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Abstract

Single surface multipactor on metal surfaces is studied in the case when the microwave
electric field is superimposed on a dc electric and a permanent magnetic field. Based on a
simple analysis of the electron motion it is predicted that considerable reduction in the
multipactor threshold is possible when the electron cyclotron frequency equals the microwave
field frequency and the permanent magnetic field has the proper orientation with respect to
the metal surface. The prediction is confirmed by numerical simulations, and some
experimental indications of the reduced multipactor threshold are also presented.



Introduction

Multipactor discharges occur in high power microwave systems operating close to
vacuum conditions. It is caused by secondary electron emission from device walls when the
latter are bombarded by energetic electrons. If the secondary electrons are accelerated by the
microwave field up to energies that are enough to produce generation of new secondary
electrons, the multipactor avalanche grows which results in a number of undesirable effects
such as generation of electromagnetic noise, impedance mismatch, extra heating of the system
and even hardware damage. Therefore, correct predictions of the multipactor threshold
become a necessary prerequisite for the design of many modern microwave applications
including high power generators [1], particle accelerators [2], and space borne
communications systems [3]. Considerable attention has also been paid to studies of
multipactor mitigation using artificial surface coating [4] or by applying a permanent
magnetic field to the system [5-10]. On the other hand, it has been stated in a number of
papers that similar threshold parameters occur for multipactor in systems with permanent
magnetic fields as in systems without such fields [11-16]. In these cases however, the
magnetic field was quite weak, and did not affect the electron velocity significantly. But even
a weak magnetic field may still have a large effect on the resonance conditions. Situations
have also been observed when the presence of a dc magnetic field causes a reduction in the
multipactor threshold [10, 17-21]. Thus, there is some uncertainty concerning the effect of a
magnetic field on the multipactor threshold and some clarification of the situation seems
desirable. Such a clarification is given in the present paper based on a detailed analysis of the
electron motion which makes it possible to distinguish between different effects determining
the multipactor threshold. Main attention is given to a study of the single-surface multipactor
on a metal surface. For this particular case, a dangerous combination of parameters is
determined that leads to a considerable reduction in the multipactor threshold due to electron
cyclotron resonance. This dangerous parameter combination can be met in the output section
of some high-power microwave generators where a relatively strong non-uniform magnetic
field is superimposed with a relatively weak dc electric field induced by the electron beam.
The prediction is confirmed in numerical simulations and some experimental verification is

also discussed.



Peculiarities of electron motion in a uniform electromagnetic field

The multipactor avalanche grows when secondary electrons strike solid surfaces with
sufficiently high impact energy. Therefore it seems appropriate to start an estimate of the
multipactor threshold with an analysis of the maximum energy acquired by electrons in a
spatially uniform electromagnetic field. The analysis can be carried out using a simplified
model within which the action of the microwave magnetic field on the electron motion as well
as relativistic effects are neglected. Under this approximation, the electron motion is governed
by the equation

d’r = 1o =
m-7 = ¢ E0+Ew-sm(cot)+EV><B , 1)

where m and —e denote electron mass and charge, vectors F and V =dF/dt describe the
instantaneous position and velocity of the electron, ¢ denotes the velocity of light in vacuum,
E, the dc component of the electric field strength, E, the amplitude of the microwave

electric field strength, @ the angular frequency of this field and B the induction of the
permanent magnetic field. In the simplest case, when only the microwave field is present (the
basic model for the multipactor between two metal plates), the solution of (1) can be

presented as a superposition of a free uniform motion with constant velocity, V., and
oscillations forced by the microwave field:

V.=V, -cos(wt), T =(\7w/a))-sin(a)t) , )

0s

where V, =eE_ /mw. The amplitude, V,, of the electron velocity oscillations (driven by the
microwave field only) will be called the oscillatory velocity. Taking into account initial
conditions (corresponding to the moment, t,, of electron emission), one can express \7f via

V_ and the electron initial velocity V, :

V, =V, -V, -cos(wt,) . 3)
Combining (2) and (3) one finds that the electron velocity cannot exceed the value
Viex =Vo +2V,, . 4)

