill |I I| |I I| ||
= 0.5 CW Voltage threshold ::H-"'I VTRV
W /A V.V V vl
=) 7 [
é vT
g o multipactor order m =1
= This signal will not trigger \l/
& 08 a multipactor discharge
22 e n
accor_dlng to”the 20-gap % T in crossing the gap once, 10T in
crossing rule . .
crossing the gap 20 times 1

-1

L At=3T vt 1©
[1] ECSS Secretariat, “Multipaction design and test,” ESA-ESTEC Requirements & Standards Division, Noordwijk, The
Netherlands, ESA-ESTEC, Tech. Rep. ECSS-E-20-01A, 2003.
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V. Results

Conclusions

Effect of digital modulated signals in the RF multipactor voltage threshold for a coaxial
transmission line has been studied.

Besides the numerical simulations, a fast coarse method for multipactor prediction with
modulated signals is presented.

Several digital modulation schemes (QPSK, 16-APSK, 32-APSK, 16-QAM) have been considered
for different transmitted symbol sequences and different € values.

Theoretical results from the numerical simulations and the coarse method are in agreement with
the experimental data.

Significant discrepancies have been found between the ESA standard “20-gap-crossing” rule and
the experimental results
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Multipactor in a ferrite-loaded waveguide



esults

The main objective is the study of the multipactor effect in parallel-plate waveguides
containing a magnetized ferrite slab:

» Computation of the multipactor RF voltage threshold for several representative cases.

> Detailed analysis of the electron trajectories and the multipactor regimes

Two different magnetization directions for the ferrite has been explored:

Parallel-plate waveguide partially loaded with a ferrite slab magnetized parallel ~ Parallel-plate waveguide partially loaded with a ferrite slab magnetized along
to the ferrite slab direction by a static magnetic field. the waveguide gap direction by a static magnetic field. 18



esults

This work is aimed to be the first step towards the understanding of the multipactor
phenomenon in most complex RF devices containing magnetized ferrites such as
circulators, isolators and phase shifters.
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Scheme of a ferrite junction circulator

79



V. Results

Case |: Ferrite magnetization parallel to the surface

* The external magnetic field employed to magnetize the ferrite slab is oriented in the x-
direction.

* RF electromagnetic field is assumed to propagate along the possitive z-direction.
* An harmonic time dependence is implicitly assumed.
* Ferrites behave as ferrimagnetic materials when a DC

magnetic field is applied. In this case, the magnetic
anisotropy is described by the permeability Polder

tensor:
O WoWm Case1:Ti Il llel to the surf tized ferrite slab
[I = 0 ,Ll jK W= g <1 + - — - 2) ase 1: Iransversally parallel to the surrace magnetized Territe sla
0 —jk u 0
WOm is the gyromagnetic ratio of the electron
. K=Ho">5_ " wo = UoVHy ! W ¢
o is the RF angular frequency Wo" — Wi
o, Is the Larmor frequency MM is the saturation magnetization of the
oy, is the saturation magnetization frequency y = £ Wm = UoYMs  ferrite
L, IS the vacuum magnetic permeability me
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V. Results

Case |: Ferrite magnetization parallel to the surface

RF electromagnetic field computation

* Inthis case, the RF fields supported by the partially-loaded ferrite waveguide can be obtained analytically.
* Two families of electromagnetic field modes are found: TM? (H, = 0) and TEZ (E, = 0).

* TEZmodes have no vertical electric field along the gap, so they are not suitable to hold a multipactor
discharge. As a consequence, these modes will not be considered in this work.

* TM?modes do have vertical electric field along the gap. The non-zero field components of such modes (in the
vacuum region of the waveguide) are

Characteristic equation of TM? modes —>  &,.k; sinh(k,d) cos(k,h) — k, cosh(k;d) sin(k,h) = 0

Ey(y,2,t) = mcosh[kl((d + h) — y)] cos(wt — Bz) k, 2 = B? — w?pye, k. 2= w? oo B2
2 g IS the vacuum dielectric permittivity
E,(y,z,t) = — Lsinh[kl((d + h) — y)] sin(wt — Bz) &is the relative dielectric permittivity of the ferrite
B sinh(k,d) d is the separation between plates
weg B is the propagation factor d+h
Hy(y,z,t) = ——E,(¥,2,t) V, is the amplitude voltage /0 = _L Ey(v.0,0) dy

B



Case |: Ferrite magnetization parallel to the surface

The following partially filled ferrite waveguide was considered for multipactor simulations:

Ferrite slab height, h =3 mm
e Vacuumgap, d=1mm

« Saturation magnetization of the ferrite, M = 1790 Gauss

» Relative dielectric permittivity of the ferrite, & = 15.5

e SEY parameters for the upper metallic waveguide wall (silver): W, =30eV, W _,, =165eV, 0.,
=2.22

