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Multipactoring zone map of an rf input coupler and its application
to high beam current storage rings
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Multipactoring phenomena in a radio frequency (1f) input coupler, which could cause serious problems
during accelerator operation, are described based on electrodynamics with the superposition state of the
input and reflected waves in the coupler. Since the reflection coefficient varies widely with the beam
loading in the case of high beam current storage rings, multipactoring zones should be represented in the
two-dimensional space of the input rf power and the reflection coefficient. Based on this map, we have
performed a simulation study for normal-conducting rf accelerating cavities and developed a method to
operate an rf cavity with multipactoring problems so as to minimize the influence of multipactoring.
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I. INTRODUCTION

The ARES [1-3], standing for accelerator resonantly
coupled with energy storage, is a normal-conducting radio
frequency (1f) accelerating cavity system for the KEK B-
factory (KEKB) [3—12]. This system makes it possible for
KEKB to store high beam currents of electrons and posi-
trons stably. This stability is obtained by having an addi-
tional energy-storage cavity with a large cylindrical shape,
which is electromagnetically coupled, via a small coupling
cavity, to the accelerating cavity with a structure for damp-
ing higher order modes; therefore, the ARES is a unique
three-cavity system.

An input coupler is a device used to feed the rf power
from a klystron into a cavity, which is one of the most
important components for high-power rf systems. In the
ARES, coaxial-line couplers are used with a loop for
coupling to the magnetic field of the TEj;; mode in the
energy-storage cavity. A schematic drawing is shown in
Fig. 1. The ARES input couplers have been tested in a
coupler test stand up to or over 800 kW time-averaged
power of the continuous wave [13,14].

The tested couplers have been used in KEKB operations,
where 20 ARES cavities are operating to store a 3.5-GeV
positron beam in the low-energy ring, and 12 ARES cav-
ities together with eight superconducting cavities (SCCs)
to store an 8.0-GeV electron beam in the high-energy ring
(HER). In 2003, the vacuums in two of the ARES cavities
for the HER deteriorated significantly compared with those
in the other cavities. The vacuum pressures rose up to
several times higher values at certain input-power levels
with and without a beam. From this dependence of the
vacuum pressures on the input rf power and discharge
phenomena observed with a TV camera through the inside
of the cavity, it turned out that the vacuum-pressure rises
resulted from resonant electron multiplication in the coax-
ial line of the input couplers. This phenomenon arises from
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secondary electron emissions after impact of primary elec-
trons and repetition of this process driven by the rf field,
known as multipactoring (or multipacting). Since there was
no conditioning effect, we replaced the couplers by new
ones, which had passed high-power tests without multi-
pactoring symptoms. In addition, we scraped and wiped the
inner surfaces of the coupler ports to remove the possibility
of multipactoring sources in the cavities. However, one of
the two cavities still exhibited the multipactoring problem.

Usually, multipactoring in a coaxial line can be sup-
pressed by using the DC electric bias method [15,16].
However, the ARES coupler has a coupling loop at the
end of the coaxial line, so that no DC bias can be applied.

In order to find a solution, we have performed a simu-
lation study of multipactoring, where the strength of multi-
pactoring is calculated as a function of not only the input rf
power but also the reflection coefficient (I') because I’
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FIG. 1. (Color) Schematic drawing of the ARES input coupler.
The z axis used in the multipactoring simulation is shown as a
horizontal arrow. The vertical dashed line indicates the position
of the effective reflection plane explained in the text.
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varies widely with the beam loading, including both the
overcoupling (I' > 0) and undercoupling (I' < 0) regions,
in the case of high beam current storage rings, such as
KEKB. It should be noted that the phase as well as the
amplitude of the reflected wave have to be taken into
account in the multipactoring simulation. It should be
also noted that the reflected power together with the input
rf power is used in [17] to represent the multipactoring
zones, while we adopt the reflection coefficient instead of
the reflected power due to the reason mentioned above.
Furthermore, we have developed a method to operate the
above-mentioned rf cavity with the multipactoring prob-
lem, based on a multipactoring zone map, for the accel-
erator performance not to be degraded, by minimizing the
influence of the multipactoring.

