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A B S T R A C T

The purpose of this work is to present an analytical method that allows to estimate in an approximate and
fast way the presence of the non-resonant and ultra-fast multipactor effect in RF accelerating structures in
the presence of high gradient electromagnetic fields. This single-surface multipactor regime, which has been
little studied in the scientific literature, is characterised by appearing only under conditions of very strong RF
electric fields (of the order of tens or hundreds of MV/m), where it is predominant over other types of single-
or dual-surface resonance described in classical multipactor theory. This type of multipactor causes a rapid
growth of the electron population and poses a serious drawback in the operation of RF accelerator components
operating under high gradient conditions. Specifically, in dielectric-assist accelerating structures (DAA) it has
been experimentally found that the presence of multipactor limits the maximum operating gradient of these
components due to a significant increase in the reflected power due to the discharge, being this phenomenon
the main problem to overcome. In a previous work, we found and described in detail by means of numerical
simulations the presence of this non-resonant and ultra-fast multipactor regime in a DAA structure design for
hadrontherapy. Here we aim to present a simple and fast method to predict the presence of this non-resonant
and ultra-fast multipactor regime in RF accelerator structures with cylindrical revolution symmetry around the
acceleration axis. This method is especially useful in the design stages of accelerating structures as it provides
much faster results than numerical simulations of the multipactor, with quite good accuracy in a wide range
of cases as shown in this paper.
Introduction

Multipactor discharge is an electron avalanche phenomenon that
occurs in components operating under vacuum conditions and in the
presence of high-power RF electromagnetic fields [1]. It can occur in a
wide range of components, such as accelerator structures [2], passive
component payloads of telecommunications satellites and klystrons.
The multipactor effect occurs when the RF electric field accelerates the
free electrons inside the device, pushing them towards the walls of the
structure. When the electrons hit the walls, if their kinetic energy is
in the appropriate range of the material, secondary electrons can be
released from the surface, thus increasing the electron population inside
the device. Provided a certain synchronism is established between the
electrons and the RF electromagnetic field, this mechanism causes an
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exponential growth of the electron population leading to the break-
down of the multipactor. The onset of the discharge presents several
drawbacks for the device performance, such as increased reflected
power, heating of the device walls, outgassing, detuning of the resonant
cavities, failure of the vacuum window and even physical damage to the
surfaces.

To avoid these unwanted phenomena, the maximum operating RF
power of the device must be reduced to levels where the absence
of multipactor discharge is ensured. In order to design devices free
from this RF breakdown phenomenon, numerous studies have been
conducted on the multipactor effect in RF components. These studies
aim to predict and understand the conditions necessary for the dis-
charge to occur. In addition, possible methods to mitigate or suppress
https://doi.org/10.1016/j.rinp.2024.107921
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the discharge, such as the application of secondary electron emission-
reducing coatings on component surfaces or the application of external
magnetic fields, are discussed.

Generally speaking, the classical multipactor theory described in [1]
states that for a discharge to occur, there needs to be synchronicity
between the electron trajectory and the RF electric field, and the impact
kinetic energy of the electron needs to be in a favourable range to
extract secondary electrons from the surface. Regarding the synchro-
nisation between the electron and the RF electric field, this ensures
that when the electron hits the surface, there is a polarity change in
the RF electric field that pushes the electron away from the wall which
it has just hit. This results in resonant trajectories that repeat period-
ically over time. Typically, these trajectories can be double-surface (if
the electron alternately hits two different surfaces of the device) or
single-surface (the electron always hits the same surface). The classical
multipactor theory, developed for a metallic parallel-plate waveguide
with a uniform time-harmonic RF electric field between the plates, es-
tablishes the times of flight between successive impacts of the electron
with the component wall(s) that guarantee the resonance of the trajec-
tories. In the case of double-surface multipactor, the time-of-flight must
be an odd number of times the half-period of the RF signal (this half-
period number is also known as the order of the multipactor). On the
ther hand, for the single-surface multipactor the time-of-flight must be
n even number of times the half-period of the RF signal. Note that for
ingle-surface multipactor to occur, the presence of a component of the
F electric field that is parallel to the surface, an electrostatic field per-
endicular to the surface, or the presence of magnetic fields, is required.
f course, in the case of more complexes devices than a parallel-plate
aveguide, these times of flight required for resonance between the
lectron and the electromagnetic field can vary to a greater or lesser
xtent, even leading to hybrid multipactor modes with more complex
rajectories than those described above. In any case, this classical the-
ry provides a good theoretical framework to interpret the multipactor
henomenology found in the results of the numerical simulations.

According to the above, the minimum time of flight between im-
acts that guarantees the resonance of the trajectories is an RF half-
eriod and this occurs in the multipactor of a double surface. Therefore,
f the electron trajectories had times of flight shorter than the RF half-
eriod, resonance could not take place and the multipactor should not
ppear. As we increase the amplitude of the RF electric field, the time of
light between impacts of the electrons on the device decreases. Conse-
uently, for very strong electromagnetic fields, the classical multipactor
heory predicts the disappearance of the discharge. This fact can be
een, for example, in the Hatch and Williams curves [3], where the
resence of an upper voltage limit at which multipactor discharge can
ccur is found.

Recently, in a study of the multipactor effect in new designs of
ccelerating dielectric structures intended for hadrontherapy [4], we
bserved in numerical simulations the presence of a multipactor regime
hat did not correspond to any of those studied in the scientific lit-
rature so far. Since this regime was characterised by the lack of a
esonance condition between the RF electric field and the electron
rajectory, we decided to call it non-resonant. Moreover, because the
ime between successive impacts with the component walls was much
horter than the half-period of the RF signal (which is the minimum
imit set by classical multipactor theory for the discharge to occur),
e applied the adjective ultra-fast to it. In addition, it should be noted

hat many successive impacts of the electron with the walls in a very
hort time also cause a very rapid growth in the electron population
n the component, so this ultra-fast qualification also applies in this
ontext. Precisely because this multipactor regime triggers the electron
opulation in the component much faster than classical multipactor
egimes, it makes this multipactor regime more damaging to device
peration and tends to be predominant if present.