* The same SEY parameters are chosen for the ferrite surface

» Three different magnetization field values have been investigated, H, = 0 Oe, H, = 500 Oe, H, =
1000 Oe
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V. Results

Case |: Ferrite magnetization parallel to the surface (Il

Multipactor susceptibility chart

e For H, = o Oe the ferrite exhibits no
magnetic properties. Susceptibility .
. . : 1x10° ¢
chart is very similar to the classical F
metallic parallel-plate waveguide.
e For H, = 500 Oe and H, = 1000 Oe < )
important  variations in  the _o
: > /
multipactor voltage threshold 1x102 } DO _
regarding the H, = o Oe case are g i
found. ) —-H,=00e
" | - -0~ Hy =500 Oe
e The multi [
ultipactor discharge cannot i -m-H, = 1000 Oe
appear below 1.3 GHzmm when Ho =
;oo Oe. The same occurs below 2.4 1x10" . . L . —
1 2 3 4 5 6

GHzmm when H, = 1000 Oe.
fxd (GHzmm)

* Electron trajectories are influenced
by the ratio between the RF Multipactor voltage threshold as a function of the frequency gap value (gap remains
fixed)
frequency and the cyclotron one. 1
e

— UoHy

Cyclotron frequency fe =—
2T me 83



Case |I: Ferrite magnetization normal to the surface

The external magnetic field employed to magnetize the ferrite slab is oriented in the y-direction.

RF electromagnetic field is assumed to propagate along the positive z-direction.

An harmonic time dependence is implicitly assumed.

Ferrites behave as ferrimagnetic materials when a DC
magnetic field is applied (H,). In this case, the magnetic
anisotropy is described by the permeability Polder
tensor:

v 0 —jk 0Wm
g=0 wu Jjr Ll=MO(1+ Z—wmz)
jk 0
= Mo% wo = UoYHer

 is the RF angular frequency @0~ Wm
o, is the Larmor frequency Wm = Uo¥Ms
o, IS the saturation magnetization frequency y = £
L, IS the vacuum magnetic permeability it Her = Hy — M;

v is the gyromagnetic ratio of the electron

M, is the saturation magnetization of the
ferrite

H,s is the effective magnetization field

within the ferrite
84



V. Results

Case II: Ferrite magnetization normal to the surface uc

RF electromagnetic field computation UNIVERSIDAD
DE CANTABRIA

There is no analytical solution in this case, hence a numerical method must be employed. Here we
will use the Coupled Mode Method (CMM):

* Numerical method in the frequency domain, originally formulated by Schelkunoff, used for
analyzing the electromagnetic wave propagation inside waveguides that contain any isotropic,
anisotropic or complex medium.

e The EM field components in the loaded waveguide are expanded in terms of linear
combinations of the components of the EM of an empty parallel plate waveguide (method of
moments).

e (Can be applied in both open and closed structures.

* Provides an approximated solution of the propagation problem inside the waveguide:

- Propagation constants
- Profile of the electromagnetic field components



Case |l: Ferrite magnetization normal to the surface

The following partially filled ferrite waveguide was considered for multipactor simulations:

Waveguide height, d+h = 10.26 mm (WR-go rectangular
waveguide)

Saturation magnetization of the ferrite, M = 1806 Gauss

Relative dielectric permittivity of the ferrite, & = 15

z

SEY parameters for the ferrite slabare W, =19eV, W, ., =28g9eV, ., =2.88
The same SEY parameters are chosen for the upper metallic wall
The external magnetization field is H, = 3000 Oe, thus H ;= 1194 Oe Her = Hy — My

The propagation of the fundamental mode is assumed
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V. Results

Case ll: Ferrite magnetization normal to the surface

Multipactor RF voltage threshold as a function of the frequency-gap product for several waveguides

It is varied the gap and the ferrite height but
with the constraint d+h = 10.26 mm

The without ferrite case represents a classical
metallic parallel-plate waveguide with no
external magnetization field.

At the view of the results:

» There is notorious difference in the multipactor

RF voltage threshold between the without
ferrite case and the ferrite-loaded waveguides.

The difference between the without ferrite and
the ferrite cases increases with the frequency
gap value.

It is found that the bigger the gap the higher
the discrepancies with the without ferrite case.
For d = 0.2 mm waveguide the maximum
difference is 6.5 dB, for the d = 1.0 mm is 26 dB,
and for the d = 2 mm case is 35 dB.