The maximum electron velocity (4) is achieved when the proper emission time (which

provides the equality sin(co te)= 0) is combined with the proper duration of the electron flight

time (which should be equal to an odd number of half microwave cycles). Specifically, these

conditions are fulfilled in the case of the so called resonance regime of double-surface



multipactor between parallel metal plates. The resonance occurs [22, 23] when the gap width,
h, equals

h IV, +V, cos(at, )]+ ng sin(at, ), (5)
w w

where it is assumed that the initial velocity is normal to the emission surface, and an odd
number, N, denotes the resonance order. The corresponding impact velocity is given by

Vip =Vo +2V,, cos(at, ), which is close to V,, because the emission phase is close to zero

(wt, <<1 in case of the stable resonance [23]). Therefore a simple estimate for the lower

envelope of the multipactor resonance bands is obtained simply by using the equality

V,+2V, =V, , (6)

where the impact energy, mV,”/2, corresponds to the first cross over point of the secondary

emission curve.
When the microwave field is superimposed on a permanent magnetic field, the latter
does not disturb the electron motion along the direction of the magnetic field, whereas in the

transverse plane this motion is changed considerably. In this plane the solution of (1) can be

represented as a superposition of rotation with constant velocity, Mf" at the cyclotron

frequency, o, =eB/(mc) and oscillations, V., forced by the transverse component of the

osc!?
microwave field. Without any loss in generality we can use a Cartesian coordinate system,

where the magnetic field is aligned with the z-axis, and the perpendicular component of the

electric field with the x-axis. In this case, using a harmonic electric field, E, =E, -sin(wt),

and the initial condition, V, (t,) =V, , we find [13]:

VJ_ :VJ_osc +VJ_f (7)
where the vector components are
Viosc,x :Vm COS(a)t) (8)
[0 .
VLosc,y :VLw ;Bsm(a)t) (9)

V., = cos(wg(t —te))ﬂlxv0 ~V,, cos(at, )]—sin(a)B (t—t))Vyo—V., %sin(a)te) (10)
[0

Vi, =sin(wg(t —te))ﬂlxyO -V, cos(cote)]+ cos(ag (t—t,)) V,, -V, ﬂsin(a)te) (11)
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and V, =—1o. 26’) 5. The motion of the electron is composed of the two vectors, V|
Mo " — wg
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and \7Lf , Where the magnitude of the first vector is independent of the emission phase , and is

varying in time. It is given by

NLOSC

whereas the second vector has a magnitude

2
2 = Vfosc = Vfosc,x +Vfosc,y :VLmz {1_ sin ? (a)t{l_ %j} (12)

2

V  2=VZ2+VE cosz(a)te)+vfm%sinz(a)te)—zvxlovm cos(a)te)—zvylovma)—;sin(a)te)(l?a)
which is constant in time, and determined by the emission phase and velocity. Thus, the
maximum velocity that can be achieved is determined by V ,, and its dependence on the

emission phase. In the limit where V, <<V, there are two possible maxima, with positions
determined by the relative strength of the magnetic field. The maxima are located at

cos(at,)=0, if wg/w>1, and sin(at,)=0, if w,/w<1. When w, /®>1, the magnitude

of V|, cannot exceed the value

\Y

L f,max

2
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which is completely maximized when the emission velocity is entirely in the y-direction, i.e.
Vo =V, . Consequently, the maximum velocity attainable is achieved when the two vectors

are pointing in the same direction, and cos(et)=0. It has a magnitude
Vo =V, +2v,, 2 (15)
[0
In the same way, the maximum velocity under the condition w, / @ <1 is given by

Vim =Vo +2V, (16)

w !

The maximum velocities occurs when the velocity vectors are pointing in the same direction
(see Fig. 1). This requires that the proper emission time is combined with the proper duration

of the electron flight, At =t —t,, which must satisfy the two equalities
0-At=7n, |o—w| - At=x(2k-1), (17)

where n and k are positive integer numbers. The motivation for these conditions are easily

found from Fig. 1, since the oscillatory velocity is maximized when the blue arrow is pointing



either in the negative or positive x-direction, i.e. @At =zn. And the total velocity (black

arrow) is maximized when the red arrow (drift velocity) points in the same direction as the

blue one, i.e. |a)—a)B|At =(2k —1). As an example one can refer to the resonant regime of

multipactor on a single metal surface in crossed microwave electric and permanent magnetic
fields [11-16]. Within this resonance, equalities (17) are fulfilled with n =2k .

