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This paper analyzes, separately, the effects of an external magnetic field, the rf magnetic field, and
of an oblique rf electric field, on multipactor discharge on a dielectric. Using Monte Carlo
simulation, we obtain the susceptibility diagram in terms of the magnetic field, the rf electric field,
and the dc charging field for various dielectric materials. We find that a magnetic field parallel to
either the rf electric field or the dc electric field does not qualitatively change the susceptibility
diagram. However, an external magnetic field perpendicular to both the rf electric field and the dc
electric field can significantly affect the susceptibility diagram. Thus oriented magnetic fields lower
the upper susceptibility bound when the magnetic field strength is approximately eddia] 10

=0.036 (GHz), wheref is the rf frequency. Both the lower and upper susceptibility boundary may
be raised significantly by a large external magnetic fiBlghB 5. Susceptibility to single surface
multipactor is greatest when the rf electric field is nearly parallel to the dielectric, but is dramatically
decreased for angles of obliqueness greater than approximately 5°-10°. The rf magnetic field does
not affect the lower boundary, but may extend the upper boundary greath20@® American
Institute of Physicg.S1070-664X00)03002-7

I. INTRODUCTION within the desorbed gas layer, and it eventually turns into the

breakdown phase of the dielectric. Due to the high suscepti-
Multipactor discharge is an ubiquitous phenomenon obsility of multipactor discharge on dielectrfc:>'® a small

served in a multitude of devices that employ microwaViis. amount of seed electrons may grow to a high level that wil

may occur when a metallic gap or dielectric surface is exjpjtiate the breakdown of dielectric. To prevent the break-

posed to a rf electric field under some favorable conditionsdown’ it is necessary to suppress or eliminate the initial mul-

Its avoidance has been a major concern among workers O[ﬂ)actor discharge, before catastrophic failure.

high power microwave sources, rf accelerators, and space- In this paper, we set our sights on susceptibility to mul-

bascle:d ctc;]mmuntlc;atlon syster’n‘gi.t. tor disch . ¢ Itipactor discharge on a dielectfitOur main interest is, thus,
. or the past few years, muttipactor discharge Ih aO_Tze Anitiation of the discharge, and not subsequent development
lic gap has been studied with regards to its evolufir’

its saturation levet? its dependence on materidfsand its of it, although we have previously shown that the suscepti-

frequency responsé.Recently, we extended our studies to bility diagram may be used to estimate the saturation level of

multipactor discharge on a dielectric surface, including par-the dischargé” Therefore instead of a dynamic theory,

ticle simulationd® and a dynamic theorf In contrast to the wh(_are_ the restoring t(_aklactn_c fllelt(_j chaqtg;hes fv 'a dseccind_ary
two-surface multipactor discharge on metallic gap, multipac-em'ss'on’ we use particle simufations with a fixed restoring

tor discharge on dielectric is a single-surface phenomenorﬂeld' In this paper we e_xtend our §|mulat|o_ns o obtain more
and it is more likely to occul® It was found that the power general susceptibility diagrams. First, we include the effects

deposited on a dielectric by multipactor discharge is on th@f @ constant external magnetic field, varying the field
order of 1%, or less, of the rf power over a wide range ofstrength over a wide range and for different directions. We
operating conditions and materials, and the saturatiod!SC Priefly examine the effects of the rf magnetic fiEtd.

mechanism is due to space charge efféttall of these Second, we will remove the external magnetic field but allow

ionization by the multipacting electrons. We shall continue©f the dielectric. This extension is necessary since the rf
this assumption in this paper. electric field on a rf window is not necessarily parallel to the

rf window breakdown(or dielectric failuré®>*°-1"has  window surface. These variations alter the trajectory of the
been a limiting factor in many high power microwave sys-secondary electrons emitted from the surface, changing the
tems. In general, an avalanche of secondary electrons causeidaracteristics of the secondary electron avalanche along the
by multipactor discharge occurs in the prebreakdown phas@urface. Our motivation for this study is threefold. Since
When this avalanche of electrons reaches a sufficiently highultipactor discharge on dielectric is more susceptible than
saturation level, it induces gas outgassing from the dielectrithat on metal, we are particularly interested in examining the
surface. Further ionization caused by these electrons prgeossibility of inhibiting multipactor discharge by an external
vides a gaseous-like dischar¢@metimes called flashoyer magnetic field. Previously we considered only the case
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Phys. Plasmas, Vol. 7, No. 2, February 2000 Effects of an external magnetic field, and of oblique . . . 751