A~

>

S

>£ 102+

10"

 —e—without ferrite

-o-d=1.0mm
e = 2.0 MM
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V. Results

Case ll: Ferrite magnetization normal to the surface

The equations of the motion can be simplified in the following form:

dv, e ) * y-equation becomes decoupled from the x and z coordinates
— =~ WV, —— Egp . cos(wt + ¢) (1)
dt m, '
dv e * In fact, y-equation becomes the corresponding one to the well-
d_ty ~— m_ERF’y cos(wt + ¢) (2) ¢ known classical case without ferrite
e
dv, e i : . L
~ —WcVy — — Epp , sin(wt + ¢) (3) » The effect of the static field H, is to spin the electron orbits in the xz-
dt me J plane
e
e m_e‘uoH0 cyeloiEm angularieguency w = 2nf RFangular frequency ¢ RFfield phase
Manipulating (1) and (3):
32 e (4) and (5) can be analytically
dtzx + w vy = Ay sin(wt + @) (4) 4 = m_6(ERF,x.O“) — Egr,z,00c) solved provided if spatial
P e uniformity of the RF field is
dtZZ + w2v, = A, cos(wt + ¢)  (5) Az = m, (Errx00c = Errz00) assumed
A A; sin A, cos o Iti d initial d lociti
by = L sin(ot + ) — 1Sin¢ cos(w,t) — 2 COS ¢ sin(w.t)  (6) is assumed zero initial x and z velocities
w2 — w? W — w? we? — w? , _
. * (6)and (7) are valid except for w = w,
_ A, A, cos @ Aising
Vz = w2 — w? cos(wt + @) — w2 — w? cos(wct) + w2 — w2 sin(wet)  (7) * The amplitude of the oscillatory terms is

maximum in the neighborhood of w = w,

88



V Results

Case ll: Ferrite magnetization normal to the surface

Thus, there is a maximum kinetic energy gain for v, and v, in the neighborhood of the cyclotron resonance and, as a

consequence, there is a minimum in the multipactor RF voltage threshold

Sharp minimums in the RF

d=0.2mm, f.=8.4GHz, f.xd = 1.68 GHzmm
d=1.0mm, fc =8.4 GHz, fc xd = 8.4 GHzmm
d=2.0mm, fc = 8.4 GHz, fc xd =16.8 GHzmm

5| | ——without ferrite multipactor voltage threshold
107 womd=02mm due to the cyclotron resonance
-o-d=1.0mm
.L.d = 20 mm .
; ,,,,, 4 =10
<= 102 2} ’L ‘ ” ' m
2 | | ‘“
1 - - 2f ' ‘
19 1 2 345 4l . . .
fxd (GHzmm) 100 120 W‘MO 160
* It is a noticeable increase in t 4 x10°
amplitude of the v, and v, in the
successive oscillations 7 I ” ” | ”l |l‘ '”‘ '
. . E,N 0 ﬂ',"‘ IM‘ \wl'l l' ,_.I|‘ |1 ‘J‘Jlr. \’\ ’-'.ll!l
* Inv, is not observed such an amplitude > | | ” | n
increment 2l
4
100 120 140 160

T

* Trajectory in the xz-plane is very similar
to those of an electron in a cyclotron
accelerator

2x106
RS WM% i
£ of
>>‘ |
SO VR W
oL - . .
100 120 140 160
T

-02¢

z (mm)

-0.25¢

0.3

-0.05

From left to right, and up to down: effective electron velocity components as a
function of the time normalized to the RF period (T), and xz-plane electron

trajectory. All for a ferrite waveguide withd =1 mm, fxd = 8.5 GHzmm, V= 25V



" Results

Conclusions

Multipactor effect in a parallel-plate waveguide containing a magnetized ferrite slab has
been studied.

* Two different directions of magnetization (parallel and normal to the ferrite slab) have
been considered, finding different behaviors in the multipactor susceptibility curves for
each case.

* For the parallel magnetization case, it is found multipactor free zones for low frequency
gap zones. For higher frequency gap values the multipactor discharge can appear even at
voltage values below the classical parallel-plate case multipactor voltage threshold.

* For the normal magnetization case, the multipactor voltage threshold remains very similar
to the classical parallel-plate case. However, as the frequency gap increases the
multipactor voltage threshold tends to drop below the classical parallel-plate case,
specially when the RF frequency is in the neighborhood of the cyclotron one.
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- SUMMARY

« We have developed a home-made Monte-Carlo software for multipactor
simulations in different scenarios including: static magnetic fields,
waveguide with complex geometry, digital modulated signals, and ferrites.

» Several experimental test-campaigns have fully validated this code.

e As future lines, we will follow studying multipaction problems related with
space communications sector in microwave bands, in particular digital
modulated signals composed by several carriers (multicarrier), and other
related topics which will include the presence of dielectric and ferrites.