On the other hand, in our study of the dielectric-assist accelerating

DAA) structure we presented an approximate analytical model to

2 
understand on certain component-specific surfaces the new ultra-fast
non-resonant regime found in simulations for high gradient operation,
i.e., with very strong RF electric fields (of the order of tens and
hundreds of MV/m). In this new work we have generalised the previous
model to be able to describe approximately this multipactor regime in
any wall of a cylindrical revolutionally symmetric RF accelerator device
operating with high gradient RF electromagnetic fields. By applying the
analytical equations of this model together with a detailed model of
the secondary electron emission coefficient [5] (SEY, representing the
average number of secondary electrons emitted per incident electron)
of the surfaces we have developed a method to predict the risk of
occurrence of an ultra-fast multipactor discharge in the device. This
algorithm, which for brevity we will call MUNAMP (Method for Ultra-
fast Non-resonant Analytical Multipactor Prediction), provides results
with a fairly good accuracy in a wide range of cases as we will see in
this article. Moreover, this method is much faster than the numerical
simulations needed to analyse this type of devices. Therefore, MUNAMP
is especially useful in the design stages of RF accelerator structures,
being able to analyse a wide range of variants of the geometry and
its dimensions, as well as SEY reducing materials or coatings, or even
taking into account surface contamination (which is able to alter the
SEY properties of the material), in an exceptionally fast time compared
to any kind of numerical simulation of the device.

This paper is organised as follows. In Section b, the theoretical
foundations of the method are described in detail and the equations
of motion of the electron inside the accelerating cavity are solved
approximately in an analytical manner. Section b explains how to apply
the method to a general case. Then, in Section b, the results for several
concrete examples of application of the method are shown and com-
pared with the results obtained by accurate numerical simulations of
the multipactor effect. The main conclusions of this study are presented
in Section b. Finally, an appendix with step-by-step instructions for
applying the MUNAMP method is included.

Theory

Let there be an RF accelerating cavity with cylindrical symmetry of
revolution around the beam propagation axis, which we make coincide
with the axis of a conventional cylindrical reference system 𝑧. Such
a system can be properly described in cylindrical coordinates (𝑟, 𝜙,
𝑧), where 𝑟 is the radial coordinate, 𝜙 the azimuthal angle and 𝑧 the
xial coordinate. Such cavities support electromagnetic modes of type
𝑀0𝑛𝑝, which are typically used to accelerate the particle beam and are

characterised by no dependence on the azimuthal angle [6]. Thus, the
electromagnetic field at any position in the cavity can be expressed as
follows:

�⃗�𝑅𝐹 (𝑟, 𝑡) = 𝐸𝑟(𝑟, 𝑡)�̂� + 𝐸𝑧(𝑟, 𝑡)�̂�; �⃗�𝑅𝐹 (𝑟, 𝑡) = 𝐻𝜙(𝑟, 𝑡)�̂�

𝐸𝑟 = 𝐸0𝑟(𝑟, 𝑧) sin (𝜔𝑡 + 𝜃)

𝐸𝑧 = 𝐸0𝑧(𝑟, 𝑧) sin (𝜔𝑡 + 𝜃)

𝜙 = 𝐻0(𝑟, 𝑧) cos (𝜔𝑡 + 𝜃)

here (�̂�, �̂�, �̂�) are the unit vectors in the radial, azimuthal and axial
irections, respectively, 𝜔 = 2𝜋𝑓 is the angular frequency, 𝑓 is the
requency, and 𝜃 is the initial phase of the electromagnetic field.

The differential equations governing the motion of the electron
nside the cavity are obtained by equating the Lorentz force with
ewton’s Second Law. In the cases we are going to consider, it can be

een that the typical velocities are much smaller than the value of the
peed of light in vacuum, so we will use the non-relativistic version
f Newton’s Second Law. Taking this into account the differential
quations of motion can be expressed as
𝑑𝑣𝑟
𝑑𝑡

= − 𝑒
𝑚
𝐸0𝑟 sin (𝜔𝑡 + 𝜃) +

𝑒
𝑚
𝜇0𝐻0𝑣𝑧 cos (𝜔𝑡 + 𝜃)

𝑑𝑣𝜙
𝑑𝑡

=0

𝑑𝑣𝑧 = − 𝑒 𝜇 𝐻 𝑣 cos (𝜔𝑡 + 𝜃) − 𝑒 𝐸 sin (𝜔𝑡 + 𝜃)

(1)
𝑑𝑡 𝑚 0 0 𝑟 𝑚 0𝑧



D. González-Iglesias et al.

t

𝑛

w
t

w
v
a
f
v

𝐸

𝐸

t
v
o
a
I
t
s
t
t
t
o
s

t
o
p
c

𝑣

t

𝑡

M

u
u
m
m
{
s
t
I

Results in Physics 64 (2024) 107921 
where 𝑣𝑟, 𝑣𝜙, 𝑣𝑧, are the radial, azimuthal and axial components of
he velocity vector, respectively, 𝑒 is the absolute value of the electron

charge, and 𝑚 is the electron mass.
We are interested in studying the trajectories of the electrons that

generate the ultra-fast non-resonant multipactor regime. This type of
multipactor is characterised by the fact that the electrons leave a certain
position on the component walls and, after a time of flight much shorter
than the period of the RF signal, they return to impact in a position
very close to the starting position. In addition, because they have a
very short time of flight, their maximum separation from the exit wall
is very small. Because of this, we can approximate the electromagnetic
field during the whole trajectory of the electron by its value at the exit
position, a fact that allows us to simplify considerably the resolution of
the differential equations of electron motion.