where the rf electric field is parallel to the dielectric. On a rf
window, this idealization need not be true. We also use the
results for the external magnetic field to infer the importance
of the rf magnetic field upon the multipactor discharge. By
allowing an arbitrary angley, between the rf electric field
and the dielectric we would like to gain an understanding of
the effects of different EM wave modes upon susceptibility
to multipactor discharge. To isolate the effects of external
magnetic field from the oblique electric field, we treat these
effects separately. Three different magnetic field configura-
tions are considereda) parallel to rf field,(b) parallel to dc
charging field, andc) perpendicular to both rf and dc fields.
The angle of obliquenesg;, for the rf field is varied from O
(parallel to dielectrigto 90° (normal to surfack It should be
noted that when one determines the angle of obliquengss,
one must consider reflection from the dielectric.

In Sec. Il, we describe the model used for multipactor
discharge. In Sec. lll we review prior results and comment >
on the structure of the susceptibility diagram. In Sec. IV, we
examine magnetic field effects, present the susceptibility dia-
gram, and discuss the underlying physics involved. In Sec.
V, we present the results for oblique rf fields, explaining the
variations of the susceptibility diagram, and explore possible
implications. Finally, some concluding remarks are given in
Sec. VI.

ERpsin(wt+6)

AN

Dielectric

FIG. 1. Schematic of a single-surface multipactor in a parallel rf, dc electric
field, and external magnetic field perpendicular to rf and dc electric field.

IIl. MODEL AND ANALYSIS Angle of obliquenessy—0.

We use a transmission line motfeto investigate both  —0 62 forw<1 andk>0.25 forw> 1. For the impact angle,

the effects of external electric field and oblique rf electricg £ and s,,,, are adjusted according to the following
field. The geometry for the case of an external magnetic fiel@quations:

is shown in Fig. 1. On the dielectric surface there is a dc

dielectric charging electric fieldsy;, a rf electric field,E E —E 1+ ksgz) (2a)
(with amplitudeE,¢, frequencyw, initial phased, and angle max =max 0 '

of obliquenessy, =0 in Fig. 1), and an external magnetic ke

field, B (Fig. 1). We always set the normal charging field, Smax™= Omax 0(1+ S ) (2b)
Eg4c, along thex axis, and the rf electric field in thg—y 2m

plane. Note that for the purpose of our analysis we allow theHereE,,,, o and 8., o are the parameters for an impact angle
angle,#, between the rf electric field and the dielectric to beof zero (i.e., normal to the surfageand ks is a surface
nonzero if and only if8 vanishes. Electrons emitted with @ smoothness factor ranging from 0 for a rough surface to 2 for

random velocityyvo, and a random angle with respect to  a polished surface. In the paper, we kgt 1, representing a
they axis are subjected to forces imposedHy, E,;, and

B. Having gained energy frork,;, the electrons strike the
surface with impact energ;, and impact angleé. When 8o |
the impact energy lies betweds, and E,, the first and
second crossover energy, respectively, of the secondary elec-
tron yield curve(see Fig. 2, the ratio of secondary electrons
emitted from the surface to primary electrons incident upon 1
it, 5, will be greater than unity. In this case we can have a net
gain of secondary electrons occur.

The dependence of the secondary electron yield on the
impact energy and impact angle is adopted from Vaughan’s
empirical formuld®

6= 8(E;) = Spawer ")k, (1)

where S IS the maximum value ofs, W=E;/E .,
Enax being the impact energy which vyield§, ., and k FIG. 2. Dependence of secondary electron yigldon impact energyg; .
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typical dull surface. For most dielectric& o is Of the
order of a few hundred electron volts, see, e.g., Ref. 15.

