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Abstract them along the y-axis. The DC electric field,,Edoes

_ . not impart any energy to the electrons. An electron
Th|s_ Paper proposes a novel t_heory_of a smgle-surfa&%itted from the surface with a non-zero emission
m_ulgpactoLrJ .d'SChT\;lget or(1: al dlglecltnt_c, such Ets .a'zhvrélocity is bent back by the restoring DC electric field and
win OWt'_b_I_tS'ng_a onte alr_o ks)llmuta on, Y‘(’je obtain S{rikes the surface at a later time. During its transit, the
susceptibiiity. diagram, appiicablé 1o a wide rangé Qhgqyqn gains energy only from the rf electric field, in a
materials, in terms of the rf electric field and of the D irection parallel to the surface. Thus upon impact, the
electric field that may result from dielectric chargingelectron strikes with much larger energy, and theréfore
The electron multiplication mechanism assumes rta\alis,thS a number of secondary eIectrons’ This process

yield ~curves — of secondary electrons, 'nCIUdmgepeats and, eventually, a large amount of energy gained

distributions of emission velocities and angles for theﬁ%m the rf electric field will be deposited on the surface,

electrons. The susceptibility diagram thus construci@ ssibly leading to surface damage or breakdown,

allows an immediate assessment of the range of rf power

over which multipactor may be expected to occur. A X
simple analytic theory which corroborates the simulation < ) >
results is presented. Bt = Ero Sin(wt +0)

Multipactor discharge is an ubiquitous phenomenon
observed in a multitude of devices that employ
microwaves [1]. In the worst scenario, its presence leads
to destruction of ceramic rf windows [1-2], erosion of
metallic structures, melting of internal components, and Fig.1  Model of a single-surface multipactor in a
perforation of vacuum walls [1]. Multipactor may occur parallel rf and normal DC electric fields.
when a metallic gap or a dielectric surface is exposed to

AC electric field und ¢ bl diti The secondary electron yield, is a function of the
an electric Tield under some favorable conditions, a'?ﬁlgact energy of the primary electron, &d the angle to

it§ avoidance .has been a major concern among workerstﬁ) normal,§, at which it strikes the surface. For the
high power microwave sources, rf accelerators, and Spaagfoendence of yield on impact energy, we will adopt

baseld fr?mmun|cat|on system;s [3]t.h £ sinal ‘ Vaughan’'s empirical formula [4] which is characterized
N S paper, we present a teary of sing e-surag@ two material-dependent parameters: the maximum

mt:lhp;ctorth dlscrrarge. t.o n tﬁ d|et!ec;cr[[c, tmgm?czntl ield, §,., and the energy at which it occurs, E Two
extending the only existing theoretical treatment [2] ues of impact energy, termed the first and second

this subject known to us. We shall evaluate the combin ssover points, Fand E respectively, result in a yield

action of an rf electric field that is parallel to the dielectrigs ; whiles > 1 ir,11between. ’

surfape, and of a DC electric field normal to the gurfacg ’For impact at an angle, the parameters &d3

that IS ass“med to be presgnt as a result of .dlelec 18 adjusted in calculating the yield, according mto the

charging. This surface charging has been experiment lowing equations [4]:

verified, with the resulting electric field measured to be as

high as 4 kv/cm [1-2]. We shall compute the multipactor k §2

growth, using realistic yield curves of secondary electron Emax = Emao| 1+—

emission. A Monte Carlo simulation is performed to T

account for the distributions of the emission velocities and K ﬁz '

emission angles of the secondary electrons. We ignore S max =& mao| 1+ ;

the space charge effects, rf loading by the multipactor, T

and the saturation mechanism (if any). Here E
The geometry for this type of single-surface

multipactor is shown in Fig. 1. Electrons emitted with

random velocity, ¥ and a random anglé, with respect

:Eethe?erc):(t)r?cl;“]\‘/iglc)jgax%jrr? :Iue lijt? icctiideltéj foofr(r;r?;glrr:tz(c)j;eg reypresenting a typical dull surface [4]. It is worth noting
' . L . ™ " that in this situation, since the electrons gain their ener
and frequency, acts only in the y-direction and Imloartstrom the parallel rf, most impacts wiIIg be at almos?y

energy to the multipactor electrons, as well as translates . . "
% P grazing incidences(= n/2).