Suppose that the contour of the geometry of the accelerating cavity
is described by the set of points 𝑔 = {(𝑧𝑙 , 𝑟𝑙)}, where 𝑙 = 1, 2,… , 𝑛𝑝,
and therefore the curve of the geometry can be approximated by 𝑛𝑝 −1
straight segments. Then we can define a pair of tangent 𝑡𝑘 and normal
̂𝑘 vectors for the 𝑘th segment which take the following expression

𝑡𝑘 = 𝛼𝑘 �̂� + 𝛽𝑘�̂�

�̂�𝑘 = −𝛽𝑘 �̂� + 𝛼𝑘�̂�

𝛼𝑘 =
𝛥𝑟
𝛥𝑧

√

1 +
(

𝛥𝑟
𝛥𝑧

)2
, 𝛽𝑘 =

1
√

1 +
(

𝛥𝑟
𝛥𝑧

)2
,

(2)

here 𝛥𝑟 = 𝑟𝑘+1− 𝑟𝑘 and 𝛥𝑧 = 𝑧𝑘+1−𝑧𝑘. This coordinate system local to
he surface formed by the vectors (𝑡𝑘, �̂�𝑘) is more suitable to study the

motion of the electrons in the cavity. We take the convention that the
vector �̂�𝑘 always points to the vacuum inside the cell, so depending on
the particular discretisation of the cavity profile, in some cases it may
be necessary to reverse the vector �̂�𝑘 calculated with Eq. (2).

It can be easily seen that, according to the definition given by
Eqs. (2), the vectors (𝑡𝑘, �̂�𝑘) represent a rotation of the cylindrical
coordinate axes (�̂�, �̂�). Therefore, we will make the identification cos𝜓 =
𝛼𝑘, sin𝜓 = 𝛽𝑘, where 𝜓 is the angle of rotation of the transformation be-
tween the two coordinate systems. It can be shown that the differential
equations of electron motion in the new coordinate system is expressed
as follows:
𝑑𝑣𝑡
𝑑𝑡

= − 𝑒
𝑚
𝐸0𝑡 sin (𝜔𝑡 + 𝜃) +

𝑒
𝑚
𝜇0𝐻0𝑣𝑛 cos (𝜔𝑡 + 𝜃)

𝑑𝑣𝜙
𝑑𝑡

=0

𝑑𝑣𝑛
𝑑𝑡

= − 𝑒
𝑚
𝜇0𝐻0𝑣𝑡 cos (𝜔𝑡 + 𝜃) −

𝑒
𝑚
𝐸0𝑛 sin (𝜔𝑡 + 𝜃)

(3)

here 𝑣𝑡 and 𝑣𝑛 are the tangential and normal components of the
elocity vector with respect to the local surface, respectively, while 𝐸0𝑡
nd 𝐸0𝑛 are the tangential and normal components of the RF electric
ield, which are trivially calculated from the rotation of the cylindrical
ector components as:

0𝑡 = 𝐸0𝑟 cos𝜓 + 𝐸0𝑧 sin𝜓

0𝑛 = −𝐸0𝑟 sin𝜓 + 𝐸0𝑧 cos𝜓.
(4)

The system of differential equations given by Eqs. (3) is analogous
o that of eqs. (2) of [4]. However, in [4] these equations were only
alid for a particular case of cavity wall orientation, whereas Eqs. (3)
f this work are valid for an arbitrary wall orientation and thus for any
ccelerating cavity geometry as long as it has symmetry of revolution.
n a similar way as in [4] it is possible to neglect in first approximation
he term proportional to the magnetic field in the first equation of (3),
ince its contribution to the motion is weaker than the term propor-
ional to the electric field. This approximation is valid since we are in
he non-relativistic limit of electron motion [7] and makes it possible
o simplify considerably the resolution of the tangential component
f the velocity, which can be obtained by direct integration on both
ides of the equality. Substituting the tangential velocity obtained in
 f

3 
he differential equation of the normal coordinate, we can integrate and
btain both the normal velocity and, if we integrate again, the normal
osition. Finally, we arrive at the following equations for the velocity
omponents and for the normal position:

𝑡 = 𝑣0𝑡 +
𝑒
𝑚
𝐸0𝑡
𝜔

[cos (𝜔𝑡 + 𝜃) − cos 𝜃] , (5)

𝑣𝑛 =𝑣0𝑛 +
𝑒
𝑚
𝐸0𝑛
𝜔

[cos (𝜔𝑡 + 𝜃) − cos 𝜃]

+ 𝑒
𝑚
𝜇0𝐻0
𝜔

[

𝑒
𝑚
𝐸0𝑡
𝜔

cos 𝜃 − 𝑣0𝑡

]

[sin (𝜔𝑡 + 𝜃) − sin 𝜃]

+
( 𝑒
2𝜔𝑚

)2
𝜇0𝐸0𝑡 [sin (2𝜔𝑡 + 2𝜃) + 2𝜔𝑡 − sin (2𝜃)] ,

(6)

𝑥𝑛 =𝑥0𝑛 +
[

𝑣0𝑛 −
𝑒
𝑚
𝐸0𝑛
𝜔

cos 𝜃 −
𝜉′

𝜔
sin 𝜃 −

𝜉
4𝜔

sin (2𝜃)
]

𝑡

+
𝜉
4
𝑡2 + 𝑒

𝑚
𝐸0𝑛

𝜔2
[sin (𝜔𝑡 + 𝜃) − sin 𝜃]

−
𝜉′

𝜔2
[cos (𝜔𝑡 + 𝜃) − cos 𝜃] −

𝜉
8𝜔2

cos (2𝜔𝑡 + 2𝜃)

+
𝜉

8𝜔2
cos (2𝜃),

(7)

where 𝑣0𝑡 and 𝑣0𝑛 are the tangential and normal components of the
electron release velocity from the surface, respectively, 𝑥𝑛 is the normal
coordinate with respect to the surface, and 𝑥0𝑛 is the initial normal
position at the instant of electron emission. In addition, we have
defined the parameters 𝜉 ≡