By normalizing (time, velocity, electric field,
and magnetic field with respect to
(U, VE max o/Mw/e\yME . oMw/e), we write the normal-
ized force equation of the secondary electrons as

dv
a=—[E+va]. 3

Here,E=(E4.t+ E g Sin(t+ 6)sin ,E 1o Sin(t+ 6)cos,0), B is
the external magnetic fieldn is the electron mass, arelis
electron charge.

The distribution functions for the emission energy, and
emission angle, for the secondary electrons are assumed to

be of the forni>1®

f(Eg)= EE20_e- Eo/Eom, (43
om
g(¢)=3sin, (4b)

respectively. Note thaE,, is the peak of the emission en-
ergy distribution, and is estimated to be on the order of an

electron volt. The mean emission energy Byg .
In the simulation, a macroparticle is launchedtatO

from the surfaceX=0) according to the distributions in Eq.

(4). It hits the surface after a time of flighit Using the force
equation and the parameteBs E;sg, Eq4., 6, ¢, and ¢, we
solve for the trajectoryv,(t),v,(t),v,(t)] and flight timeT
(see the following The impact energyk;, and the impact
angle, ¢, are then given by

Ei=3[vi(T)+vi(T)+Vvi(T)], (58
2 2
B NVA(T)+VE(T)
&= arctar( Vi(—T)) . (5b)

Valfells et al.

Here, we show the trajectories and the time of flight of
the macroparticle subjected £®, E4. andE,q, of the three
different magnetic field configurations.

(a) Magnetic field is parallel t(Erf(I§=Qy9):
—vgsi 00— “sin0
V,(t)=vgsin¢ cog yt)—Q—ysm( v,

Vy(t) =V COSp+ E g cog 6+1) —cosh],
E, ©)
v,(t)= Q—;[l— cog Q1) ]—vgsing sin(Q,t),

2 Q,vgsing
_ yvo
T= Q r:1rcta+—EdC

y
(b) Magnetic field is parallel tdEdc(E§=QX>”<):

Vy(t)=vosing—Eqd,

E
Vy(t)=vq cose cog (i) + Triol [cosd cog O,t)
—cog 6+t)—Q,sindsinQ,t],
(7

E
V,(t)=Vg COS SiIN(Q, 1) + ﬁ%[cosa Sin(Q,t)
X

+Q,(sing cog Q,t)—sin(6+1))],

_ 2vgsing

- —E

(c) Magnetic field is perpendicular to botky, and
E«(B=0Q,2):

E
v, (1) =V Sin( p— Qt) — Q—dcsin(QZt)

ErfO . .
+ ———[sin(6—Q,t) +Q,sin(6+1)
Q;-1

—(1+Q,)sin6cogQ,t)],

FromE; and¢, we calculate the secondary electron yield\,y:VO cogp—Q,t)— E_dc[l_ cog Q,t)]
Q,

from Egs.(1) and(2). We can determine either an exponen-
tially growing or an exponentially decaying trend in the

number of electrons in the avalanche, depending on the ex- + Erfo [cog 6—Q,t)—cog +t)

ternal parameters, such 8s Ey., Eig, ¢, and Spaxo- FOr Q-1

any given values of the fields, the growth rate is determined  _ (14 () )singsin(Q,1)],

by the average value of the secondary electron yield, aver- ®)

aged over the distributions of random emission energy, ranv,(t) =0,

dom emission angle, and random rf phase at emis&on
uniformly random distribution is used for the rf phase, see -

also the end of Sec. Il
In this paper, we pickdmax=3, and E . —=420eV;
then systematically vary botky. and E,, and determine
the boundaries of the multipactor regi@@xponential growth
rate equals to zejdor different values oB and ¢.
Recalling the normalization parametetw/e used for

the magnetic field, one realizes that the magnitude of the
normalized magnetic field is equal to the ratio of the cyclo-

tron frequency to the rf frequendB|=Q=w./o.