In the next section, the method of the multipactoring
simulation and the zone map are explained, followed by an
application of the map to an operational strategy against
multipactoring.

II. MULTIPACTORING ZONE MAP

A. Multipactoring simulation

In this paper, cylindrical coordinates (r, 6, z) are used
with the z axis taken along the axis of the coaxial line,
where the origin is located at the end, as shown in Fig. 1.
The region of the coupler coaxial line for multipactoring is
defined as —200 mm < z < —50 mm. The region of z >
—50 mm is excluded due to the perturbation effect of the
coupling loop on the TEM mode, which was determined
using a three-dimensional electromagnetic simulation.
Examples of the simulation results are shown in Fig. 2,
illustrating the perturbation effect.
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In the multipactoring simulation, a first electron is put on
the surface of the inner or outer conductor with zero initial
energy. Then, its relativistic motion is calculated by solv-
ing the second-order differential equation

d?x e - dx_ - 1 /dx dx
ax _ ¢ N+ P xp- (Y E 1
e A A=t vl - I

using the Runge-Kutta-Nystrom method [18], where the
electromagnetic fields of the input TEM wave and the
reflected TEM wave are taken into account:

E, = VT{sm[ (t - Zref) + ¢0}
; Fsin[ <t T Zfd’) + ﬂ} )

Bl ) 0
- Fsin[w(t + Zref) + ¢0” 3)

E,=E,=B,=B,=0. (4)

In the above Egs. (1)—(3), X(¢) indicates the position of the
multipactoring electron, e the electron charge, m, the
electron mass, ¢ the speed of light in vacuum, ¢, the initial
phase, z,.r the z position of the effective reflection plane, w
the angular frequency, y(t) = 1/4/1 — |d%(¢)/dt|*/c?, ry
(rou) the radius of the inner (outer) conductor, E(X, t)
[B(%, t)] the electric (magnetic) field vector, and V, =
V,/ In(rou/rin), where V, indicates the peak voltage be-
tween the inner and outer conductors. In the case of the
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FIG. 2. (Color) Standing-wave patterns of the electric field in the ARES coupler coaxial line at the resonance frequency for the
coupling coefficient (8) values of (a) 0.83 and (b) 2.4, where the z region is extended to z = —600 mm, obtained using a three-
dimensional electromagnetic simulation. The finer solid, dashed, dash-dotted, and dotted lines indicate the patterns at § = 27°, 117°,
207°, and 297°, respectively, and r = 27.6 mm, where the coupling loop of the input coupler is set at § = 27°, simulating the ARES
cavity with the multipactoring problem explained in Sec. I. There are some fine noisy structures due to the finite mesh sizes in the
simulation. The gray bold lines are fit results using a sinusoidal function for the average of the four patterns in the region of
—600 mm < z < —50 mm. The field strengths are normalized to the time-averaged input rf power of 1 W.
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ARES coupler, the parameter values are r;, = 16.7 mm,
Fout = 38.5 mm, and w = 277 X 508.9 MHz. The value of
Zref Was computed to be +80 mm using a three-
dimensional electromagnetic simulation in order that the
reflection coefficient could be treated as real in our model
of multipactoring. Resultant shifts of the standing-wave
patterns inward the cavity are seen in Fig. 2. The peak
voltage is calculated using V, = \/2P;,Z, where Pj, indi-
cates the time average of the input rf power, and the
characteristic impedance of the coaxial line is Z =
376.7 Q X In(roy/rin) /27 = 50 Q. The time evolution
is calculated with a step size of 27/w /200 (= 9.8 ps).
When an electron impacts the inner or outer conductor, the
impact energy (Ej,) is compared with the specified mini-
mum (E;, = 100 eV) and maximum (E,x = 1200 eV)
energies. If the impact energy is inside the range E,;, <
Einp < Epnax»> @ secondary electron is launched, at the po-
sition where the primary one impacted on the conductor,
with an initial energy of 5 eV in the direction perpendicular
to the conductor surface. Then, the same procedure is
repeated, regarding the secondary electron as a primary
one, until one of the following four conditions is satisfied:
(i) the impact energy is outside the range, i.e. Ejy,, < Epyi,
or Ejn, > Engy; (i) the electron is accelerated into the
conductor in the first step just after it was put on, or
launched from, the conductor; (iii) the multipactoring
electron goes out of the coaxial-line region, i.e. z <<
—200 mm or z > —50 mm; (iv) the number of impacts
exceeds a specified number, N, = 100.