92



Thanks a lot for your attention

benito.gimeno@uv.es



. Introduction

Multipactor theory in parallel-plate waveguide (lII)

eV, . .
m,w2d [(wt — @) cos ¢ — sin wt + sin ¢ |

Vo
X = x0+5(wt—¢)+

eV,

(cos ¢ — cos wt)
e _J

v = U0+

m, wd(wd —mmv,)
VO = .
wt;=¢+mn ;m=1,3,5,7, . D= e mmcos¢ + 2sin¢

n 2eV,

Vs = Uy + ———COS

r * " mowd ¢

In order to ensure the synchronism the RF phase must be within a certain range Omin < O < Ormax

Increasing - ¢ Non-return limit
. R Gmax 1S chosen as the value that

minimizes the resonant voltage V,

' x = }
i —> $min 2
ﬂi V= Pmax = tan~" (_)

! mim

T N The system has not analytical

solution
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IV. Results

Solenoid: uniform DC magnetic field (V)

[ Point A ] f./f=0

Double surface multipactor
From outer to inner conductor = Order 3

From inner to outer conductor 2 Order 1

Inner conductor mean SEY value - SEY, =2.0

Outer conductor mean SEY value > SEY, =1.1

P=245W
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V. Results

Solenoid: uniform DC magnetic field (VI) - e
b X Experimental data
0f,
250" \‘1
%200 >l'-*‘b . ;‘
| PointB | f./f=0197 P=290W IZZ Vet
% 02 04 06 08 1

Mix between double surface and single surface
multipactor: 3,54

the DC magnetic field tends to bend the electron

orbits around the magnetic field flux lines. SN

254

Multipactor threshold is higher than for pointA! g
£
Inner conductor mean SEY value > SEY, =2.9
1,5-
Outer conductor mean SEY value > SEY, =2.9
0 5 10 - 15 20 25
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V. Results

Solenoid: uniform DC magnetic field (VII)

| PointC | f/f=0367 P=8W

Electrons launched from the inner conductor:

Discharge is generated only on the inner wall.

Multipactor of order 4.

Electrons launched from the outer conductor:

Low energetic impacts, there is no release of

secondary electrons.

Inner conductor mean SEY value >  SEY, =1.2

Outer conductor mean SEY value =2

400

—e— Numerical simulations
*  Experimental data

]

0.2

0.4 0.6 08 1
folf

The DC magnetic field is strong enough to avoid electrons reaching the opposite conductor so that there are only
single-surface orbits.

15 20 25
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V. Results

Solenoid: uniform DC magnetic field (VIII) N
200 ;-‘ EE\"» ®  Experimental data
_ 250§." ‘\'1
?%z_zoo ’l“‘» !
i = “« 150 ‘|I 9 f
Point D fC/f =0.538 P=145W AL I
100 l!.r'l \ E x’,u
50 C ;.:‘..o«‘
% 02 04 06 08 1
* Electrons launched from the inner conductor: ot

Multipactor cannot occur on the inner wall because of
a lack of resonance and low energetic impacts.

e Electrons launched from the outer conductor:

A single-surface discharge of order 2 can be
generated. Significant local increase in the threshold
of point D is explained in terms of the variation with
the radial coordinate of the applied RF electric field.

r (mm)

Inner conductor mean SEY value =

Outer conductor mean SEY value > SEY =1.1 0 5 10 15 20 25
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V Results

Solenoid: uniform DC magnetic field (IX)

| PointE | f/f=0660 P=65W

e Electrons launched from the inner conductor:

Single-surface discharge of order 2 on inner wall,
local decrease in the threshold of point E is explained
in terms of the variation with the radial coordinate of
the applied RF electric field.

e Electrons launched from the outer conductor:

Multipactor cannot occur on the inner wall because of
a lack of resonance and low energetic impacts.

Inner conductor mean SEY value > SEY; =2.2

Outer conductor mean SEY value =
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V. Results

Permanent magnet: non-uniform DC magnetic field (lll)

In order to understand the multipactor physics with the magnet it is examined the magnetic field

pattern, the electron motion equations and trajectories

Differential equations of motion

dv e R N S 5

dtr = - [ERF(T’ t) i ESC(r' t) a BRF(rJ t)vZ + Bext,z(r)vqh]
me

dv e

¢ = y

ar m_e [_Bext,z (F)vr + Bexe,r (T‘)UZ]

dv e N .

dtZ = —m—e [_Bext,r(r)v(;b + Bre (7, t)vr]

With the assumptions Beytr < Bextz, Brp K Bext » Esc = 0
The previous equations can be approximated in the following way

dv. e R S
dtr X — m_e [ERF(T; t) + Bext,z(r)v¢]

dv e

[0} =

dt & m, B ext,z (T’)Ur
dv, e

dt ~ m_e Bextr (F)Ugb

-0.5

h

h is the magnet height

coaxigl length /
(i) (i) (iii) (iv)
5 -0.25 0 0.25 0.5
z/h
\ coaxial length -
(O] () | () (iv)
-0.25 0.25 0.5
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V. Results

Permanent magnet: non-uniform DC magnetic field (IV)

An electron immersed in a DC magnetic field tends to spin around the magnetic field flux lines [1]:

B
For an axial DC magnetic field oriented along -z, the electron
@, = ig’ \g “\'_; will spin clockwise 2 vy < 0
me e
[1] R. K. Wangsness, Electromagnetic Fields, 2nd ed. New York, NY, USA:
11411 Wiley, 1986.