Eio |CcOS0—Q,T)—cosfd—(1+Q,)sindsin(Q,T)

Qi-1 Q,
\%
+Q,[cosf—cog 6+ T)]|+ Q—O[COS(¢—QZT)
z

Edc
—CO0S¢]|— ?[1— cog(),T)]=0.

In general, the time of flight of the macroparticle is in-
versely proportional to the dc charging fi¢kke Eqs(6) and
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N 3 too high, the impact energy will be lower th&, or higher
*‘,—S Bmax0 =3 thanE,, at a fixed dc restoring fieltbr time of flight. This
m§ $ 25 Q=0 explains the existence of lower and upper boundaries. If the
— time of flight decreases by increasing the dc field, a larger rf
"‘; 2 field is needed to maintaid=1. This explains the existence
1&5 15 of positive slope of the two boundaries. It is worth mention-
X, ' ing that this positive slope condition is always valid even in
§ 1 the cases with magnetic field, while in the case of oblique rf
% fields it is valid for high restoring fields.
w05 For low values of the restoring field the time of flight
//‘/_/w may be equal to or greater than half a rf period. Any length-

~ o005 o1 ols 02 o025 03 ening of the flight time beyond this value will not lead to

greater impact energy, on average, as the electrons will sim-
EDC[MV/m]x(%HZ) '(4033;/ ply decelerate or reverse at some point during there flight.

This is seen in the leveling off of the susceptibility bound-

FIG. 3. Multipactor region boundaries in the plane &{,E ) for dmax o aries at low values o4 in Fig. 3.

=3, with no magnetic field @ =0). At high values of the dc field, the flight time is suffi-

ciently short that the electrons see an essentially static accel-

erating field. Under these conditions the boundaries in the

§usceptibility diagram are linear asymptotically.

There are a few points to keep in mind when looking at
the susceptibility diagram. First of all, the growth rate is
averaged over all rf phases. This is a good method for deter-
Vy(t)=vgsing—Eyd, mining susceptibility to multipactor, when the time of flight
is on the order of half a rf period or longer, as it mirrors the
random times of emission of the secondary electrons. For

~1, F Jfl/z

(7)]. However, it is more complicated for a perpendicular
magnetic field case, which is solved numerically as the firs
positive root(other than zerpfrom Eq. (8). In the limit
—0, the equations become

Vy(t) =V Cosp+E o cog 6+1) —cosb],

v,(t)=0, © large values of the restoring field, the flight time of the elec-
. trons may be much less than half a rf period, and the uniform

T— 2vgsing distribution in rf phase will not capture the essence of the
Eqg ' actual distribution of secondary electrons. In this case the

rowth rate oscillates in time with a frequency equal to the rf
equency. The boundaries of the susceptibility diagrams
presented in this paper are calculated using the average
growth rate over a rf period. If stray electrons are incident
upon the dielectric at such a rf phase that the instantaneous
Vy=VoSing—Eyd + E Siny(cogt+ 0) —coso), growth rate is positive, although it is on average zero, one
may well see multipactor discharge initiate, last for some

Equation(9) is exactly same as in the case of zero magnetic%J
field 15 '

The trajectory and time of flight for the oblique rf case
(Q=0,y#0) are given by

Vy=Vo C0OS¢+ Ero COSY(COSL+ 0) — COSH), (10 fraction of an rf period, and then diminish. This drawback of
] . dersp . . the random phase assumption for high values of the charging
(Vosing—Eqosinyg coso)T— > T +Ero Sing(sin(T field is not that critical, since prior to any multipactor dis-
charge taking place the dielectric will not be highly charged.
+60)—sing) =0. One is mainly interested in the high dc field part of the lower

If the time of flight exceeds 10 rf periods for any particle, 0undary when considering saturation levéi which case
that particle is assumed to be lost. it may be used to yield a useful average.