Fig. 1. The relative direction of the electron velocity vectors in the plane perpendicular to the

magnetic field. The blue arrow represents V__, the red arrow V, , and the black arrow the

losc?

total velocity, V, . The left panel shows the vectors at the time of emission, when the total
velocity is small and equal to \70. At this time the angle between the vectors is very close to

7. The right panel shows the vectors at the time of impact, when @At < 7. If the electrons

are able to move in complete resonance, at the time of impact, both vectors will point in the
same direction, in the negative or positive x-direction. Since the blue arrow is rotating with

the frequency @, and the red one with the frequency wy , direct inspection of the figures leads

to the conditions for resonance and maximum impact velocity, (17).

Effect of permanent magnetic field on the multipactor threshold

According to (16) the maximum electron velocity is not changed significantly in the
case of a weak magnetic field (i.e. for w; << ). However, even a weak magnetic field can
affect both equalities (17), especially when the electron flight time significantly exceeds the
microwave period. Generally, only the first equality in (17) is responsible for the multipactor

resonance (double-surface if n is an odd number or single-surface if n is an even number). A



variation of the magnetic field strength can either destroy or restore these resonances’.
Therefore an increase in the magnetic field strength (all other parameters being kept constant)
is accompanied by the appearance of local maxima and minima of the multipactor threshold
[10]. On the other hand, when the multipactor resonance of fixed order, n, is kept (for
example, when a variation of the magnetic field is accompanied by a variation of the dc
electric field and/or microwave frequency so as to keep the equality - At=rx-n) the value
wg - At increases monotonously with increasing magnetic field strength, and the second
equality in (17) can become violated. This is not the case for the conventional single-surface
multipactor resonance when the dc electric field is absent, the permanent magnetic field is
parallel to the emission surface, @-At=7x-n, @y - At =7 [12], and both equalities (17) are
fulfilled. However, in the case when the dc electric field contributes to the electron return to
the surface of emission, the second equality in (17) is violated under the conditions of single-

surface resonance, since the value @, - At <z [12, 14]. This equality is also violated under
the conditions of double-surface multipactor resonance where w, -At<z/2 [5, 14]. As a
result the velocity vectors have an angular separation of 7 —wAt+wgAt, and their

superposition yields an electron impact velocity that is lessthan V. :

Vi V2 + V4V, ¥ =2V, (V, 4V, )-cos(w- At)-cos(m, - At) <V, + 2V, . (18)

Consequently, in these cases the magnetic field can cause some increase in the multipactor
threshold even under resonance conditions.

The qualitative difference between single-surface and double-surface multipactor
resonances is related to the shape of the electron trajectory. This trajectory forms a closed
loop in the case of the double-surface resonance whereas it is close to a semi-circle in the case
of the single-surface resonance (see Fig. 2). Therefore in the latter case, a sequence of
electron flights is accompanied by a permanent drift perpendicular to both the microwave
electric and the permanent magnetic fields. This is not an important effect in the case of
infinite parallel plates, but inside a rectangular waveguide, the drift makes the electrons
approach the sidewall where the microwave field is zero, which may lead to multipactor
suppression [5-7]. It should be noted that inside a coaxial line, a similar drift results in

Y1t should be noted that the single-surface multipactor resonance on a metal surface becomes possible even
without a permanent magnetic field if e.g. the electron return to the surface of emission is caused by the action of
a dc electric field [24].



additional electron rotation around the axis but does not lead to multipactor suppression
because of the axial symmetry [10].
a b
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Fig. 2. Electron trajectories in the case of double-surface (to the left, w, h/(V, +V,)=0.755)

and single-surface (to the right, e, h/(V, +V,)=1.39) multipactor resonance. In both cases, a
permanent magnetic field is directed along the z axis and the microwave electric field is
directed along the x-axis, V, =0.3-V,, oh/(V, +V,)=15-7 (h denotes gap width between
the plates).