Despite in our case there is a radial RF electric field, we can still assume the electron will spin

clockwise: ] B . |
dv e =) (m =)
The axial acceleration is given by Z ~ — Byt (P vy . '
dt m, ’ L% 0 a,>0la,<0a,>0
There are four different zones according to sign of B, , E 0
1 — e —
m | B.>0B.<0[B.>0
-2
e Zones(i)and (iii): B, >0, vy <0 - dv,/dt <0 .
(i) Giy | (i) (1v)
e Zones(ii)and (iv): B, <0, vy <0 - dv,/dt >0 Bs  —ozs 9 0.25 0.5
z'll'

Electrons in zones (i) and (iv) are pushed out the coaxial and cannot contribute to the multipactor process
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IV. Results

Multipactor susceptibility charts (Ill)

The phenomenon of electrons escaping from the gap zone was already reported in [1] and [2], and
becomes more important when the ridge width is similar or below the gap length.

1000

Veq—th (V)

100

Ridge symmetrical waveguide with d = 0.5 mm

—o-wfd =0.70
——w/d =2.50
—o-w/d = 3.81
—=w/d =7.62

2 3 4 5 6 7 8 910
fxd (GHzmm)

Electrons leave the gap zone due to two different mechanisms:
» Fringing RF electric field effect

» Random drift due to the component transverse to the gap of
the initial velocity of the secondary electrons

Fringing RF electric field at
the edges of the ridge

Mag(Max_E) (V/m)
o 1.De+8134"

7.6e+003

5.1e+003
2.5e+003

00e+00

[1] D. Wolk, C. Vicente, H.L. Hartnagel, M. Mattes, J.R. Mosig, D. Raboso, “An investigation on the effect of fringing fields
on multipactor breakdown”, 5th International Workshop on Multipactor, Corona and Passive Intermodulation, Sept. 2005.

[2] V. E. Semenov, E. Rakova, R. Udiljak, D. Anderson, M. Lisak, and J. Puech, “Conformal mapping analysis of
multipactor breakdown in waveguide irises”, Physics of Plasmas, vol. 15, 033501, 2008.
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Multipactor prediction using susceptibility charts (IV)

Comparison between the multipactor the results predicted with the susceptibility charts for ridge
waveguides and those from ECSS Multipactor Tool for parallel-plate waveguides

Evanescent 8.65 3.44
mode filter

High-power S- 1449 676
band filter

33

It is found that the results extracted from the parallel-plate
waveguide approximation is rather conservative when
applied to geometries that differ from such ideal case

Significant increases of 4.0 and 3.3 dB in the power
handling capabilities for the above filters arise when
considering the ridge multipactor susceptibility charts

View of the ECSS Multipactor Tool version 1.1

......
cccccccccc

[1] Space Engineering: Multipacting Design and Test. Noordwijk, ESA Publ. Div., May 2003, ECSS-20-01A, edited by ESA-ESTEC
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V. Results

Multipactor simulations with the effective electron code (ll)

BPSK without filtering: The electron trajectories are analyzed at several points of
the multipactor curve.

—o-fxd=1GHzmm
-#~fxd=3GHzmm
- fxd=5GHzmm

[ Point A ] ab 1 s
fxd=1GHzmm !
=100 0.5} I

» Scenario very close to the unmodulated =

[ or
one (100 RF periods between successive =
phase shifts) -0.5}

> Electron flight time between conductors: 35

From outertoinner 2 0.5 T

55_25
From inner to outer = 0.5 T =
2L
Multipactor order = 1 15 , , . .
20 22 24 26 28 30

T
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V. Results

Multipactor simulations with the effective electron code (lll)

BPSK without filtering

—o-fxd=1GHzmm
-#~fxd=3GHzmm
- fxd=5GHzmm

[ Point B ]
1 e
fxd=1GHzmm o5
= 3 — 0 ﬂlw
S =
=
> Effective  electron  trajectory o5
periodic with period equal to 2Ts '

3.4

» Complex trajectory: 10 impacts Tt

before repeating the sequence sl |

= SEY below

» Flight time (in terms of T): 0.47 , E 25 i unity (8<1) for

1.23, 0.36, 0.45, 0.46, 0.53, 1.18, - these impacts

0.44, 0.38 y 0.5 > No estable 2

multipactor order

2I5 36 '2'"

1.5, =

36 40
T 7
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V. Results

Multipactor simulations with the effective electron code (V)

BPSK without filtering

[ Point C ]
fxd=1GHzmm
E=2

» Effective  electron  trajectory
periodic with period equal to 2Ts

» Trajectory more simple that in
point C: 4 impacts before repeating
sequence

» Flight time (in terms of T): 0.5, 0.5,
0.47Y 2.53

—o-fxd=1GHzmm
-#~fxd=3GHzmm
- fxd=5GHzmm

100

SEY below
unity (6<1) for

those impacts
—>

3IO 3I5
uT

40
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V. Results

Multipactor simulations with the effective electron code (V)