IIl. SUSCEPTIBILITY DIAGRAM IV. MAGNETIC FIELD

Before discussing the effects of magnetic field, and ob- By systematically increasing the magnetic field’s magni-
ligue angle on the multipactor discharge on dielectric, let ugude (2, from zero up to ondat about rf frequendy we
review some of the key features in the zero magnetic fieldexamine the change of the lower and upper boundaries. Fig-
nonoblique cas& Figure 3° shows the boundary region for ure 4 shows the susceptibility diagram @ B=,9, (b)
multipactor discharge for this scenario. The lower and uppeB=Q,X, and(c) B=),z, for various value of). Here the
boundaries correspond to the two crossover paiBtsand  subscriptsc, y, zdenote the direction of the magnetic field.
E, in Fig. 2. The secondary electron yield is greater thanin all cases, only the magnitude &f is important. The sign
unity only when the impact energy lies betweepandE,. of Q) does not make any difference in the susceptibility dia-
Changing the magnitude of the rf field changes the amoungram.
of energy gained for a given flight time. On the other hand, ~ With a magnetic field parallel to the rf fiel&=y,,
changing the dc field changes the time of flight, and henceve have gyromotion in th&—z plane. However, this gyro-
also the amount of energy gained. If the rf field is too low ormotion can not gain any energy from the rf field, as the rf
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FIG. 4. Multipactor region boundaries in the plane Bfi{,E ) for dmay ¢=3. () with an external magnetic field parallel to rf electric field foy=0.3 (dash
line) and 1(solid line). (b) With an external magnetic field parallel to dc electric field, f&y=0.3 (dash-ling and 0.99(solid ling). (c) With an external
magnetic field perpendicular to both rf and dc electric field (o= 10"° (dot line), 0.3 (dash ling, and 0.99solid line). (d) With an external magnetic field
perpendicular to both rf and dc electric field, far,=0.99 (solid line), 2 (dash ling, 3 (dot line), and 10(dash-dot ling Note that the upper boundaries for

Q,=3 and 10 are beyond the range of the graph.

field is perpendicular to the motion. In the limit of sm&l|,,
the time of flight recovers tal, [see Eq.(6)]. Here, Ty

=2vq Sin ¢/E,. is defined as the time of flight with no mag-

netic field throughout this paper. Varyii§y, from 0 to about
1, we found that the effect ), is negligible. Figure @)

gives the typical boundaries &,=0.3 and 1.0. The bound-

end of the dc field magnitude, where resonance manifests
itself as a lowering of the susceptibility boundaries. Figure
4(b) gives the typical boundaries &,=0.3 and 1.0 dia-
gram.

In the last case, we have a magnetic field perpendicular
to both the rf and dc fieldB=2(), [Fig. 4(c)]. The trajectory

ary region of multipactor discharge is qualitatively similar to and time of flight are complicated functions Bf;y, Eg4c,

the case of no magnetic fieldee Fig. 3 Thus a magnetic

Q,, vg, 6, and ¢. From force considerations, it is apparent

field that is parallel to the rf field does not change the susthat the magnetic field does not play an important part in

ceptibility diagram.

A magnetic field that is parallel to the dc fieldd
=R, gives a gyromotion in thg—z plane. Since the gyro-
motion is in they—z plane, the motion in the direction
governs the time of flight, and it is equal 1§ [see Eqs(7)

restoring electrons to the surface unless the magnetic force
component{},v,, is comparable in magnitude to the force
exerted by the dc electric fieldy.. Therefore the effect of
the external magnetic field is first realized for the upper
boundary of the susceptibility diagram, where the typical ve-

and (9)]. With the same amount of flight time, secondary locity of the electrons along their trajectory is much higher,
electrons gain more energgompared to the case without because of the higher impact energg hundred times
magnetic field from the rf field through the gyromotion in highep, than the velocities typical of the lower boundary. Up

y—z plane, and fronk;x Q, drift. We could anticipate that
resonant absorption occurs@j=1, when the cyclotron fre-

to a value of(),=1, the upper boundary is lowered, reaching
a minimum value arounf ,= 1. This minimum occurs when

quency is equal to the rf frequency. For resonant absorptioa portion of the electrons emitted from the surface are not
to become apparent, the time of flight must be sufficientlypulled immediately back to the surface, but remain in flight