In this paper, multipactoring zones are represented using

MPip, 1) = —5—
NP
X f[Nimp(Pinr F’]’ k> l)! 10], (5)

where NE,Z) (=14) [N}(,¢)(= 180)] is the number of sampling
points uniformly distributed along the z axis (initial phase),
[ is an index for the initial z position [z;,; = —150 mm X
(1- 1)/(NI(,Z) — 1) — 50 mm], k& an index for the initial
phase [¢pg =27 X (k — 1)/N\?'], j=1 (j =2) means
start from the inner (outer) conductor, r| = rj,, s = Foy,
r;/(rin + rou) is a weight concerning the surface areas of
the inner and outer conductors, Ny, indicates the number

of impacts of the multipactoring electron, and the function
f is defined as

x (x=a)

0 (x<a) ©)

flxa) = {

In the above definition of Eq. (5), the value of the second-
ary electron yield (6) of the copper conductor is not
considered; the range for 6 > 1 is considered instead in

the setting of E;, and Ey,, for Ny, counting. There are

other quantities used to represent multipactoring, e.g., see
[19,20].

B. Definition

A multipactoring zone map is defined as representing
the quantity M as functions of the two observables, P;,
and I'. Figure 3 shows an example for the coaxial line of
the ARES input coupler. I' is calculated as the square root

of the ratio of the reflected power (P.s) to Pi,: I' =

*+./P.t/Pin. The upper half of the map (I' > 0) is a region
where the coupler is being overcoupled to the electromag-
netic field in the cavity, and the lower one (I' < 0) for the
coupler being undercoupled. An actual condition of a
cavity with or without beam loading can be specified by
a unique point in this map.

In Fig. 4(a), measurements of the input rf power and the
reflection coefficient are superimposed for the ARES cav-
ity with the multipactoring problem explained in Sec. I (we
refer to this cavity as CavityM hereafter). The measure-
ments were recorded when the HER accumulated a beam
from zero current, so that the operating point started from
the upper-left corner with I' = 0.5 in the map, where the
coupling-loop angle of the input coupler was set for the
coupling coefficient of 3.0 before the KEKB operation.
The rf power was fed into the cavity to obtain a specified
cavity voltage of 0.27 MV. As the HER accumulated the
beam current, the reflected power decreased due to beam
loading. After traversing the optimum point with I' = 0,
the operating point moved only inside a certain region near
the huge multipactoring zone during the physics run in the
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FIG. 3. (Color) Multipactoring zone map for the coaxial line of
the ARES input coupler, showing the quantity M defined in
Eq. (5). The horizontal axis indicates the time average of the
input rf power, and the vertical one for the reflection coefficient.
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FIG. 4. (Color) Trajectories of the operating point of CavityM. The circles are measurements of the input rf power and the reflection
coefficient in the periods of (a) the beam recovery, (b) the rf conditioning without a beam [for the comparison shown in Fig. 5(a)], (c)
the beam decreasing without beam injection in a physics run [for the comparison shown in Fig. 5(b)], (d) the machine study to search
for a new operating region [for the comparison shown in Fig. 5(c)], (e) the physics run in the CIM mode without the beam loading
feedback, and (f) the physics run in the CIM mode with the beam loading feedback. The cavity voltage of CavityM was 0.27 MV and
0.39 MV for (a) and (c), respectively, and 0.34 MV for (d), (e), and (f).
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KEKB continuous injection mode (CIM). It should be
noted that the measurement points are not on the I' =0
line since there is a relatively large multipactoring zone at
the optimum point.