(

𝑒
𝑚

)2 𝜇0𝐻0𝐸0𝑡
𝜔 and 𝜉′ ≡ 𝑒

𝑚𝜇0𝐻0𝑣0𝑡 − 𝜉 cos 𝜃.
If we assume that the time of flight 𝑡𝑖 of the electron from its exit

to its subsequent collision is very short (𝑡𝑖∕𝑇 ≪ 1, where 𝑇 = 1∕𝑓
is the RF period) then the normal coordinate of the trajectory can be
approximated by using the Taylor series development of the sine and
cosine functions present in Eq. (7) around the initial phase 𝜃 (see [4])
as:

𝑥𝑛 ≈ 𝑥0𝑛 + 𝑣0𝑛𝑡 +
𝑒
2𝑚

(

𝜇0𝐻0𝑣0𝑡 cos 𝜃 − 𝐸0𝑛 sin 𝜃
)

𝑡2. (8)

In the above equation by imposing that 𝑥𝑛 = 𝑥0𝑛 we can estimate
he impact time of the electron

𝑖 ≈
𝑣0𝑛

𝑒
2𝑚

(

𝐸0𝑛 sin 𝜃 − 𝜇0𝐻0𝑣0𝑡 cos 𝜃
) . (9)

From this expression we can obtain the minimum time of flight of
the electron 𝑡𝑖,𝑚𝑖𝑛 which occurs for the initial phase 𝜃𝑚𝑖𝑛,

𝑡𝑖,𝑚𝑖𝑛 =
𝑣0𝑛

𝑒
2𝑚

√

𝐸2
0𝑛 + (𝜇0𝐻0𝑣0𝑡)2

,

𝜃𝑚𝑖𝑛 = arctan
(

𝐸0𝑛
𝜇0𝐻0𝑣0𝑡

)

.

(10)

Finally, the impact angle of the electron with respect to the normal
to the surface 𝜗𝑖 is calculated as

𝜗𝑖 = arccos

⎛

⎜

⎜

⎜

⎝

−
𝑣𝑛(𝑡𝑖)

√

𝑣2𝑛(𝑡𝑖) + 𝑣
2
𝑡 (𝑡𝑖)

⎞

⎟

⎟

⎟

⎠

. (11)

UNAMP algorithm description

In this section we describe the MUNAMP method which, making
se of the equations of the previous theoretical section. It allows
s to estimate in an approximate and fast way the presence of the
ultipactor effect in the accelerating cavity. To begin with, we need to
ake a discretisation of the cavity profile (given by the set of points 𝑔 =
(𝑧𝑙 , 𝑟𝑙)}) to assess the multipactor risk in the different regions of the
tructure described by the straight segments. Once this is done, we need
o know the distribution of the RF electromagnetic field in the cavity.
n this study, the influence of the polarisation electric field resulting

rom the emission or absorption of secondary electrons by the dielectric
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surface is disregarded, as it has no significant impact in the initial
stages of multipactor discharge growth [8,9]. In our case, we can obtain
the RF electromagnetic field using the freely available electromagnetic
software called SUPERFISH [10], which is especially useful and fast for
accelerating structures that have symmetry of revolution. This software
gives us the electric and magnetic field pattern on a two-dimensional
grid in the coordinates (𝑟, 𝑧). For our algorithm, we have to obtain
the distribution of the fields at the previous points where we have
discretised the cavity profile. This information is also straightforward
to obtain in SUPERFISH if the cavity profile is provided as an external
text file with the geometry points.

For each segment where we have discretised the cavity profile we
estimate the multipactor risk as follows. First, we calculate both the
minimum time between electron collisions (𝑡𝑖,𝑚𝑖𝑛) and the initial phase
that satisfies this condition (𝜃𝑚𝑖𝑛) using Eqs. (10). In these expressions
𝐸0𝑛 and 𝐸0𝑡 are obtained from the amplitudes 𝐸0𝑟 and 𝐸0𝑛 using
Eqs. (4). Here 𝐸0𝑟, 𝐸0𝑧, 𝐻0 are proportional to the values of the
RF electric and magnetic field amplitudes provided by SUPERFISH
at the surface position that we are analysing. Regarding the initial
electron velocity, we know that the kinetic energy spectrum of the
emitted secondary electrons follows a distribution with a maximum
at a few electron volts. In [11] the maximum emission probability
is measured at 4.6 eV for platinum, while for dielectric materials
in [12] we obtain measurements of the maximum in the range between
1.9 − 4.3 eV depending on the particular material. According to this
information, in our algorithm we will use an initial electron output
kinetic energy of 𝑊0 = 4 eV, since this value properly represents a
typical secondary electron. Regarding the exit angle with respect to
the surface normal, 𝜗, secondary electrons follow a distribution known
as the Cosine Law [13], whose maximum emission probability occurs
at 𝜗 = 45◦. Because of this, we will choose this representative angle
in our algorithm to calculate the initial components of the velocity
vector (𝑣0𝑛 = 𝑣0 cos 𝜗, 𝑣0𝑡 = 𝑣0 sin 𝜗, where 𝑣0 =

