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In spite of the mutual repulsion among the space charges, a new phase-focusing mechanism is
discovered whereby the leading edge of the multipactor discharge in an rf circuit grows at the
expense of the trailing edge. This effect arises from the different impact energies, and hence
different secondary electron yields, experienced by different portions of the discharge. This phase
focusing mechanism may shape the steady-state multipactor discharge in the form of a very tight
bunch of electrons. €1996 American Institute of Physid$S1070-664X96)00605-9

Multipactor discharge is a resonant, low to medium volt-motions of the multipactor electron sheets induce a wall cur-
age phenomendn® frequently observed in microwave sys- rent, I ,(t), which loads this RLC circuitFig. 1). Upon im-
tems such as rf windowbsaccelerator structurésand rf sat-  pact on a gap surface, the respective incident electron sheet
ellite payload$. Its persistence requires, at the minimum, is removed and a new electron sheet is generated by second-
stability in the phase of the electron orbit with respect to theary emission.
rf cycle!? Vaughan established this phase stability for a ~ The evolution ofVy, x4, X,, and the multipactor current
multipactor electron that is subject to a constant rf electrid m iS governed by the following normalized equations:
field. This phase focusing occurs rapidly, over a few rf cycles

2
typicqlly. However, as the space charge builds up, th.is phase W+ 6 at +1|V4(t)= % [14o SIN(wt+ @)+ 1,(1)],
focusing may be destroyed by the mutual electrostatic repul- B
sion among the multipactor electrons. It is conjecttiret
the multipactor current may saturate when the electrostatic dx, dx,
repulsion is about to overcome the phase focusing that is !m(t)=—01 =02 5 2

obtained from the consideration of single-particle orbit.
In this paper, we examine the effect of mutual electro-  d?x, L

static repulsion among the multipactor electrons in an rf cir- g2 — VoD T 01 (=2 + 02 [h(x1=%5) = (1=x)],
cuit. We find that such electrostatic repulsions do not lead to (3a)
saturation of the multipactor current. More surprisingly, we &%

fmd that the!r mutu_al interactions lead to a new phaseT focus- _23 =Vy(1)+ 0 (X~ Y+ gy -[h(Xe—X1) — (1= x)],
ing mechanism, with the result that the leading multipactor dt

electrons grow at the expense of the trailing ones. This find- (3b)

ing is based on a simple model where the multipactor conghere we used the normalization scalBsfor distance,w,
sists of electron sheets moving across a planar gap which gy frequency, 1, for time, v = woD for velocity, U=my?
part of the rf circuit. The suppression of the trailing electronsfgy energy,U/e for voltage,E=U/eD for electric field, and
by the leading ones gives credence that, in reality, the steady— &E for surface charge density.
state multipactor discharge is in the form of a very tight  Equation(1) is the circuit equation governing the evolu-
bunch of electrons, the strength of which is determined prition of the gap voltage, driven by a normalized ideal current
marily by their beam loadirigof the rf circuit. sourcel 4, (of amplitudely,, frequencyw, and phasep at

To isolate the physics of mutual repulsion among thetime t=0) and by the multipactor current, (Fig. 1). Note
multipactor electrons, we consider only two electron sheetshat the terml ,, in Eq. (1) is solely responsible for the non-
of surface densityr; and o, located, respectively, a4 and  linear beam loading and frequency detuning of the cavity by
X, inside a planar gagFig. 1. The gap separation B and  the multipactor. It is simply the wall current induced by the
the gap voltage i¥4(t). We assume that the voltayg that ~ motion of each sheet as given by E8), where theo’s are
drives the multipactor is provided by an rf cavity. This cav- always positive by convention. Equati¢da) is the force law
ity, with characteristic frequency, and quality factorQ, is  for electron sheet 1. The first term on the right-hand side of
modeled by a circuit with circuit elemenk L, andC. The  (3a) represents the force due to the gap voltage. The second
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FIG. 1. Model of two multipactor electron sheets, interacting among them-
selves and with the rf circuit. 0

term, proportional tar;, is the force due to sheet 1's image
charges on the plates. The final term, proportionalso
represents the force on sheet 1 due to the presence of sheet 2.
It is this term that accounts for the mutual repulsion between e &1
the multipactor electrons. In E@3a), h(s) is the unit step e
function: h(s) =0, s<0; h(s) =1, s>0; h(s) =3, s=0. Equa- g1 T (b)
tion (3b) is the force law for electron sheet 2. It is obtained A
from Eq. (338 by interchanging indices 1 and 2.

On impact with a plate at timg, an incident electron
sheet, whether it be sheet 1 or sheet 2, is removed and a new 0.6
sheet of surface charge is released by secondary emission. 2SRF cycleso

The postimpact surface charge densify;") is related to the

pre-impact charge density(t;") by FIG. 3. Secondary electron yield;,5,) for sheets 1 and 2 as a function of
time: (a) op1=00y, (b) 09,=50 ;.

