Frequency response of multipactor discharge
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This paper analyzes the frequency response of a two-surface multipactor in a rf circuit. An equation
for the frequency band in which steady state multipactor can occur is derived in terms of the
secondary emission properties of the surface, the quality fetafrthe rf circuit, and the operating
voltage. The steady-state multipactor current is also derived, and is shown to be in excellent
agreement with numerical computations that follow the temporal evolution of the multipactor
discharge. ©1998 American Institute of Physids§1070-664X98)00501-1]

I. INTRODUCTION Il. THE MODEL

Multipactor discharge is a medium- to low-voltage phe- ~ The model is shown in Fig. 1. The rf structure is repre-
nomenon frequently observed in microwave systémdts ~ Sented by a circuifwith resistanceR, inductance., capaci-
presence often requires little more than an ac electric field offNc€C, quality factorQ, and characteristic frequenay,

a metallic surface®° or on a dielectric surfa@® under a  —(LC) ] connected to parallel plates, between which a
moderately high vacuum conditidhWhile known for more ~ Single electron sheet of charge density, oscillates. This
than 60 yearS, multipactor received only spotty theoretical electron s_,heet represents the ml_JIt|pactor electrons. The gap
treatments until recently, when a concerted effort has beek0!t@ge is provided Dby an ideal current sourdg
made to understand its evolutibf, its conditions for o Sin@i+¢). The gap spacing i®. The frequency re-
existencd 2 its saturation mechanishf its saturation SPONSE May be examined by varyimgaboutwo.

level® and its dependence on the properties of the materials _N_ormahzed parameters_ are used in the analysis. The nor-
and on the electrical properties of the rf circliftwith few mallz_mg.factors areD for d|s'FarTce;wo fogfrequency; 1_”b°
exceptions, most of these studies were concentrated on twd2" fiMe v=w,D for velocity; U=mv* for energy; v
surface multipactor, such as that which would occur across:U/e .for voltage (e is t_he. me.lgnltude of the electron
the gap of a If cavity. charge; E=\(/D fo_r electric field; % =¢gE }‘qr the surface

In assessing the interaction between the multipactor Witf?harge dens'%(s‘;zlitrﬁ g‘ig _sp:;ce. pe_rmmwﬂyagd viz ¢
a rf circuit, it has been assunfedthat the external rf source, or cgrrent, whereZ = ( ! ) Cist e Intrinsic mpedance o

L : : : the circuit. The governingnormalized equations aréFig.
which initiates the multipactor discharge, is at a frequency)
that is the same as the cold-tube natural frequency of the r]f

circuit. Under such an assumption, it was found that multi- d? d )

pactor saturates by its loading of the rf circuit as the multi- | gz " g gt 71/ V(U= gt (o S+ ¢)

pactor current grows. This finding is restricted, because of

space charge effects, to quality fact@Qrof the rf structure +1m(t), (1)
greater than about 10, and to maximum secondary yield less d

than about 1.5, so that the multipactor growth is not rapid. If | _(t)=—o. — x(t), 2)
a steady state is indeed reached, multipactor may consume dt

tens of percent of the external rf powkwyith the impact d2 1

energy of the secondary electrons equal to the first cross-over ae X(t)=V(t)+o-| x— 5) , 3

point in the secondary electron yield curie., E; in Fig. 2
below). whereV is the gap voltagd,,, is the multipactor current, and

In this paper, we extend our previous work to analyzex is the normalized position in the gap. Equatidn is the
the frequency response of multipactor discharge in a rf circircuit equation for the gap voltag¥, Eq. (2) gives the
cuit. Specifically, we assume that the external rf source’smultipactor current induced as a result of the motion of the
frequency does not necessarily coincide with the cold tubgharge sheet, and E) is the force law which describes the
frequency of the rf circuit. In this way, we may gain a deeperaction on the electron sheet by the gap volt&gand by the
understanding of multipactor discharge under more generdinage charge. Note thaithough the image charge term in
conditions. The use of a highly simplied model allows us to(3), the last term of (3), is included in the computer simula-
derive the frequency band over which steady-state multipaaions, the steady-state theory ignoresTibis may be justified
tor may exist, as well as the saturation level of the multipachecause in th€)>10 cavities studied in this paper, beam
tor current under these more general conditions. We restridbading saturates the charge density to such a low level that
our study to first-order two-surface multipactowe ignore  the space charge force term () is negligible. This is also
the effects of external magnetic field and of a random emisevident in Fig. 8 below, where the simulation resuisat
sion velocity distribution of the secondary electrons. include the space charge fojcagree well with the analytic
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(assumed to be uniform