√

2𝑊0∕𝑚). As
discussed in the introduction, the ultra-fast non-resonant multipactor
regime requires very high RF electric field amplitudes and very small
inter-impact times. Therefore, the values of 𝑡𝑖 obtained from Eq. (10)
will not represent solutions compatible with this multipactor regime in
all cases. Only if 𝑡𝑖∕𝑇 ≪ 1 the conditions for many successive impacts
of the electron with the walls in a short time span are met, while
maintaining the validity of the approximations used for the derivation
of the 𝑡𝑖 formula. More specifically, taking into account the results of
numerical simulations for accelerating structures in which this type
of multipactor [4] has been observed, we can establish empirically
and in an approximate way that the maximum time between collisions
that allows the appearance of this discharge regime is 𝛤 ≡ 𝑡𝑚𝑎𝑥∕𝑇 =
0.05. Therefore, if 𝑡𝑖,𝑚𝑖𝑛∕𝑇 > 𝛤 we have to rule out the possibility of
multipactor existence at that surface position under these particular
conditions. In case 𝑡𝑖,𝑚𝑖𝑛∕𝑇 < 𝛤 , we substitute this impact time into
Eqs. (5) and (6) to calculate the impact velocity, which in turn gives us
the electron impact kinetic energy, 𝑊𝑖. As a consequence, Eq. (11) gives
the electron impact angle. Knowing 𝑊𝑖 and 𝜗𝑖 it is possible to obtain
the value of the SEY in the collision, 𝛿. There are different models that
parameterise the SEY of a material, such as Vaughan’s model [14] and
Furman and Pivi model [15]. In our algorithm we will implement the
Furman and Pivi model according to the equations presented in [16],
because it is more complete than other models as it takes into account
the different contributions to the total SEY (elastic collision, inelastic
collision, and emission of true secondaries). However, it is worth
mentioning that the MUNAMP method can be implemented with any
other different SEY model without restrictions. In our particular case,
once we have obtained the three contributions to the SEY according to
the Furman and Pivi model, we add them together to obtain the total
SEY of the impact. This is the value of the SEY that we have for an
electron hitting the wall with the initial phase of the electromagnetic
field that minimises the impact time. However, there may be other
phases of the electromagnetic field that cause impact times below the
4 
limit set by 𝛤 and, therefore, that are compatible with the presence
of the multipactor regime we are looking for. To account for these
other possibilities, we have to sweep the phases of the field around
𝜃𝑚𝑖𝑛. For each 𝜃 phase considered in the scan we must now calculate
the impact time using Eq. (9). Each 𝑡𝑖 obtained must be filtered by
eliminating those that do not satisfy the condition 𝑡𝑖∕𝑇 < 𝛤 . We will
proceed by calculating the SEY in the manner described above for all
those scan impact times that have satisfied the above condition. Having
done this, we make the arithmetic mean of the SEY values obtained at
this surface position, taking both the one obtained for the 𝑡𝑖,𝑚𝑖𝑛 and the
ones resulting from the phased scan. This average SEY value, 𝛿𝑎𝑣𝑔 , is
the essential information for determining the risk of an ultra-fast non-
resonant multipactor discharge. The multipactor criterion for deciding
that the discharger will occur is that 𝛿𝑎𝑣𝑔 > 1 [8,17]. Therefore, if at one
or more positions on the surface of the accelerating cavity the above
condition is satisfied, we can predict that the multipactor discharge will
occur. A schematic summary of the algorithm presented in this section
is given in the Appendix at the end of this document.

Application of the method in accelerating structures

In this section we will show the results obtained by applying the
MUNAMP method for the prediction of the ultra-fast non-resonant
multipactor effect in RF accelerating structures, comparing these re-
sults with accurate numerical simulations carried out with an in-house
developed algorithm based on the Monte-Carlo [4] method.

The device we are going to analyse is a dielectric accelerator struc-
ture (DAA) cell designed for a linear accelerator of low-energy particles
(such as protons or carbon ions) for hadrontherapy medical treatments.
We will consider two different prototypes of the accelerator cell.

Prototype i

In this first prototype, the structure operates in the standing-wave
regime with the 𝜋−𝑇𝑀01 mode in S-band at a frequency of 𝑓 = 2999.42
MHz. The schematic of the accelerator cell is shown in Fig. 1 (left)
and has cylindrical symmetry of revolution around the 𝑧 axis of beam
propagation. The metal surrounding the cell is copper. The dielectric is
MgTiO3 with a relative dielectric permittivity of 𝜀𝑟 = 16.66. Typically,
the dielectric is coated with a layer of SEY-reduced material in order to
mitigate or inhibit the occurrence of multipactor discharge. In our case,
we will test two types of coatings: 400 nm thick diamond-like carbon
(DLC) coating applied by Nanotec Co. [18], and 400 nm amorphous
carbon (aC) coating applied by CERN. In this work we will study the
presence of multipactor in the case of the dielectric without coating and
with the above two coatings. The main parameters of the SEY at normal
incidence (first cross-over of the material or first energy at which the
SEY is equal to unity 𝑊1, energy at which the maximum SEY 𝑊𝑚𝑎𝑥 is
reached and value of the maximum SEY 𝛿𝑚𝑎𝑥) are shown in Table 1 and
have been obtained from experimental measurements [19].

In the DAA cell, the presence of multipactor has been analysed in
the RF electric field amplitude range 𝐸0 ∈ [0.1, 200] MV/m, where
𝐸0 represents the value of the maximum RF electric field in the axial
axis of the structure. In the multipactor numerical simulations, the
presence or absence of the discharge is determined for each value of
𝐸0, in addition to the electron population growth factor 𝜎, which is
obtained by fitting the simulation data to the approximate theoretical
expression 𝑁𝑒(𝑡∕𝑇 ) = 𝑁0𝑒

𝜎 𝑡
𝑇 , where 𝑁𝑒 is the number of electrons, 𝑡

is the time, and 𝑁0 is the population at the initial time. The results of
the numerical simulations are shown in Fig. 2 (a). For the estimation
of the multipactor risk using the MUNAMP method, we sample the cell
surface profile and, for each sample point, we obtain the average SEY
𝛿𝑎𝑣𝑔 following the procedure described in Section b. If we find that
𝛿𝑎𝑣𝑔 > 1 in at least one point of the surface, we say that there is a
risk of multipactor discharge. In Fig. 2 (b) the maximum value of the

𝛿𝑎𝑣𝑔 found in the cavity (in cases where it is greater than unity) is
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Fig. 1. Sketch of the cell of the DAA structure, on the left the first prototype and on
the right the second prototype (the dielectric is shown in grey in both cases).

Table 1
Main SEY parameters.

Material 𝑊1 (eV) 𝑊𝑚𝑎𝑥 (eV) 𝛿𝑚𝑎𝑥
MgTiO3 without coating 28.6 257.1 2.41
MgTiO3 Nanotec Co. coating 66.6 291.7 1.69
MgTiO3 ac-400 nm coating 225.5 428.0 1.07

Table 2
Prediction of multipactor in the DAA structure of prototype I according to the RF
electric field amplitude 𝐸0 expressed in MV/m.