+ + + + + + + + + + + y

1)

»0 andd, . are the parameters for an impact angle

f 0° (i.e. normal to the surface), and ik a surface

smoothness factor ranging from 0 for a rough surface to 2
r a polished surface. In this paper we set=Kk1,
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In the following analysis we shall use the followingegion.
normalization scales: dffor time, E,_ for energies, u =

VEmaxo/m for velocities, and F o / €)\| MEyaxg for

electric fields, where e = 1.602 4° C and m is the
electron mass. Consider an electron launched at t =
from the surface aty = 0. It experiences a force due to-
rf electric field, E, sin(t + 6), which has a phageat the
time of launch. The emission velocity, nd angle from
positive y-axis$, are assumed to be random. Solving tt
equations of motion for the electron gives an expressi
for the impact energy:

Eix = 2 v5sin¢ : —]
2 0.1 0.2 0.3
E 2v,sin V,CO
Ey = rfo co{ 0 ¢+6j —cos(9)+°—s¢ Epc[MV/m]x (J 7)*1 Fao |2
2 Epc Ero DC Gz \a00ev
where E and E are the x and y components, gjg 2 Composite plot of multipactor region
respectively, of the impact energy. The impact angle is boundaries in the plane of (E E,) for
then: various values ob__  [from the innermost
boundariesy__, = 1.5, 2.0, 2.5, 3.0, 6.0, and
E; 9.0], assuming E / =0.005.
£ = arcta{ l} . 3 ] 9/ o
ix

Figure 2 shows the boundary regions for selected
Malues ofs, ., corresponding to typical materials used in
rf windows [see Table 1]. This susceptibility curve can be
To estimate the growth rate of the multipacto‘ﬂ“ite useful. A glance at Figure 2 indicates the range of rf

discharge, we follow the trajectory of a weighte@OWEr over which the window may be subject to
macroparticle over a large number of impacts in a Monfultipactor. - If the design parameters lie within the
Carlo simulation. The initial rf phasé, is uniformly Multipactor boundaries (positive growth rate) then

distributed over 0 €@ <2x. Each time a macroparticlemum_p_""ctor i§ possible and the design needs .to be
leaves the surface, we assign it a random initial ene dified. This can be donje, for examplg, by ch_anglng the
ri’level, or by adding a slightly conductive coating to the

Given the impact energy and angle, the yield
determined.

_ 1,2 ; ;
E, = 3Vo and angle¢, according to the following \inqow to reduce the static charge accumulation and the
distributions: resulting DC field. Alternatively, the window may be
E coated with a material having loyy,, (e.g., TiN). These
E _Eo : .
f(Eo)= 0 o /Eom, (4a) Mmeasures have been employed in practice [1-2], although
Egm perhaps not systematically but rather by trial and error.

Table 1 Typical secondary electron emission
g(¢) = %Sind), (4b) parameters for materials commonly used in
rf windows [adapted from ref. 5].

where E_ is the peak of the distribution of emissios

energies [note that the expected value piSE2E,, and _Material 80— Envaro (EV) EIE . BB,
that fg(d))dd) =1 over 0 <§ <. . (grazing incidence)
o o AlO, (alumina) 1.5-9 350-1300  0.23-0.011 10.2-24.5