When the electron cyclotron frequency is close to the microwave frequency (w; = @),
the permanent magnetic field can affect not only the electron flight time but also lead to a

strong increase in the value of V, due to electron cyclotron resonance (ECR). The effects of

a strong magnetic field have been considered mainly in applications involving the single-
surface multipactor on a dielectric plate [17-20]. The first observation of such multipactor

under the condition of @, ~ @ was reported in papers [17, 18] where the permanent magnetic

field was parallel both to the microwave electric field and the dielectric surface. In this case
the magnetic field does not influence the electron acceleration along the microwave field

(V,, =0). Nevertheless, a noticeable reduction of the multipactor threshold was found at the
ECR condition (w; = @). The effect was explained by the fact that the equality w-At=r

results in a maximum of the electron impact velocity given in (4).



More extended studies on the effect of a permanent magnetic field on the multipactor on
a dielectric plate was undertaken in papers [19, 20] where different orientations of the
magnetic field with respect to the dielectric surface and the polarization of the microwave
field were considered. Specifically, it was found that under the ECR condition, the
multipactor threshold (in terms of the microwave field amplitude) can be significantly
reduced if the permanent magnetic field is perpendicular to the microwave electric field and
the electron flight time is long enough to satisfy the second equality in (17)%. The latter is
possible e.g. when the permanent magnetic field is normal to the dielectric surface and the
electron return to the surface is caused by a relatively weak dc electric field which is also
normal to the surface. In this case, the electron flight time increases and correspondingly the
multipactor threshold (under the ECR condition) decreases with decreasing dc electric field
strength.

Reduction of the multipactor threshold under the ECR condition was observed in
experiments in a microwave cavity [21]. Within this experiment, the microwave field was
parallel to the surface of emission and the permanent magnetic field was perpendicular to this
surface, a situation which is similar to the case previously considered in [19, 20]. However, in
contrast to the case of multipactor on dielectric surfaces, the microwave field amplitude was
zero at the cavity wall and the dc electric field was zero everywhere inside the cavity.
Therefore the multipactor was caused by electrons which first drift along the magnetic field
away from the cavity wall, then acquire energy from the microwave field under the ECR
condition, and then returned back under the action of the ponderomotive (Miller) force [25]
caused by the spatial inhomogeneity of the microwave field.

It should be noted that the ECR effect was overlooked in the majority of previous
studies of the single-surface multipactor on a metal surface [11, 12, 14], which were
concentrated on the case when the permanent magnetic field is parallel to the metal surface,
the microwave electric field is uniform and perpendicular to the surface, and the dc electric
field pushes emitted electrons back to the surface. In such a case, any emitted electron returns

back faster than in a half period of the cyclotron rotation At < z/w, and thereby the single-
surface multipactor resonance becomes impossible when @, > /2. Based on this fact it was

concluded that the single-surface multipactor on a metal surface is completely suppressed by a

sufficiently strong magnetic field (with @, > w/2) parallel to the surface. More extended

2 Taking into account the results (6)-(10) of the general analysis of the electron motion, one comes to the
conclusion that the electron velocity is not sensitive to the first equality in (16) under the ECR condition (when

wg = ).
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analysis has shown that the single-surface multipactor resonance can occur even in a strong
magnetic field parallel to the surface if the direction of the dc electric field is reversed [15].
However, under the multipactor resonant condition (w-At=2zn), the ECR effect is not
pronounced since the second equality in (16) is violated at @, = . Therefore a significant
reduction of the multipactor threshold was not found.

A detailed study of the dependence of single-surface multipactor resonance on the
magnetic field orientation was completed in [13]. It was found that an increase in the angle,
6, , (up to 45 degree) between the magnetic field line and the metal surface was accompanied
by an increase of the resonance value of w, (up to @). However, the analysis was restricted
to multipactor resonance. Therefore the ECR effect was again overlooked because of the
violation of the second equality in (17) at wz; = . The authors of [13] also made an
experimental investigation of the multipactor by varying the angle 6, from 0 up to 45
degrees, however, without observing the ECR effect. Nevertheless, the ECR effect is possible
even in the case of the single-surface multipactor on metal surfaces, as will be shown below.