BPSK without filtering o

-ofxd=3GHzmm
-+ fxd =5 GHzmm

[ Point D ] :
1
fxd=5GHzmm
0.5
& =100 . T
3 ol 100

» Scenario very close to the
unmodulated one (100 RF periods —0.5
between successive phase shifts)

» Flight time between conductors:
From inner to outer=> 1.49T

From outertoinner=> 2,51 T

Multipactor order 2 3 + 5

vT
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V. Results

Multipactor simulations with the effective electron code (VI)

BPSK without filtering 16

-ofxd=3GHzmm
-+ fxd =5 GHzmm

| PointE | s ==
1 T o’ !
1 U
fxd=5GHzmm 0.5}
3:: 5 E o 100
—
» Trajectory more complex than in —0.57
point D: 4 impacts before repeating V “ V u V u

the sequence

> Flight times (in terms of T): 1.58, 2.47,
1.23, 4.72

SEY below
unity (6<1)
for these
impacts

t/T
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V. Results

Multipactor simulations with the effective electron code (VII)

BPSK without filtering

[ Point F ]
fxd=5GHzmm
E=2

» Trajectory simple (similar to point D):
2 impacts before repeating the
sequence

» Flight times between conductors:
From outertoinner 2 2.16 T

From inner to outer 2 1.84 T

-o~fxd =3 GHzmm
5 GHzmm

5 B\ poa
= - 7 s = .
E’ I < d ;\P' D
0.8 . o™
0.6F" "
/ F
1 i ]
0 100
0.5
0 L
—0.5
-1
3.5
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Analysis of multipactor with RF pulsed signals

The modulated signals analysed in the previous subsection correspond to simple academic cases (most of them
were periodic), in such cases the selection of the multipactor discharge criterion is straightforward

QPSK & =40 with RRC, I" =0.25, seq: “1110..” CW signal
3000 T T T ' I '
I‘|I |
N \1 H —
| A A 10 o .
2000 Ao I \,1 j 1 R : o :
z ) II \ IIri AWA [\ ”I - —
A R T A \ Voo \ VARV AY I o
0o- ff \\. /.\ / \ ;’J’ \ ,’I \ II \J \J V \VARY - - -
/ S AVARAVERRN, ooV 2 —
% 100 20 200 400 50 800 : 2 5 = S S 00

0 100 200 300 400 500 600 I (RN I I I I I G
T ] 50 100 150 200 250 300

If it is observed an increase of the electron population with time, then the discharge will eventually occur
sooner or later
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V. Results

Analysis of multipactor with RF pulsed signals (ll)

However, realistic transmitted signals employed in telecommunication systems are far from the simplicity of the
previous signals:

Telecommunication signal: 16 APSK & = 40 with RRC T" = 0.25

T
RVAVAN
SN

AN

T

N
/ N /

RN
.

. AN
RVANFaN i v \\/ \J\\'\/ >
m\/ \_./\/’\,__\/\I\J'/.\/\/

1
200
T

1 I 1 1 L 1 1
400 S00 800 1000 1200 1400 1600
T T T T T T T

10Q CW multipactor

threshold

-100

-150,

L L L L 1 L
1000 1200 1400 1600 1800 2000

T

L L L 1
200 400 00 800

In this latter case, the multipactor criterion to decide if the discharge has been occurred is not evident. One
guestion arises:
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V. Results

Analysis of multipactor with RF pulsed signals (lll)

What is the minimum electron (density) population to trigger the multipactor discharge?

The answer depends on the sensibility of the diagnostic methods implemented in the experimental set-up

1D|0

Nulling system

10° |
10" |

10" |

f

N,

107 |

il
10"
o]

Several problems arise:

>

."’! Y ‘\\ __/\.\ / /
",

7~ * — Critical discharge level?
v AW \

Before discharge
™

S A AW

\

T '|.> ""\‘”‘“I"' .
\ 0L

L L L L 1 1 1 L L 1
200 400 G600 &00 1000 1200 1400 1600 1800 2000

After discharge

There is no an unequivocal and quantitative — : 1'.}% l

definition of multipactor discharge

There are no experimental data about the
electron density (population) during the discharge

b

Partial view of a typical multipactor test-bed
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Ve (V)

