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Abstract:
beam, but also higher order modes (HOMs). The higher order modes excited by the beam can seriously affect beam

In accelerator RF cavities, there exists not only the fundamental mode which is used to accelerate the

quality, especially for the higher R/Q modes. 1.3 GHz low-loss 9-cell superconducting cavity as a candidate for ILC
high gradient cavity, the properties of higher order mode has not been studied carefully. IHEP based on existing
low loss cavity, designed and developed a large grain size 1.3 GHz low-loss 9-cell superconducting cavity (IHEP02
cavity). The higher order mode coupler of IHEP02 used TESLA coupler’s design. As a result of the limitation of
the mechanical design, the distance between higher order mode coupler and end cell is larger than TESLA cavity.
This paper reports on measured results of higher order modes in the IHEP02 1.3 GHz low-loss 9-cell superconducting
cavity. Using different methods, Q. of the dangerous modes passbands have been obtained. The results are compared
with TESLA cavity results. R/Q of the first three passbands have also been obtained by simulation and compared

with the results of the TESLA cavity.
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1 Introduction

The layout of the IHEP02 1.3 GHz low-loss 9-cell su-
perconducting cavity [1] is shown in Fig. 1. In order to
damp higher order modes (HOMs), two HOM couplers
are mounted respectively at the upstream and down-
stream beam tube. Distances from the HOM couplers
to the end cells are 65 mm and 50 mm, which are differ-
ent from TESLA cavity [2]. The length of the upstream
beam tube is also different from the downstream beam
tube.

Damping of HOMs in the ILC linear collider is nec-
essary. Parasitic modes excited by the accelerated beam
may lead to loss of beam quality and additional power
dissipation. For HOMs with frequency lower than the
cut-off frequency of the beam tube, their power loss must
be extracted by external load. When moving relativistic
particles encounter geometric variations along the struc-
ture, such as RF accelerating cavities, vacuum bellows,
and beam diagnostic chambers, there are wakefields af-
ter the particles go through [3]. Long range wakefields
are important for the beam dynamics of a long train of
bunches in a linear accelerator since these wakefields can
cause multibunch instabilities. The long range wakepo-
tential can be represented as a sum over contributions
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from HOMs. The transverse long range wakefield mainly
considers the influence of dipole modes, which requires
the Q. of the HOMs to be less than 10° [4]. In this paper,
we present the simulation results of R/Q) and measured
Q. of HOMs.
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Fig. 1. Layout of IHEP02 9-cell cavity.

2 Simulation results of R/Q

The ratio R/Q is a very important quantity related
to the interaction of the beam and cavity. The higher
the value of R/Q the larger the energy change between
beam and cavity. For monopole HOMs, the beam energy
loss will be higher. For dipole modes, the transverse dis-
placement of the beam will be larger The displacement
may cause emittance increase or even worse beam loss.
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It becomes very important to measure modes with large
R/Q.

An important parameter describing the transverse
beam-cavity interaction is transverse shunt impedance.
From the Panofsky—Wenzel theorem [3], the transverse
momentum change of the particle passing through a cav-
ity excited in a single mode is proportional to a parame-
ter (R/Q) .. In this paper, for dipole modes, (R/Q), is

defined as:
By _
Q/, k22wl

The unit of (R/Q), is ohms. k is the wave number. w
is the frequency of the mode. U is the energy stored in
the cavity. r is the distance from the axis. V), is the
accelerating voltage of a cavity which is defined as:

v, :JdEzej‘”z/cdz, (2)
0

d is the length of the cavity. In this paper, we define a
new (R/Q). called (R/Q)’, as:

R\ _V} 5
(Q) L U )
The unit of (R/Q)’, is /cm?.

Energy generated by HOMs can be coupled by HOM
couplers and absorbed by external load. HOMs energy
loss can be divided into two parts, power dissipated in
the cavity walls P, and power coupled by the external
circuit P,. It is better to have small @), in order to damp
the HOMs sufficiently.

wU

.- @)

The Q. of dangerous mode can be obtained by measuring
the microwave parameters of the 1.3 GHz 9-cell cavity.
The measured results affect how to optimize the HOM
coupler structure in the future.
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Fig. 2. HOMs R/Q.

The R/Q of the first three HOMs passbands have
been simulated. The results of R/Q compared with
TESLA cavity results are shown in Fig. 2. In Fig. 2, the
modes in the box represent the most dangerous three
modes which have the largest R/Q in that passband.
The most dangerous modes need to be measured care-
fully. From the result, we can see that the dangerous
modes in the IHEP02 1.3 GHz low-loss cavity are almost
the same as for the TESLA cavity, except for the TM011
mode. This difference is mainly because of the different
design of these two kinds of cavities.