As follows from the above analysis (see also [19, 20]), a strong ECR effect on the
multipactor threshold can be expected only in the case when the electron flight time
significantly exceeds the microwave period. Under typical multipactor conditions, the dc
electric field pushes the secondary electrons back to the surface of emission. A strong
magnetic field also causes fast electrons to return to the surface of emission when the tilt
angle, 6;, is less than 30 degrees [13]. On the other hand, a significant ECR effect is possible
when the microwave electric field has a nonzero component perpendicular to the permanent

magnetic field (the value of V, should be not too small compared to V). Therefore a strong

ECR effect can be expected when the tilt angle, 6;, is around 45 degrees and the dc electric

field is relatively weak and returns secondary electrons back in a time much longer than the

microwave period.

Numerical simulations of the low multipactor threshold on metal surfaces under the
ECR condition

The possibility of extremely low multipactor thresholds on a single metal surface was
confirmed in numerical simulations using a simplified model. Within this model all
microwave and dc fields are taken to be spatially uniform. Both microwave and dc electric

fields are directed perpendicularly to the plane metal surface whereas the direction of the

11



permanent magnetic field was varied. The software is based on the PIC algorithm [26], but the
space charge effects were excluded from consideration which means that only the initial
multipactor stage was simulated.

The seed electrons are launched from the metal surface (x =0) uniformly during the
first microwave period. The seed electrons have stochastic initial velocities governed by the
Maxwell probability distribution. The motion of the electrons is governed by equations (1)
and each collision of an electron with the metal surface is accompanied by secondary electron
emission which is considered as a stochastic process. Its probability distribution is governed
by electron impact energy and chosen so as to correspond to Vaughan’s approximation [27]

for the average value, o(\Nimp), of the secondary emission yield:
o=0 for w<0,

oc=0,,  [wepl-w)f, s=0.62 for 0<w<1, s=0.25 for w>1, (19)

where o, =0, ~(1+ ¢2/47r) denotes the maximum value of the secondary emission yield
including its dependence on electron impact angle, ¢, (with respect to the normal to the

surface), W= W, ~Wy;, /W, ~W,i,), W, denotes the electron impact energy,

W =W, -(1+ ¢ /272'), and the parameters o, , W, , W,;, are determined by material and

max 7
surface treatment of the metal plate. The secondary electrons are assumed to start with
stochastic initial velocity governed by the same Maxwellian probability distribution as the
seed electrons. They also move under the action of the microwave field until their collisions
with the wall which is accompanied by a release of new secondary electrons and the process

is repeated as long as required.

X4
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Fig. 3. The simulation geometry. The thick black line represents the emission surface, x =0.
The red and blue arrows represents the rf and dc electric fields, which are normal to the

surface, whereas the black arrow representing the magnetic field is tilted an angle, 6;, with

respect to the surface.

The simulations were carried out using the following parameters for the secondary
emission: o, =2.25, W, =-8 eV, W, =333 eV which corresponds to copper (the first
cross over point corresponds to the impact energy W, =37eV) as used in previous studies
[28, 29]. The field frequency was taken to be 30 GHz. Three simulation series were
completed using a fixed value (E, =0, E, =1.4 kV/cm, E, =3 kV/cm) for the dc electric
field in each series. In each series, the tilt angle, &, , was varied from zero up to 90 degrees
(see Fig. 3 for the simulation geometry), the value of @,/ varied within the range

0.4 < wy/w<1.2 and the amplitude of the microwave field varied from 5 kV/cm up to 19
kV/cm. For each set of parameters, the simulations were started with N, =10° seed electrons

and stopped after 100 microwave periods. The multipactor threshold was determined as the
lowest microwave amplitude at which the final electron number exceeded the number of seed
electrons. The simulation results are presented in Figs. 4-6 where the dependence of the
multipactor threshold on strength and orientation of the magnetic field is shown for different

values of the dc electric field.
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Fig. 4. The threshold amplitude (shown by color map in kV/cm) of the microwave field for
the single-surface multipactor on a metal surface. The figure shows its dependence on the
ratio w, /e and tilt angle 6, between the permanent magnetic field and the metal surface.