Uncoated Nanotec Co. coat. CERN coating

Simulations 0.1 − 200 0.1, 5 − 200 10 − 200
MUNAMP 0.6 − 200 3 − 200 6 − 200

plotted as a function of the electric field amplitude 𝐸0. Similar to the
growth factor 𝜎 obtained in the numerical simulations, the value of the
maximum of 𝛿𝑎𝑣𝑔 is indicative of the growth rate of the discharge. Both
in the numerical simulations and in the results of the MUNAMP method
shown in Fig. 2, it is obtained that the multipactor discharge grows
faster in the uncoated dielectric case than in the cases with coatings.
Furthermore, in both cases, the CERN ac−400 nm coating is found to
inhibit the discharge growth the most. This is in agreement with the
values of the SEY parameter 𝑊1 shown in Table 1, where the highest
value of 𝑊1 is obtained for the CERN coating and the lowest value
for the uncoated dielectric. It is interesting to summarise the results
of Fig. 2 in the form shown in Table 2 in which the ranges of the
RF electric field amplitude 𝐸0 in which the multipactor discharge is
found are indicated. As it can be seen, the 𝐸0 ranges in which the
MUNAMP method predicts the occurrence of the ultra-fast non-resonant
multipactor match quite well with the accurate results of the numerical
multipactor simulations for the cell with the three different materials
analysed. Of course, the MUNAMP algorithm is an approximate method
and cannot provide results as accurate as the numerical simulations.
It should be mentioned that the inaccuracies in the estimation of the
multipactor 𝐸0 threshold value are due to the simplicity of the MU-
NAMP model, which is based on approximate equations of the electron
dynamics and considers only a few trajectories of a standard electron
to obtain results, unlike the numerical simulation algorithm based on
the Monte-Carlo method which considers many electron trajectories in
the cavity and with a precise resolution of the trajectories.

It is interesting to plot the mean value of the MUNAMP-estimated
SEY 𝛿𝑎𝑣𝑔 along the surface of the structure, information that indicates in
which regions of the cavity the discharge is occurring. In Fig. 3 these
results are shown as a colour map for the case of 𝐸0 = 15 MV/m of
the uncoated dielectric. According to the colour code (see caption of
the figure), the ultra-fast non-resonant multipactor appears both at the
bottom of the cavity dielectric and at the top in a region close to the
corner of the structure. We can compare these results with the corre-
sponding numerical simulations shown in Fig. 4. It should be mentioned
5 
Fig. 2. Results for the DAA structure (prototype I): (a) for the numerical simulations,
electron population growth factor as a function of RF electric field amplitude, (b) for
the MUNAMP method, maximum value of the average SEY found on the surfaces of
the structure as a function of the amplitude of the RF electric field.

that independent simulations have been performed launching in each
case only electrons from the bottom or the top of the cavity, in order
to study the possible differences in the multipactor phenomenology for
each of these two areas of the cavity (in the simulations it is observed
that the electrons do not cross from one region to the other). Figs. 4 (a)
and (b) correspond to the upper region while subfigures (c) and (d) are
for the lower region. The plots (a) and (c) are histograms in the form
of a colour map showing the number of electrons hitting each point on
the cavity surface and being able to release two or more secondary elec-
trons. They therefore represent the regions where the multipactor effect
occurs. In Fig. 4 (a) we see that in the upper region there is an area near
the corners that contributes significantly to the discharge. Furthermore,
this region agrees well with the prediction of the MUNAMP method for
this part of the cavity shown in Fig. 3. Furthermore, in the lower region
of the cavity, both the MUNAMP method and the simulations shown
in Fig. 4 (c) predict multipactor effect. Figs. 4 (b) and (d) show the
histogram with the electron times of flight between successive impacts
with the surfaces for the numerical simulations, depending on whether
the electrons are initially launched from the upper or the lower regions,
respectively. The main maximum of the histogram is at 𝑡𝑖∕𝑇 = 0.03
(𝑡𝑖∕𝑇 = 0.007) for the upper (lower) region. In both cases it is satisfied
that the times of flight are less than the condition 𝑡𝑖∕𝑇 = 𝛤 that we
set as an upper limit to consider the presence of the ultra-fast non-
resonant multipactor. Therefore, we have that in this analysed case this
multipactor regime is the predominant one. However, taking another
look at the histogram in Fig. 4 (b), we see that there are secondary
maxima around 𝑡𝑖∕𝑇 = 2.5, 3.5, 4.5. These secondary peaks are related
to the presence of classical double-surface resonant multipactor regimes
between the sidewalls of the upper part of the cavity.
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Fig. 3. Colour map with the average SEY (𝛿𝑎𝑣𝑔) at the cavity surface (prototype I)
obtained by the MUNAMP method for 𝐸0 = 15 MV/m in the case of uncoated dielectric.
The colour code is as follows: black if the conditions for ultra-fast trajectories are not
met (𝑡𝑖∕𝑇 > 𝛤 ), blue if 𝛿𝑎𝑣𝑔 < 1, scale from yellow (when 𝛿𝑎𝑣𝑔 = 1) to red for 𝛿𝑎𝑣𝑔 ≥ 1.

Prototype II

The second prototype of the DAA cell is the one previously discussed
in another work by the authors [4]. The structure operates in the
standing-wave regime with the 𝜋 − 𝑇𝑀02 mode at a frequency of 𝑓 =
2998.1 MHz. The dielectric material is identical to the one of the first
prototype as are the coatings deposited on it. The geometry of the cell
is shown in Fig. 1 (right). As we can see, there are two regions of the
cell (down and up) which are separated by a dielectric wall so that the
secondary electrons generated in one region cannot move to the other.
Therefore, we will perform a separate multipactor study for each of
the two regions of the cell. The results of the maximum value of the
average SEY found on the surface of the structure, according to the
MUNANP method, as a function of the RF electric field amplitude, are
shown in Fig. 5. In addition, for a better interpretation of the results,
the summary with the 𝐸0 intervals where the multipactor discharge is
expected is shown in Table 3. The results of the numerical simulations
presented in [4] are also included. From the results we can see that, in
most of the cases, there is a good agreement between the multipactor
prediction of the MUNAMP method and the numerical simulations.
There are only discrepancies in the cases of the down zone for the
Nanotec Co. coating and for the down zone with the CERN coating.