Let Vy(t) denote the gap voltage going fror{t=0)
=0 tox(t=n/w)=1, andV,(t) denote the gap voltage go-
ing from x(t=0)=1 to x(t=wn/w)=0. Solving (1)—(3),

. . with the steady-state conditioV,o(t)=—V;(t), and using
theory (that does not include the space charge fprteis the jump condition onv(t) at impact, we obtain

also important to note that, in the evaluation of the stability
boundary(e.g., Figs. 3 and 597we may ignore the space —t

charge force altogether, because on the stability boundary Vo(t)zex;{ E) (A cogw;-t)+B sin(w; 1))

there can be no growth of multipactor charge from an infini-

tesimal value. Also note that, in general, the space charge +C cojw-t—¢), )
density, g, is constant, except at impact when it may expe-
rience a step-like change because of secondary emission.

FIG. 1. Model of multipactor discharge in the parallel plate cavity.

where

A modified version of Vaughan’s formula for the sec- -7 (u—Ug)sin ¢
ondary electron emission coefficient is uséd: = ( @1-(1+ 72+ 27 cos ¢))' ®
— k
0= Omax (W exp(1 -W)) 3 | (-4) o (s—Ug)(1+ 7 cOS
wherew=E;/E .y E; is the impact energy of the incident B=—|~ A+ 227 cos9)) 9
electron E .« is the energy at which the maximun valéig,, ! K K
occurs(Fig. 2), andk=0.62 forw<1, andk=0.25 forw I 4o
>1. The energies, for which=1, areE; andE,; E; being C= , (10)
the lower value is the “first cross over energy.” w?
\/(1-!—0—(02)2—0— D
Ill. STEADY-STATE THEORY AND COMPARISON
WITH NUMERICAL RESULTS 2
_ _ _ a)1=1+0'—4—Qz, 11
Equationg1)—(4) describe the temporal evolution of the
multipactor discharge in a rf circuit whose normalized cold -
tube natural frequency is unity, and whose unloaded quality nzex;< - 2Q_w) 12

factor isQ. To evaluate the frequency response of the mul-

tipactor, we assume that the external rf current soligge o1
will have a variable frequencw in the neighborhood of Yy=m —. (13
unity. Regardless ofv, when steady state is reached, the @

space charge densityis constant. The impact energy equals One uses condition) and (6) to determine any two of the

the energy at the first crossover poigt,, of the yield curve parameterg (the impact phaeo, or w, given the value of

in Fig. 2 (corresponding to an impact velocity g, and the  the third.

gap must be crossed in half a rf period. Thus, upon ignoring  Figure 3 shows the region in which steady-state multi-
the image charge term in EB), we integrate Eq(3) twice  pactor occurs for a typical case. Steady state is only obtained
to obtain when the initial sheet is launched within the bounded area.
The abscissa is the phase angle of the driver current when the
initial electron sheet is emitted. The ordinate is the normal-
ized frequency of the rf voltage. The diagonal parts of the
boundary are due to rapid quenching of the multipactor dis-
charge(in very few rf cycles, as the secondary electrons are
emitted at an unfavorable phase of the gap voltage. The hori-
zontal parts of the boundary are due to the fact that the am-
plitude of the gap voltage is not great enough to accelerate
electrons to an impact velocity. This latter boundary sets

0 ; : the outer limits of the frequency which can sustain a multi-
1 P E 2 pactor discharge.
1 Simulations show that the steady-state charge density of
the multipactor discharge goes smoothly from a maximum
FIG. 2. Typical secondary electron yield curve. value neaw=1, to zero at the frequency bounda8ince the
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FIG. 3. Stability band of multipactor discharge, from simulatiq¥= 10,

. ) FIG. 4. Response curves of gap voltage for an unloaded cavity. Fixed op-
©=0.491, and normalized operating voltag@ 3.

erating voltage of 0.3, differin@-values.

transient terms in the solution for the gap voltage are di-
rectly proportional to the charge density,

they can be ig- I :
th h the f . Fig-
nored at the frequency limithience e response curves, thus widening the frequency band. Fig

ure 4 shows how the amplitude of the gap voltage varies with
V(t)=C cojw-t—{). (14  frequency, in an unloaded cavity, with a fixed operating volt-
age. Figure 5 shows how the frequency band is dependent
upon theQ value for a fixed operating voltage, comparing
She results of Eq(16) to those of computer simulation. Fig-
ure 6 shows how the frequency band varies with operating