V. Results

% Point

. o o -+ H,=00e
Case |: Ferrite magnetization parallel to the surface <Hy=s0000
. 1x10' . . s
[ Points A’, A1, A2 ] fxd=1GHzmm P
; 1.5 : .
- A A Point A
’“3he » Double-surface multipactor discharge
E’S' w 1]/OXOX0Ox0OxOX0OX0Ox0X0 of order one.
H,=00e =~ 4 * SEY slightly above the unity.
32
foo 102 104 106 108 08 1os 1o DoINtAL:
i vT *  No multipactor discharge.
i Al o O o oAl * Single-surface electron trajectories are
3.4 : not synchronized with the RF electric
£ 33 field.
i E . . .
H,=5000e = ;, nekt GOl KOG &5 fbE Mean SEY below the unity.
1 :
’ Point A2:
% 1 2 3 4 5 0 2 . 4 *  No multipactor discharge.
v ‘3 * RF voltage has increased regarding
* 2 o o © A20 point A1.
x
_ . ) ) " * Double- and single-surface electron
E 35 o trajectories not synchronized with RF
H, = 500 Oe = ; electric field.
@ @D W @ W ﬂ * Mean SEY below the unity.
% 1 2 3 4 0 113

YT 0 1 2 YT 3 L
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V. Results

1x10%
Case I: Ferrite magnetization parallel to the surface — e 00n
= H, = 1000 Oe
. 1x10! 1 | L L PR
[ Points B, C, D] H, = 500 Oe R
i = 1.5 : -
Point B:
38 R s
maa jx Ox O xOxOx Ol [ pople-surface multipactor of order one.
fxd = 1.3 534 « * SEY slightly above the unity.
GHzmm 3'2 05 e The ratio f/f increases regarding points A1
' _ and A2, allowing higher flight time of the
T B 7T B § B % o s 5 electron.
T T
4 g| 18 ' c] Point C:
_ - - © © O O ©/l. gjngle-surface multipactor of order two.
fxd . E = * SEY slightly above the unity.
= = 3.2 .
'3 05 * Multipactor voltage threshold has decreased
GHzmm 23 . :
4 regarding point B.
R S R «  Multipactor threshold value is below the H, =
g m—T | | 0 Oe case.
D
= 11 00000 0O o|PaintD: |
fxd = 5.5 E32 - » Single-surface multipactor of order four.
GHzmm . 05 * SEYslightly above the unity.
3 0
200 205 210 200 205 210 114
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V. Results

Case |: Ferrite magnetization parallel to the surface

| PointsE,F | H,=1000Oe

4
El 2979 0 0 0 =
3.8 2
3.6
fxd = 2.7 E L
GHzmm a4 1
3.2 05
2 6 8 10 c%
uT
o F 15
3.15
_ oo oo oo
E
fxd = 4.5 Eaf
GHzmm - 05
3.05
0

196 197 198 199 200
v

1x10%

Ve (V)

1x10°

1x10"

fxd (GHzmm)

Point E:

Double-surface multipactor of order
one.
SEY above the unity.

Point F:

Single-surface multipactor of order two.
SEY slightly above the unity.

Note that there is a correspondence
between points E, F and the points B, C;
respectively.

Actually, multipactor curve shape for
cases H, = 1000 Oe and H, = 5oo Oe are
similar.

These facts can be explained in terms of
the f/f ratio: similar values of this
quotient imply similar multipactor
resonances.
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V. Results

Case ll: Ferrite magnetization normal to the surface

Propagation factor for the fundamental mode of the parallel-plate ferrite loaded waveguide

Propagation factor 77 . . . 0
—.—|m(l—'}fk0 k
['= Re(l) + jIm(I') 6F —o—Re(N)/k | i
= JPN - 5_
E[) = Eo(x,y)e”"% =
EO(XI y)e_Re(B)Ze_j Im(B)z o 4r
<

 The fundamental mode is propagative
within the explored frequency range 2
(0.5-20.0 GHz)

observed a sharp variation in the 0 5 10 15 20
propagation factor due to the f (GHZ)

gyromagnetic resonance
Real and imaginary parts of the propagation factor for a
ferrite loaded waveguide with d = 1 mm as a function of the

wo = UoYHer Larmor frequency RF frequency
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V. Results

|l: Ferrite magnetization normal to the surface

In order to get a better understanding of the multipactor RF voltage threshold curves, it is crucial to
analyze:

RF electromagnetic fields (spatial distribution, scale analysis of the different components)
Electron dynamics (find resonant electron trajectories and multipactor order)

Explicitly, the equations of motion for the effective electron (at the early stages of the electron

multiplication when ESC ~ (0 and Epol ~ 0) are

T

dt

dv e
e

dv e
dty = e [_ERF,y —%VZ +%Ux]

dv e
dtz = |—Erp, + %vy —(By + B><)vx]

The analysis of the RF magnetic
field components revealed that the
terms in the form v; Bge; have very
little influence in the electron
dynamics.