In the case of the down zone with the Nanotec Co. coating, the
difference in the multipactor prediction is due to the fact that in the
range between 1 and 11 MV/m there is resonant multipactor but the
conditions for the appearance of ultra-fast non-resonant multipactor do
not exist. Indeed, if we examine the histogram with the time-of-flight
between successive electron impacts with the device surfaces (see Fig. 6
left) we can see that for 𝐸0 = 5 MV/m the typical times of flight are
above the limit 𝑡𝑖∕𝑇 > 𝛤 = 0.05 (the main maximum of the distribution
is around 𝑡𝑖∕𝑇 = 0.5). By contrast, if we examine the same histogram for
𝐸0 = 15 MV/m we observe that the situation has changed drastically,
now the maximum of the histogram is around 𝑡𝑖∕𝑇 = 0.037 and the
times of flight are mostly below 𝑡𝑖∕𝑇 < 𝛤 , evidencing the emergence
of the ultra-fast non-resonant multipactor as well as the disappearance
of the classical multipactor regimes. Considering that the MUNAMP
method only predicts non-resonant multipactor, the difference between
the simulations and this method is justified.

Concerning the down zone with the CERN coating, we note that the
simulations predict a series of multipactor bands for different electric
field amplitude intervals (see Table 3), while the MUNAMP method
gives a continuous discharge interval in 11 − 200 MV/m. Here the dis-
crepancies are explained by the fact that we are close to the discharge
inhibition limit due to the low SEY properties of the coating. This fact is
responsible for the appearance of multipactor bands in the simulations,
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Table 3
Prediction of multipactor in the DAA structure, prototype II according to the RF electric
field amplitude 𝐸0 expressed in MV/m.

Simulations MUNAMP

uncoated (down) 1–200 3–200
uncoated (up) 5–200 5–200
Nanotec Co. coat. (down) 1–200 11–200
Nanotec Co. coat. (up) 5–200 5–200
CERN coat. (down) 20–30, 50–60,

130–140, 170–200
12–200

CERN coat. (up) 10–200 11–200

alternating areas where discharge can occur with areas free of dis-
charge. In the results of the maximum value of the average SEY found in
the surfaces by the MUNAMP method (see Fig. 5), it is observed that in
the whole multipactor range, the SEY values are very close to 1, being
in the vast majority of cases below 1.1. Considering that MUNAMP is
an approximate method, it is reasonable that in certain scenarios near
the conditions separating the discharge and non-discharge cases, the
prediction is not as accurate as the numerical simulations.

Similar to what was done for prototype I, we plot in Fig. 7 (a) and (c)
the mean value of the SEY 𝛿𝑎𝑣𝑔 estimated by MUNAMP along the surface
of prototype II to highlight the regions where the discharge appears.
The results are shown for the case of 𝐸0 = 20 MV/m of the uncoated
dielectric, for the upper and lower regions of the cavity. In addition,
the results of the multipactor Monte-Carlo numerical simulations are
also shown for comparison. Fig. 7(b) and (d) show the histograms in
the form of a colour map showing the number of electrons that collide
with each point on the cavity surface and are capable of releasing two
or more secondary electrons (i.e., they represent the regions where
the discharge grows). For the down zone, according to the MUNAMP
results, the multipactor zone is located at the top of the sidewalls near
the corners, with the maximum electron growth at the corner. A very
slight production of secondaries is also predicted in a small area of the
radial wall. If we compare the MUNAMP results with those of the nu-
merical simulations, a good agreement is found: the main multipactor
zone is the top of the sidewalls near the corner, and a minor emission
of secondary electrons is also found in the radial wall. For the upper
region of the cavity, the MUNAMP method finds the main multipactor
zones in the radial wall near the lower left and lower right corners. In
addition, a small region at the top of the sidewalls contributes slightly
to the electron population increase. On the other hand, multipactor
simulations predict that the main region of the discharge occurs in the
radial wall near the lower left and lower right corners, agreeing well
with the MUNAMP results. Also numerical simulations find a very slight
electron production at other points on the sidewalls.

Finally, the speed of the MUNAMP method in obtaining results is
noteworthy. The multipactor analysis of an accelerating structure with
MUNAMP typically takes less than 1 s of computing time (on a standard
PC computer with the algorithm implemented in MATLAB [20]) for
each electric field amplitude value studied. On the other hand, a multi-
pactor numerical simulation requires considerably longer times, which
can vary quite a lot depending on the particular accelerating structure,
but are generally around a few minutes. As an example, for the case
of prototype II with 𝐸0 = 20 MV/m, the numerical simulations took
4.5 min. Taking into account that in order to analyse the multipactor
effect on a structure, many values of 𝐸0 have to be considered, the time
difference between simulation and MUNAMP method becomes more
significant. Moreover, as seen in the previous results, the presence of
the multipactor effect is typical in many accelerating structures and this
poses a problem in their operation. Therefore, it is important to try
to design multipactor-free devices or to reduce the impact of this phe-
nomenon as much as possible. This requires testing multiple geometries
and/or coatings. In this sense, the MUNAMP method has a great ad-
vantage over numerical simulations in the design stages of the device,
allowing many different prototypes to be analysed in a much shorter
time. However, it must be remarked that the method described in this
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Fig. 4. Statistics of the multipactor numerical simulations for 𝐸0 = 15 MV/m in prototype I. (a) Histogram in the form of a colour map with the number of electrons that impact
on each portion of the surface and are capable of releasing two or more secondary electrons, for a simulation with initial electrons launched only from the upper region of the
cavity. (b) Histogram with the times of flight of the electrons between successive impacts with the surfaces, for electrons launched initially from the upper region of the cavity.
Figures (c) and (d) are analogous to figures (a) and (b) changing that electrons are launched initially from the lower region instead from the upper region.
Fig. 5. Results for the DAA structure (prototype II) with the MUNAMP method:
maximum value of the average SEY found on the surfaces of the structure as a function
of the amplitude of the RF electric field.