Imposing conditiong5) and(6) on (14) yields the following
equations for the impact phase of the gap voltage, and fr
qguency limits, respectively:

2(pm—Up) voltage for a fixed value of), once again comparing the
{=atan 2o—m-(ptug))’ (15 results of Eq(16) to those of computer simulation. The ef-
fects of varying the surface material and/or emission velocity
2_q_ 1 N \/(ZIdo sin 4“)2_ i+ i (16) are not as straightforward, sin¢eis a strong function ojx
A To LA (n—Ug)? Q% 4Q%* andug. Figure 7 shows the effects of the emission velocity

on the frequency band as calculated from Bd). It should

be stressed that the above analysis yields a necessary condi-
tion for steady-state multipactor to be obtainable. Other
mechanisms can deny access to the steady state.

which has solutions,,x and w,,. Note that the right-hand
side of(16) is only weakly dependent upanthrough¢, and
thus Eq.(16) may be either solved graphically, or approxi-
mately by using the value df (w=1) in Eq. (15). Using this
approximation one may take the width of the stability band
to be

W= 0ma— @min
N 2 (2Ql g sin £)? 1
N (®maxt ©min)Q (— U0)2 " 4Q2’
17

1.05

wherel={ (w=1).

Note from Eq.(16) that for large values of) the fre-
guency limits are nearly symmetric abowt=1. If one de-
fines the operating voltage as the amplitude of the gap volt
age wherw=1 ando=0 (operating voltage| 4oQ), thenfor
a fixed operating voltage and large value of Q one finds
W~1/Q. It is also clear that for a fixefarge Q, thenW is
nearly proportional to the operating voltage. The reason fol 095
this is straightforward: To accelerate the electrons across th
gap, so as to reach the impact velocity,a minimum am- Cavity Q
plitude of the gap voltage is needed. The response for a fixeu

operating voltage is narroweq with high@y thus narrowing _ FIG. 5. Stability band as a function of cavi§. Operating voltage0.3,
the frequency band. Increasing the operating voltage raises=0.543. Solid line is from Eq(16), x symbols are from simulation.
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FIG. 6. Stability band as a function of operating volta@e= 10, u=0.543. FIG. 7. Stability band as function of emission velocity as calculated from
Solid line is from Eq.(16); o symbols are from simulation Eq. 16.Q=10, operating voltage0.3.

getting a graphical solution. A quicker method is to approxi-
It is of interest to calculate the steady-state charge dermate the phase angle by use of Etf), and then using only
sity of the multipactor. This can be done by using the fullthe condition given by Eq5). The resulting implicit equa-
equation forV(t) and imposing condition&s) and (6), then  tion for the steady-state charge is

[A(1— 5-cosy)—Bn sin ¢]/2Q+ (B(1— n-cosp)+Axn-sin y)w, +<2C sin g)

,LL_UO: 1+to ® (18)

which is easily solved graphically. Results of EG8) are  unity. In the latter case, saturation may be due to both cavity
compared to computer simulations in Fig. 8. detuning and space charge forces which give rise to charge
debunching and field revers&lThe relative importance be-

tween the two saturation mechanisms remains to be exam-
IV. CONCLUDING REMARKS ined.

The analysis presented above is by no means exhaustive,
but it does yield necessary—if not sufficient—conditions for
the existence of steady-state, first-order multipactor in planar
geometry. It is found that the stability band is roughly sym- x10"
metric about the natural frequency of the rf circuit. The
width of the stability band is found to be inversely propor-
tional to theQ of the cavity, for a fixed operating voltage,
while it is found to increase linearly with operating voltage,
for a fixed value ofQ. Effects of emission velocity and
secondary emission characteristics are given implicitly in Eq.
(16). Finally an approximate, implicit, equation for the
steady-state charge density of the discharge is presente
Since our simulations include the combined effects of off-
resonant driving, of the beam loading by the multipactor, anc
of the image charge, what is given here is a reasonably con
plete study of the frequency response of the multipactor dis
charge, forQ>10 anddy,a<1.5. 095 096 097 098 099 1 101 102 105 104 105

Finally, we should remark that space charge forces art
indeed important for very lovQ structuregi.e., nonresonant
structures in which the rf field is less responsive to what- FIG. 8. Steady-state charge density of multipactor. Operating veiads

ever mU|tipac_;t0r_grOWth- They may also be impprtant even ing— 19, 4=0.491. Solid line is from Eq(18), open circles are from simu-
a highQ cavity, if the secondary yield substantially exceedslation.
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