long (on the order of a rf period or longerTherefore, the

for up to a few rf periods. This leads to a resonant condition

susceptibility diagram is altered only at the extremely lowwhere these electrons pick up much more energy than they
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would in the absence of the magnetic field, for given valuesetic force is significant, and may even be dominant in com-
of E;p andEy.. For these resonating electrons, a much lowelparison to the electrostatic force due to the charging field.
value of the tangential field,;, is needed to reach the first There is no resonant effect as in the case of the external
crossover energy. Of course, for a portion of the secondariemagnetic field, and the only effect of the rf magnetic field is
emitted, the magnetic field will reduce their time of flight, to shorten the flight trajectory. As the flight time is typically
leading to less energy gain, but this reduction is of a smallevery short, one may understand the situation by approximat-
scale than the energy increase for the resonant electroniag the electric field tangential to the dielectric to be con-
Hence, on average, the upper susceptibility boundary is lowstant. For large values &, /Ey4. one may further ignore the
ered around the resonant conditidd,= 1. As the magnetic effects of the dc field. In this case the distance the electrons
field strength is increased, these resonance effects vanisinavel along the dielectric is of the order of the Larmor ra-
and the magnetic force only leads to a drastic reduction oflius, and scales asB4. The energy added to the electrons
the time of flight(or equivalently to a shortening of the flight in flight is the product of the tangential field and the distance
path. An increasing magnetic field now has the effect totraveled tangentially. The energy gain is roughly approxi-
reduce the amount of energy given to a particle in a bouncanated by

for given values of ;; andE . [Fig. 4(d)]. Hence increasing 1

the magnetic field strength raises the boundaries of the sus- AEnergy= E.-ds~E, — =constant. (13
ceptibility diagram. This raising even becomes apparent for Bounce Er

the lower boundary, as for strong magnetic fields the magthjs |eads to saturation in the energy gained per bounce. If
netic force componenf),v,, becomes comparable to the dc that energy level is lower than the second crossover energy,
restoring field,Eqc. In Fig. 4(d), the upper boundary of the e upper susceptibility boundary is eliminated.
susceptibility diagram for the high magnetic field casks It should be noted that the rf magnetic field effects may
=3 and 10 are beyond the scales of the diagram. be neglected in the presence of an external magnetic field,
From the susceptibility diagrams shown in Fig. 4, theQZ' of magnitudeQ,>E,/c, wherec is the normalized
presence of an external magnetic field does not qualitativelgpeed of lighttypically around 3. Note also that the effects
change the susceptibility diagram if it is parallelEq. The  qf the rf magnetic field upon the upper boundary are unim-
external magnetic field lowers the susceptibility boundarieﬁ)ortant for dielectrics with low secondary yields.{y o

for low values of the dc electric field, whebis parallel to <1 5) since, in these cases, the second crossover energy is
Eqc. This statement holds for all magnetic fields simulated.gypstantially reduced, leading to a lawx B, force.

up to those values whose cyclotron frequency is on the order

of the rf frequency. However, magnetic field perpendicular to

both the rf field and the dc field can change the susceptibilitx/. OBLIQUE rf FIELD

diagram considerably for cyclotron frequencies close to or

greater than the rf frequency. The magnetic field strength,  An oblique rf electric field has a component perpendicu-

B,es Which gives a cyclotron frequency equal to the rf fre- lar to the dielectric, which can either reinforce or reduce the

qguency, is given by restoring field, depending on the rf phase. Thus the time of
_ flight of the electrons in the discharge can be strongly af-

Bred T1=0.036(GH2), a1 fected. From previous analy$isit has been found that the

wheref is the rf frequency. There is no appreciable effect ifflight time of the electrons is of greatest importance in deter-

B, is less tharB,.s. We now digress to comment on the role mining the susceptibility diagram for multipactor discharge.

of the rf magnetic field? assuming the absence of an exter- Figure 5 shows susceptibility diagrams for various angles of

nal B field, and assuming a normally incident plane waveogbliqueness.