75

a(ty)=8-a(t)), (4)
where § is the coefficient of secondary emission which de_leading sheet 1, thl.js yielding an even higher impact energy
pends on the electron impact energy, of the impacting and, therefore, a still higher sec_qndary yleld_, for the leading
sheet. HereE, = (dx/dt)2/2, evaluated :;I=ti‘. For simplic- sheet 1..On the contrary, the trglhng sheeF 2 is decelerated by
ity, we assume that thg secondary electrons are emittgq wittragr:;g?éngaslgt\jfgr1;;55:13:;3 Iynieell d'%\évre;r:;n?;?ﬁnegniﬁgétagd
f;rr?]u\llg(xgi%hlngisgglttlgg’ fl\:vrc]acti)dnopglo\t/taelggri\r?n':?g.erglpl_:_lrc]{asl Thus growth of the leading sheet is favored and the trailing
shows thay=1 at two values of impact energies, andE sheet is, in effect, cannibalized. As we shall see, this effect
and 5>1 in between. The lower enerdg, is desilgnatedz,as operates on a longer time scale, typically in tens of rf cycles.
e T e To test this hypothesis we conducted several simulations
the “first crossover point.” With a single electron sheet, the using Eqs.(1—(4) and launched sheet 1 slightly ahead of
steady state obtained by beam loading has been shwwn sheet i e‘ sheet 1 is leadingt timet—0 (Fig. 1) ¥|'he gap

occur at the first cross-over poifite., 5=1 andE;,=E,). ) . .
Two mechanisms exist which may overcome the SIOaCe\_/oltage is selected such that a first-order multipactor can be

charge forces. The first is the phase-focusing effect of gchleved. In all cases the beam-loading effect domifates

single particle, described by Vaughhand referred to in the ?nnodstt?r?esstz%dey:;ifatv gltgjtzir?é(;hbe rimrjll(t)'fi)r?dgec:r;inet_éi;l'e
first paragraph of this paper. The second, new, mechanis L ces. e by setting both and y g ual tgo zeropin Eqs 9
follows. Since each sheet has a different impact energy, i €., DY 9 1 ando, equal ds-
. . . 3a) and (3b). When the quality factoQ is about 10 or
will have a different secondary electron yield, and hence g .
: ! . . . igher, the beam-loading effect saturates the total charge
different growth rate. A simple analysis shows thdmemati- .
. . . . ensity at such a low level that the space-charge forces never
cally, the leading sheet always arrives at a higher impac ; .
energy. For impact energies beldy,,,,° this translates into f"ld a chance to overcome Vaughan s.phase-focusmg mecha-
e nism, and the sheets quickly coalegeathin a couple of rf

?r Or:;grll?r yielsv (ian St:: tlﬁ:tdtiﬂg tsrgﬁi(:. gﬁ;ﬁ?ﬁ%&igﬁg s th cles. Therefore the space-charge effect is apparent only in
g+ 9 ow-Q structures, and we s€=1 henceforth. In Eg(1), we
setw=1.

Figures 3a) and 4a) exhibit the case where both sheets
are launched with the same initial charge density=oy;.
Figure 3a) shows that although both sheets start out with
almost the same impact energy and the same secondary elec-
tron yield, sheet 2 always has a lower yield. As the charge
densities increase, beam loading sets in to reduce the second-
ary yields of both sheets to near unifgrop in gap voltage

0 = " E, leads to lower impact energieSAfter some time, the repul-
Ei sion by sheet 1 forces sheet 2 further and further away from
the fixed phase, and the secondary yield for sheet 2 decreases
FIG. 2. Secondary electron yield, as a function of impact enerdy; . below unity[Fig. 3(@)]. Figure 4a) shows thato; increases
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[Fig. 3(b)], and o, rapidly diminishedFig. 4(b)]. Hence the
above process of cannibalism holds, regardless of initial
conditions’ These features are also observed &gy, (Fig.
2) as high as 5. Note, however, that the initial conditions and
space-charge forces do affect the timing of the multipactor. A
slab of a finite width may reach the steady state more rapidly
than a single, infinitesimally thin sheet.

In conclusion, the phase focusing based on the single-
particle theory advanced by VaugHaand by Riyopoulos
et al,? together with the additional phase focusing revealed
from the present study, lead to the scenario where steady-
state multipactor discharge is in the form of a very tight
electron bunch. The level of the steady-state multipactor cur-
rent in an rf circuit is primarily determined by its loading of
the circuit.
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FIG. 4. Charge densityo,;,05) on sheets 1 and 2 and the total charge
densityor=o04+ 0, for (a) op1=0y,, (b) 0¢,=50 0y;.
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