C. Comparisons with the vacuum data

In order to check the validity of the multipactoring zone
map, we compare the values of M with measurements of
the vacuum pressure in CavityM, where vacuum pressures
are measured using cold cathode gauges, and shown as
equivalent nitrogen data. In Fig. 5(a), the vacuum data and
the calculation result of M are shown as a function of the
input rf power. This vacuum data was taken just after rf
conditioning on a regular maintenance day. There are clear
power-dependent pressure rises, which can be understood
as being the operating point passing through, or approach-
ing, the two multipactoring zone bands, as shown in
Fig. 4(b).

In Fig. 5(b), the vacuum data and M during a physics
run are shown as a function of the HER beam current.
When this data was taken, the beam current decreased
slowly without beam injection, from 1.2 A down to 0.5 A
in three hours. There is a clear double-peak structure in the
vacuum data, which can also be understood as being the
operating point passing through the two multipactoring
zone bands, as shown in Fig. 4(c).

Quantitatively, all of the peak positions on M in
Figs. 5(a) and 5(b) are shifted downward by about 10%
compared with those in the vacuum data. However, the
calibration accuracy of the rf power measurement, includ-
ing the cable loss and the coupling strength of the direc-
tional coupler, is about 10%; thus the agreements between
the data and the simulation are good.

III. OPERATIONAL STRATEGY AGAINST
MULTIPACTORING

We have applied the multipactoring zone map to the
problem on CavityM mentioned in Sec. I. A prediction of
the map is that the input coupler can be safely operated
without multipactoring inside the diamond region around
P, =280 kW and I' = 0. According to this map, we
carried out a machine study to search for a new operating
region, and found a candidate with a higher cavity voltage
of 0.34 MV. Figure 5(c) shows how the vacuum pressure
changes with the operating point stepping into the diamond
region. As the multipactoring zone map predicts, the vac-
uum pressure becomes lower and the discharge in the
coupler coaxial line disappears. CavityM now works with
almost no multipactoring and no trip during physics runs in
the CIM mode, where the operating point is almost always
inside the multipactoring-free diamond region, as shown in
Fig. 4(e).
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FIG. 5. Vacuum data of CavityM (upper) and calculation results of M (lower) as a function of the input rf power or the HER beam
current. The dashed line in (c) indicates a typical vacuum pressure in the other cavities with no multipactoring problem. The
trajectories of the operating point for (a), (b), and (c) are shown in Figs. 4(b)—4(d), respectively.
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FIG. 6. Vacuum-pressure histories of CavityM (solid lines) and of the other cavity which has no multipactoring problem (dotted
lines), together with histories of the HER beam current (dashed lines), for the periods of (a) the physics run in the CIM mode without
the beam loading feedback [the trajectory of the operating point is shown in Fig. 4(e)], (b) the beam recovery without the beam loading
feedback [the trajectory of the operating point for the early 30-five minutes is shown in Fig. 8(a)], (c) the physics run in the CIM mode
with the beam loading feedback [the trajectory of the operating point is shown in Fig. 4(f)], and (d) the beam recovery with the beam
loading feedback [the trajectory of the operating point for the early 15 minutes is shown in Fig. 8(b)].

However, there is a remaining problem: the beam cur-
rent sometimes decreases for some reasons, which results
in a situation where the operating point approaches the
multipactoring zone band around P;, = 240 kW. Fig-
ure 6(a) shows an example of this kind of problem.
Another example is shown in Fig. 6(b), which is recovery
from a total-beam loss. The vacuum pressure became sig-
nificantly higher when the operating point was passing
through the multipactoring zone.