with no reflection. Our calculations show a negligible change  Simulations reveal that the first crossover energy still

to the lower boundary, while the upper boundary is greatlydetermines the lower boundary. It is not greatly altered, even

extendedto such an extent that it may be considered to bahough its slope decreases slightly with increasing angle of

eliminated in some casesThis is readily explained. The obliqueness. The contribution to the average secondary emis-

normalized rf magnetic field i€ = 2, with sion coefficient from electrons emitted when the restoring
1 field is weakened, due to the rf contribution, is the reason for
Qy=— EErfo sin(t+ 6), (120  this decrease of the slope, as it outweighs the effects of the

electrons emitted when the rf field adds to the restoring field.
where ¢ is the normalized speed of light in vacuune ( To understand this better recall that for sufficiently large val-
=511 keVE . deV)). For the lower bound of the suscep- ues of the restoring fieldEy.+ E g Sin ¢y coswt+ ¢), the rf
tibility diagram (corresponding to the first crossover energyfield changes very little during the electrons’ time of flight.
of the secondary emission cujvene typically hasv/c  Therefore one may use the approximation that the rf field is
~1%, andE,/Eq~2-3. Hence the magnetic force is neg- constant throughout the time of flight. Hence one may ap-
ligible compared to the dc electric field force at the lowerproximately find the boundary of the susceptibility curve by
boundary. Therefore the lower boundary remains unchangedalculating the secondary emission obtained with a perpen-
For impact energies corresponding to the second crossoveicular field of|Ey.+ E,« Sin¢ycos(p)| and a parallel field of
energy one typically has/c~10% if dpha 3. The value |E,qcosigcos(®)|, and averaging over the phasg, with a
of Eo/Eqc Will also be quite high. In this region the rf mag- uniform distribution from O to 2. Figure 6 shows a typical
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graph of the secondary yield as a function of constant tanted at large restoring fields diminishes, as compared with the
gential electric field,E;, and constant restoring field, , losses when the rf field is pushing the electrons away from
perpendicular to the surface, throughout the time of flightthe surface of the dielectric. At higher valuesEf, and for

(i.e., dc conditions The lower boundary of the susceptibility angles of obliquenes@=5°, one sees a drastic decline of
diagram corresponds to the higher restoring field at whichhe slope of the upper boundaries, leading to a narrowing of
6=1in Fig. 6 Because of the. degreas.in.g slope of the.sec:rhe susceptibility regiorfiFigs. 5b)—5(d)]. In this case the
ondary emission curve shown in Fig. 6 it is clear that, giveng|ectrons emitted during a rf phase, such that the restoring
a fixed tangential field strength, tia@eragesecondary emis- |4 is greatly reduced, have a greater effect on the average

sion .for restoring  fields qf magnitud.e |Eqc growth rate, than do those emitted during a rf phase that
+EqoSingcos@)| and |Eg—Eosingcos@) will be Ifaads o a shorter flight time.

greater than the secondary emission for a restoring field o The results described in this section are obtained in the

|Eqd. This explains the lowering of the slope of the lower bsen f electromaanetic effects. An obvi tion
susceptibility boundary in the presence of an oblique field. absence ol electromagnetic etiects. obvious questio

There are two main changes to the upper susceptibilit?rises what happens if the rf magnetic field is included. One

boundary in the presence of an oblique field, from that of thd"@Y estimate this by looking at the relative magnitudes of
nonoblique case. First of all, for small angles of obliquenesdn® components of the forces acting perpendicular to the di-

(¢=5°), thelow-E4, end of the susceptibility region is ex- €lectric surface. At the lower boundary the magnetic field
tended to higher values @&, [beyond the abscissa of the force is negligible(see Sec. IY. At the upper boundary the
graph in Fig. %a)]. This is due to the fact that at certain magnetic force is given by,v( /c)Ey sin¢+6), While the
phases of the rf field, the restoring field is greatly increasedforce due to the oblique field is given by s sint+6).
shortening the flight time enough to bring the impact energyAt the upper boundary, typically/c~0.1, so that for angles

to within the second crossover energy. For larger angkes, of obliqueness greater than 5°-10° the oblique field effects
this extension vanishes as the contribution of electrons emitsecome dominant.
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