The calculations were completed with zero dc electric field. The contour line 1 corresponds to
the amplitude, E, =19 kV/cm (in the parameter region outside this line, the multipactor

avalanche does not grow within the simulation time). The contour line 2 corresponds to the
amplitude E, =15 kV/cm.

The multipactor region (surrounded by the contour line 1 in Fig. 4) looks very similar to
that found in [13] as the region of the single-surface resonance of the first order. Inside this
region, the multipactor threshold is close to that determined by the equality

Vi =Vo+2V,, =V, (cf. (6) and (16)). In this case, the threshold minimum is about 11

kV/cm and it is attained when the permanent magnetic field is parallel to the metal surface.
On the other hand, Fig. 4 clearly demonstrates that in the case of zero dc electric field, the
multipactor threshold is considerably higher under the ECR condition, which means that ECR

itself is not favorable for the multipactor to occur.

05 06 07 08 09 1 11 1.2
coB/co

Fig. 5. The same as in Fig. 4 but the calculations are completed with a dc electric field
E, =1.4 kV/cm. The contour line 1 corresponds to the amplitude, E, =19 kV/cm (in the
parameter region outside this line the multipactor avalanche does not grow within the

simulation time). The contour lines 2, 3, and 4 correspond to the amplitudes 15, 10, and 5
kV/cm respectively.
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Fig. 5 shows that the action of a weak dc electric field significantly affects the situation.
In this case, the ECR effect results in a considerable reduction of the multipactor threshold
and this reduction is most pronounced for tilt angles between 30 and 40 degrees, which is
close to the theoretical predictions. In complete agreement with the theory, an increase in the

dc electric field is accompanied by a weakening of the ECR effect, as demonstrated in Fig. 6.

90

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
coB/oo

Fig. 6. The same as in Fig. 4, but the calculations are completed with a dc electric field
E, =3 kV/cm. The contour line 1 corresponds to the amplitude, E, =19 kV/cm (in the

parameter region outside this line the multipactor avalanche does not grow within the
simulation time). The contour lines 2 and 3 correspond to the amplitude 15 and 10 kV/cm
respectively.

Experimental indication of the low multipactor threshold on metal surfaces under the
ECR condition

The above conclusion on the possibility of extremely low multipactor thresholds on
metal surfaces under the ECR condition was unexpectedly confirmed in a testing campaign of
high power gyro-klystrons designed at the Institute of Applied Physics for the International
program of particle acceleration. Within the first test campaign, the device prototype was fed
by an electron beam with the energy 350 keV and a current up to 120 A. According to

15



engineering calculations, the output was expected to be an electromagnetic pulse with
frequency 30 GHz, peak power about 15 MW, and duration of about 1 microsecond.
However, all attempts to obtain such a pulse failed. Using a beam with lower current 70 A, it
became possible to obtain a pulse with the expected duration, but with a smaller power of 7
MW. However, an increase in current was not accompanied by a corresponding increase in
the output power. The expected high power was achieved only in pulses with considerably
shorter duration (not longer than 300 nanoseconds). The experimental results made it possible
to assume that microwave power was absorbed in the device output section. To clarify the
situation after several thousands shots, the output section was cut and a number of melting

traces were found on its inner surface (see Fig. 7).

"\l:\!..yf\
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Fig. 7. Electron microscope images of then inner surface of the gyro-klystron output section at
different magnification. The regular texture was introduced during fabrication. The traces of

melting appeared as a result of the device operation.