Considering the fact that cavities out of condition are in
a minority (one or two of the 12 ARES cavities together
with the eight SCCs for the HER), we can keep the input rf
power in the multipactoring-free diamond region by
changing the beam loading of the troubling cavity, equiv-
alently, by changing the rf phase of the cavity relative to the
beam. In this case, an additional positive or negative beam
loading is distributed among the other ten ARES cavities
and eight SCCs, where one klystron drives the two ARES
cavities of CavityM and the other with the rf power divided
equally between the two by a magic T in the current
configuration of the KEKB-rf system. However, the
amount of the additional beam loading should be small
enough to be negligible. The above-mentioned procedure
is to be done automatically using a computer program as a
beam loading feedback.

The target input-power region is determined by scanning
the vacuum pressure inside the diamond region. Figure 7
shows the vacuum data as a function of the input rf power.
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FIG. 7. Vacuum pressures in CavityM and in the other cavity
which has no multipactoring problem. Each point is an average
of about ten measurements, and the vertical bars indicate a
statistical error. The horizontal arrow denotes the target power
region for the beam loading feedback.
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FIG. 8. (Color) Trajectories of the operating point of CavityM in
the periods of (a) the beam recovery without the beam loading
feedback for the early 30-five minutes in Fig. 6(b), and (b) the
beam recovery with the beam loading feedback for the early 15
minutes in Fig. 6(d). The circles are data without the feedback,
and the squares by using the feedback with the beam current
above the threshold (0.9 A) for activating the feedback. The
measurements of the circles and squares were recorded every 30
seconds.

We set the region of 272 kW < P;, < 278 kW as a target
for the feedback.

The feedback is executed every five seconds according
to the following logic. The beam loading is regulated by
changing the cavity phase in order the input rf power to
change by (i) +1.5 kW for P;, <266 kW, (ii) +1.0 kW
for 266 kW < P;, <270 kW, (ii)) +0.5kW for
270 kW < Py, <272 kW, (iv) —0.8 kW for 278 kW <
P, <282kW, (v) —15kW for 282 kW <P, <
285 kW, and (vi) —2.5 kW for P;, > 285 kW. This feed-
back is activated only when there is an input rf power into

CavityM and the beam current is higher than 0.65 A (about
a half of the maximum beam current). For safety, the beam
loading should be set to be light enough just after a total-
beam loss.

With this feedback, the vacuum pressure during physics
runs has become independent of the beam current, and
comparable to those in the other cavities, as shown in
Fig. 6(c), where the area of the operating point is localized
inside the diamond, as shown in Fig. 4(f). Furthermore, the
time spent to pass through the multipactoring zone in beam
recovery has been shortened due to a quick passage, as
shown in Fig. 8. As a result, the time with higher vacuum
pressures has also been shortened, as shown in Fig. 6(d).

IV. CONCLUSIONS

Since the reflection coefficient varies widely with the
beam loading in the case of high beam current storage
rings, multipactoring zones should be represented in the
two-dimensional space of the input rf power and the re-
flection coefficient. We have performed a simulation study
for the KEKB/ARES based on this map, and solved the
multipactoring problem by finding a new operating region
without multipactoring. This fact demonstrates the useful-
ness of the multipactoring zone map.

Furthermore, based on this map, we have developed a
method to operate an rf cavity suffering from multipactor-
ing; the operating point is automatically controlled, by a
computer program which changes the cavity phase, to be in
a target input-power region where the vacuum pressure is
around the minimum and there is no multipactoring. This
beam loading feedback program has been successfully
running during the KEKB operations. It should be noted
that this is a temporary measure, for the KEKB perform-
ance not to be degraded, until a final measure will be taken;
e.g., development of a multipactoring-free coupler, where
the multipactoring zone map should be useful for
designing.
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