Substituting the random values of initial energyquartz-glass 29 420 0.072 15.6
(velocity) and angle into Egs. (2) and (3), we obtain theyex 23 340-400 0.107 13.7
impact energy and, hence, the secondary electron yield fgchnical glasses  2-3  300-420  0.136-0.068 12.6-15.9
that transit. We use this value of the yield to adjust tl”lgio2 (quartz) 2.4 400 0.099 14.1
charge on the macroparticle, then emit it again with==a
random velocity. Observing the time evolution of the Following is the physical explanation for the

charge on the macropatrticle over a sufficiently long timshape of the susceptibility curves [Fig. 2]. For any given
we can see either an exponentially growing or amlues of the fields, the growth rate is determined by the
exponentially decaying trend, depending on the exterrmlerage value of the secondary electron yield, averaged
parameters chosen JEE,, and§, .. A growth rate of over the random emission energy and angle distributions
zero identifies a point on the boundary of the multipact{Eqgs. (4a) and (4b)]. Changing the magnitude of the rf
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electric field changes the amount of energy the electrdhese boundaries are compared in Figure 3 to the ones
gains. Changing the DC field changes the amount of tirabtained from Monte Carlo simulations. We assume E
spent in flight, and hence also the amount of energy0.005. As can be seen, the agreement is reasonably
gained. Since the secondary electron yield is above urgtyod, considering all the approximations involved. The
only for impact energies in between the two crossovsiopes of the curves in Fig. 3, in the limit of largg, Ere
points, if the rf electric fie_ld is too high or too I_ow, thenl\/Elz/Tom, as easily deduced from Egs. (5a) and
the amount of energy gained will vary accordingly, an
thus the impact energy will fall outside of this region;
whered < 1. This explains the existence of upper an
lower boundaries. Now if the DC field is increased, th
electron spends less time in flight, and so the rf elect i@ble_ 1. .

field must be increased to maintain the same impact Finally, we note some differences between

energy and yield. Preist and Talcott mentio@:;ult.'pa(:totr on ? dleLectrllct;. andt on ? nt1etal surfacg_. lSlrt1§:e
experimental evidence for the existence of the low € iImpact angles of muflipactor electrons on a dielectric

bound (E,,) and predict the existence of an upper bourfd€ close to the grazing angle, the secondary electron
E, ) 2] e yleld would always be higher than that on a metal surface.
rfma :

The preceding physical understanding of thlg the steady state, multipactor on a metal surface has a

phenomenon is useful in constructing an analytic solutic?ﬁcond"’_‘ri/ yleéd hooverln_g alrcatgnd un|t3f/ at the f|trst c:quts—
for the susceptibility curve boundaries. First, we assufl erthpom Elt[' ] ¢ ur 3|muda} |Ion? So far l((:jann? ptre 'g t
that all electrons are emitted normal to the surface, wigi'c e muitipactor on a dielectric would saturate, bu

an energy equal to the average energy of the emissf gy seem to indicate that as the multipactor grows, the

energy distribution (E= 2 E,). As will be seen, this impact energies tend to prefer, [ at which 5 is

assumption does not qualitatively change the solutio:ﬁ?llx'r?u_m: lMoreove_rt,_ sn:gl(tar-]surface multlpactc(j)_:_ Onthat
Hence, substituting £= 2 E, and¢ = 90" into Eq. (2), lelectric is less sensitive to the resonance condition thai

averaging ove#, and setting the resulting average impa aracterizes th; 2-surfacef rr;ultllpatc_t orf;_ Ig can dth(:]refore
energy equal to [ then E, we obtain the following occur over a wider range of rf electric fields and phases.

equations for the lower and upper boundarie’§‘,” ofthese, togetherwnh the poor heat conduction on a
respectively: ielectric, perhaps partially explain the well-known

vulnerability of ceramic windows to rf breakdown.

5b). Since impact is close to grazidgs n/2, the values
E, and E for grazing incidence should be used in Egs.
a) and (5b) [these values are listed for some materials in
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Fig. 3 Multipactor regions derived analytically
(dashed) compared with ones obtained through
Monte Carlo simulations (solid) fa¥ = 1.5

max0

ands . =6.0. Here, E/E, = 0.005.
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