The output section of the gyro-klystron represents a circular waveguide, 7 c¢cm in
diameter and 80 cm in length, made of copper. During the device operation, the high power
microwave radiation was transmitted through this waveguide as a running wave at mode TEs3
with circular polarization. Along the waveguide axis, the electron beam was also transported
(Fig. 8) after its work in the device cavities. This beam induces a dc electric field which
strength is proportional to the beam current and is estimated to be 1.5 kV/cm when the beam
current equals 100 A. At the power 10 MW, the amplitude of the microwave field on the

waveguide wall was about E, =8 kV/cm, which is well below the conventional threshold for

the single-surface multipactor on a copper surface. The microwave field in the last cavity (Q-

16



factor is about 300) of the gyro-klystron was considerably stronger. However, no erosion
traces were found on the cavity walls. It should also be noted that the parameters of the
microwave field were constant along the output waveguide and so were also the parameters of
the dc electric field induced by the electron beam. Nevertheless, the melting spots were
localized only within a relatively narrow ring zone perpendicular to the waveguide axis. The
width of this zone was about 1-2 cm. The distinct localization of this zone can be caused only
by the residual magnetic field which was created by superconducting coils in the last cavity of
the gyro-klystron and which penetrated into the output waveguide. Inside the last cavity and
in the beginning of the waveguide, the value of the magnetic induction field was close to 1.7
T which corresponds to ECR conditions for relativistic electrons having an energy of 350
keV. Further along the waveguide, the magnetic field decreases and becomes negligible close
to the waveguide end. Measurements of the residual magnetic field showed that the melting
spots are localized in the zone where the ECR conditions are fulfilled for non-relativistic
electrons which can contribute to the multipactor avalanche. The residual magnetic field has
both parallel and normal components with respect to the waveguide walls. Therefore, taking
into account the dc electric field induced by the electron beam, it seems possible to conclude
that the conditions for a considerable reduction of the multipactor threshold could be fulfilled

in the observed melting zone.

2
1 .
14‘—‘ TEss

Fig. 8. Scheme of the output waveguide. Lines 1 illustrate the electron beam which has a
tube-like shape, 2 is the waveguide wall (not in scale), lines 3 illustrate the position of the
ECR region (not in scale) where o, = w.
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Discussion

According to numerical simulations under ECR conditions, the rate of the electron
avalanche is so high that a time of only a few nanoseconds is quite enough to achieve
multipactor saturation. Consequently the pure multipactor hypothesis cannot explain the
observed limitation of the high-power pulse duration at the level 300 ns. However, as was
stated previously (se e.g. [1,2]), the multipactor itself does not absorb much microwave power
and therefore it cannot directly stop the generation of high power microwaves. More probable
is that the time of 300 ns is required for desorption of gaseous molecules, a process that is
stimulated by multipactor on the waveguide walls [1].

According to the above analysis, ECR reduction of the multipactor threshold on metal
surfaces takes place when the tilt angle between the magnetic field and the metal surface
exceeds 30 degrees. It should be underlined that in the ECR region even local excess of the
tilt angle over 30 degrees can result in a considerable reduction of the multipactor threshold if

the size of the region with proper tilt angle is larger than the amplitude, a, =V, /@, of the

electron oscillations in the microwave field. At the frequency 30 GHz and the microwave

field amplitude E_, =10 kV/cm, the amplitude of the electron oscillations is less than 10

micrometers. This means that even small-scale textures of the metal surface (which can be
seen in Fig. 7) can be important for the multipactor threshold reduction. This is the case in the
output waveguide of the experiment described above, where the small scale texture introduced
by the fabrication process forms trenches and ridges with a typical size of around 20 pm. This
leads to a situation where the average tilt angle of the magnetic field is actually below the
critical 30 degrees, but the local tilt due to the surface texture varies, and even exceeds 45

degrees locally.

Conclusion

Single-surface multipactor can grow on metal surfaces at very low amplitudes of the
microwave field, if the latter is superimposed on a permanent magnetic field which is strong
enough to satisfy the condition of electron cyclotron resonance, i.e. @, = ®. The ECR effect
on the multipactor threshold occurs if (and only if) there is a significant angle between the
metal surface and the magnetic field line. In that sense, the most dangerous case is a tilt angle
between 30 and 40 degrees. Another necessary prerequisite for the ECR multipactor effect is

the presence of a relatively weak dc electric field which returns secondary electrons back to
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the surface of emission. The weaker the dc electric field, the stronger can the reduction of the
multipactor threshold be, but the more sensitive is the effect to perturbations of the exact

cyclotron resonance.
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