In fact, they can be removed from
the differential equations of
motion



V. Results

Case ll: Ferrite magnetization normal to the surface

With regard to the RF electric field components, it is found that they are in the same magnitude order
and, as a consequence, none of them can be neglected in the equations of motion

. |=+-d=0.2mm AA‘[ 08 | ' ' :
1.2 Ak
-0-d = 1.0 mm Ak __

A
1t |-&-d=2.0mm M 0.6-
R .
_%0.8‘ eo N
E & S
W™ 0.6/ e | w04

02 © ; —=d=02mm| |
4 -0o-d = 1.0 mm
ot . | | ] A -A-d=2.0mm
0 5 10 15 20 0 ‘ ' ' '
fx d (GHzmm) 0 > 10 15 20

fxd (GHzmm)

Left (right): quotient between the maximum absolute value along the gap of the Egg, (Egg,) and Ege, components for the ferrite
loaded waveguides.

* Inmost of the cases the Egz, component is greater than Eg, and Ege,.

*  EgpdEge, and Egg,/Egr, quotients tend to increase with the frequency gap product, and the higher the gap

the higher the increase of the quotients is. s



" Results

Case ll: Ferrite magnetization normal to the surface

However, it is notorious that the multipactor RF voltage minimum was not observed for the case of d =
0.2 mm waveguide

—e—ithout ferrite
=g =02 mm
-o-d=1.0mm
e = 2.0 mm AfA- % i
S V. d=0.2mm, f,=8.4 GHz, f.xd =1.68 GHzmm

cyclotron resonance

1 2 3 45 10 20
f x d (GHzmm)

To understand this point, it is required to recall at some aspects of the classic multipactor theory for
parallel-plate waveguides



" Results

Case ll: Ferrite magnetization normal to the surface

* As argued before, the y-equation of motion, in first approximation, becomes the same that the classical parallel-
plate case (without ferrite nor external magnetic field)

* Consequently, double-surface electron resonant modes will appear in the ferrite-loaded waveguide.
* Note that the higher is the frequency gap, the higher is the order of the modes available

» Despite the classical parallel-plate waveguide, in the ferrite case, there is an acceleration in the xz-plane due to the
cyclotron resonance effect (which is maximum when w = w,)

* Inthe case d = 0.2 mm, the cyclotron resonance occurs at very low f x d, consequently only low order modes are
available (with short time between successive impacts), thus no substantial gain in the transverse plane kinetic
energy is obtain and the multipactor voltage threshold cannot be reduced

—e—without ferrite
10°

~a-d = 0.2 mm
-o-d=1.0mm
L-.d =20mm

d=0.2mm, f.xd =1.68 GHzmm

d=1.0mm, f.xd =8.4 GHzmm
d=2.0mm, f.xd =16.8 GHzmm

: .
Frequency — Gap product [GHz mm] 1 2 3 4 5 10

Multipactor resonant modes for the classic fx d (GHzmm)

metallic paralell-plate waveguide



" Results

Case ll: Ferrite magnetization normal to the surface

For completeness, the multipactor RF voltage threshold curve for a big gap ferrite slab with d = 5.0 mm is computed

Again it appears a sharp minimum in the multipactor
RF voltage threshold for the cyclotron resonance

It is worth mentioning that the typical frequency gap
region at which the multipactor is explored does not
exceed the 10 GHzmm

For higher values than 10 GHzmm, the multipactor
RF voltage threshold becomes very high (with regard
to the typical working voltage levels of
communication satellite devices)

However, with ferrite devices, it is shown that the
multipactor RF voltage can drop to very low values
even for very high frequency values at which the
discharge should not be expected

As a consequence, detailed multipactor analysis of
ferrite components are required in order to prevent
the discharge

3
4 e
[ = | s ]
L //_r---- | || |
| - P || o |
102} / , K
:r"/ ﬁ ]
' %
10"} i
E %
100 " - L L L TR " L
1 2 345 10 50

fx d (GHzmm)

d=5.0mm, f.=8.4 GHz, f_x d = 42 GHzmm



" Results

Case ll: Ferrite magnetization normal to the surface

Finally, it has been analyzed the case of having different SEY coefficients for the ferrite and the metal

surface

SEY parameters for silver,

W,=30eV,W,_,, =165eV, d, ., = 2.22
SEY parameters for ferrite
Wi=19eV,W,_, =289¢eV, o, =2.88

* It is observed slight difference between the
two multipactor RF voltage threshold curves

* Multipactor RF voltage threshold tends to be
higher in the ferrite and silver SEY case

* W, forsilver is higher than for the ferrite and,
consequently, more RF voltage amplitude is
required in the former case to reach the
multipactor threshold

1 000 [ T T T T T T T T T T T T T T EI‘_
i —e—SEY ferrite both surfaces et |
i —=-Ferrite and silver SEY pes’|
500t fﬁ i
>
>--—l
100 ]
50+ i

Multipactor RF voltage threshold as a function of the frequency gap for a
ferrite waveguide with d = 0.2 mm, considering the same SEY properties for
both surfaces and considering different SEY for ferrite and metal (silver)
surfaces
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