Fig. 6. Histogram showing the electron times of flight between successive impacts with
the surfaces as a function of normalised time, for prototype II with the Nanotec Co.
coating in the down zone (left 𝐸0 = 5 MV/m, right 𝐸0 = 15 MV/m).
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manuscript is intended to provide a quick approximation of the multi-
pactor behaviour of the device, but of course it will not be as accurate
as proper 3D numerical simulations with a Monte-Carlo algorithm.

Conclusions

In this work we have presented an approximate method, which
we have called MUNAMP, for the prediction of the non-resonant and
ultra-fast multipactor effect in RF accelerator structures in the presence
of high gradient RF electromagnetic fields. This method is based on
analytical approximations of the equations of motion of the electron
inside the device and it is applicable to any accelerator structure with
cylindrical symmetry of revolution around the propagation axis of
the particle beam. After describing the MUNAMP algorithm in detail,
we have applied the method to two designs of dielectric accelerator
structures, obtaining the amplitude ranges of the RF electric field
in which the multipactor discharge occurs. These results have been
compared with numerical simulations of a Monte-Carlo code developed
by ourselves to study the multipactor effect in this type of structures.
The comparison between the results of the simulations and MUNAMP
is good, showing that this method is able to make an approximate
prediction of the RF electric field amplitudes at which the discharge
occurs. A strength of the MUNAMP method is that it is much faster
computationally than the conventional numerical simulations, though
it is, of course, not as accurate as these simulations. This fact makes this
method especially useful in the design stages of accelerator structures,
as it allows estimating the risk of multipactor discharge in a much
shorter time than numerical simulations, allowing many variants of the
geometry and/or coatings to be analysed, thus optimising the design to
try to prevent the occurrence of the discharge.
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Fig. 7. Comparison between the MUNAMP method and the numerical simulations for 𝐸0 = 20 MV/m in prototype II with the uncoated dielectric. (a) and (c) are the colour maps
with the average SEY (𝛿𝑎𝑣𝑔) at the cavity surface of the up and down zones, respectively. The colour code is as follows: black if the conditions for ultra-fast trajectories are not
met (𝑡𝑖∕𝑇 > 𝛤 ), blue if 𝛿𝑎𝑣𝑔 < 1, scale from yellow (when 𝛿𝑎𝑣𝑔 = 1) to red for 𝛿𝑎𝑣𝑔 ≥ 1. (b) and (d) are the histograms in the form of a colour map with the number of electrons
that impact on each portion of the surface and are capable of releasing two or more secondary electrons, for the up and down zones, respectively.
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Summary of the munamp algorithm

The MUNAMP algorithm for the estimation of the risk of a non-
resonant ultra-fast multipactor discharge can be summarised in the
following steps:

1. Discretisation of the cylindrical cavity profile in a set of points
𝑔 = {(𝑧𝑙 , 𝑟𝑙)}) and their corresponding segments in order to
analyse the surface.

2. Calculation of the RF electric and magnetic fields at the sampled
points and segments, using electromagnetic software such as
SUPERFISH.

3. Select a (new) sampled segment of the surface.
4. For such a segment, calculate the minimum impact time 𝑡𝑖,𝑚𝑖𝑛

and its corresponding initial phase 𝜃𝑚𝑖𝑛 using Eqs. (10).
5. If 𝑡𝑖,𝑚𝑖𝑛∕𝑇 > 𝛤 discard the presence of multipactor at that surface

position and go back to step 3. Otherwise continue with the next
step.

6. We substitute 𝑡𝑖,𝑚𝑖𝑛 and 𝜃𝑚𝑖𝑛 into Eqs. (5) and (6) in order to
calculate the impact velocity, then obtain electron impact kinetic
energy, 𝑊𝑖.

7. Using Eq. (11) we obtain the electron impact angle 𝜗𝑖.
8. We calculate the SEY, 𝛿 from 𝑊𝑖 and 𝜗𝑖. The particular equations

will depend on the SEY model that we have chosen. We save the
value of 𝛿 obtained.

9. We sample the phases of the electromagnetic field in an interval
centred on 𝜃𝑚𝑖𝑛 taking values 𝜃𝑘 = 1, 2,… , 𝑁𝑘.

10. We take a (new) value of the sampling 𝜃𝑘 and use Eq. (9) to
calculate the impact time 𝑡𝑖.

11. If 𝑡𝑖∕𝑇 > 𝛤 we discard a value of 𝜃𝑘 and go back to the previous
step. Otherwise, we continue to the next step.



D. González-Iglesias et al. Results in Physics 64 (2024) 107921 
12. We repeat steps 6 to 8 but using 𝑡𝑖 and 𝜃𝑘 instead of 𝑡𝑖,𝑚𝑖𝑛 and
𝜃𝑚𝑖𝑛.

13. We go back to step 10 until we have analysed 𝑁𝑘 samples of 𝜃𝑘.
14. We take the arithmetic mean of the 𝑁𝑘 values of the SEY

corresponding to the sampling of the initial phase 𝛿𝑎𝑣𝑔 , without
forgetting to include the value of 𝛿 corresponding to 𝜃𝑚𝑖𝑛.

15. If 𝛿𝑎𝑣𝑔 > 1 then we consider that at the analysed position of
the surface we will have ultra-fast non-resonant multipactor.
Otherwise we do not expect discharge.

16. We return to the step 3 until the analysis of all the sampled
segments of the cavity is completed.

In Fig. .8 is shown the flowchart of the MUNAMP algorithm.

Fig. .8. Flowchart of the MUNAMP algorithm.
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