3 Structure of HOM couplers

There are three major varieties of HOM couplers [3]:
waveguide, coaxial, and beam tube. Considering the pur-
pose of the 1.3 GHz superconducting cavity, it requires
the connection between the cavities to be short. The
coaxial type was chosen, because of their more compact
size [4]. The coupler used for IHEP02 1.3 GHz low-loss
9-cell superconducting cavity is shown in Fig. 3. Accord-
ing to the rules of excitation, the frequencies of modes
TE111, TM110 and TMO11 are all under the cut-off fre-
quency of the beam tube whose radius is 40 mm.

In order to sufficiently attenuate the HOMs, there
were two HOM couplers mounted respectively upstream
and downstream [2]. The position of the HOM coupler
was 65 mm from the edge of the end cell on the upstream
side and 50 mm from the edge of the end cell on the
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Fig. 3. (color online) Profile and model of HOM couplers.

Fig. 4. The left two pictures show the upstream
coupler position and the right two pictures show
the downstream coupler position.
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downstream side. The design value of the insertion
length of the coupling loop tip was 30.25 mm from the
beam axis. The mounted angle of the upstream coupler
and downstream coupler are shown in Fig. 4.

4 HOMSs measurements

The HOMs characteristics were measured using a net-
work analyzer. The ports of the two HOM couplers were
used as the excited input and output ports. The mea-
surements of HOMs peak frequencies and @) were per-
formed at room temperature. A schematic diagram of
the measuring device is shown in Fig. 5.
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Fig. 5. (color online) Schematic diagram of the
HOM measurement.

4.1 Measurements of IHEPO02 cavity HOMs fre-
quencies and passbands

The measurement results of frequencies and pass-
bands are shown in Fig. 6. The most dangerous modes
are identified.
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Fig. 6. (color online) IHEP02 cavity HOMs fre-
quencies and passbands.

4.2 Measurements of IHEPO02 cavity HOMs Q.

The excitation signal was imported to the cavity by
the upstream HOM coupler and the output signal was
extracted by the downstream HOM coupler. The mea-
sured microwave parameters were received from the net-
work analyzer. The bead pulling method [3] was used to
measure the field profile.

The Q. of the first three modes with frequencies un-
der the beam tube cut-off frequency were measured. Q.
of the mode TM111 was also measured even though its
frequency was above the beam tube cut-off frequency.
There was a mode during TM111 passband with the
largest R/Q not only of the modes of this passband but
also of all calculated modes [5, 6].

Three methods were used to measure ., the
impedance method [7, 8], reflection method [9] and trans-
mission method [10]. The reflection method has a lim-
itation in that the coupling coefficient is not too small.
The transmission method was used for one port weak
coupling. The calculations for these methods are as fol-
lows.

a) Impedance method

The normalized impedance for an equivalent circuit
" 1 1
1 (= 1Y\ g+ib ©)
—+] (wC ——_> g™
T wlL

where T is equivalent resistance, C is equivalent capaci-
tance, and L is equivalent inductance.
The unloaded quality factor is

wo W,
QOZ OPCOa (6)

Zz=

where wy is resonance frequency, Wy is energy stored in
the cavity, and P, is power dissipated in the cavity at
resonance.

The external quality factor is

7W0WO
=2 )

where wy is resonance frequency, Wy is energy stored in
cavity, and P, is power dissipated in the external circuit.
Defining half power points:

Pcl,2 = 1/2P07 (8)
Pc1,2 - 1/2PC7 (9)
from (5)—(9), we can get
51,20 = =£7, (10)
by e = £1. (11)
The reflection coefficient is:
z—1
= 12
zZ+1 (12)
and the voltage standing wave ratio (VSWR) is:
1+[I|
=—" 13
Then from (5), (12), (13), the resonant VSWR is
So = F(r>1), (14)
1
So = %(r<1). (15)
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From (5) ~ (15), the VSWR at the half power points of
Qo and Q. are
2+ 3% 4-/4+ 51
(51/2)02%((51/2)0<SO)3 (16)
14+2524/1+45*
(S1/2)e= p b (17)

26 ’
where 3 is the coupling coefficient.

In some cases, the resonant VSWR is so large that it
is not easy to measure. In other cases, the VSWR curve
is asymmetric. We can solve these problems by measur-
ing arbitrary VSWR values. First, we get the resonant
VSWR S and frequency wy by VSWR curve. Then, we
find an arbitrary VSWR value near the resonant VSWR.
The calculations are as follows.

Aw S,

Qo = (6>1), (18)

oo | ENE)

Aw S,
B = So(B>1), (20)
1

B = S—O(ﬂ<1), (21)

Qo
? - Qm (22)

Qo
45 Qr, (23)

where S, is an arbitrary VSWR.

b) Reflection method

Measuring the resonant frequency wg, loaded qual-
ity factor @, and reflection parameters S;;(dB) and
S22 (dB), we then get

Qo=(1+061+52)QL (24)

Here S, and Sy, are reflection parameters for Port 1 and
Port 2 as shown in the Fig. 5. 3, and (3, are coupling co-
efficients for Port 1 and Port 2. There are three different
cases for different coupling coefficients.

1) Port 1 and Port 2 are both under coupling:

1-10 20
g = — 7 25
L0 10 (25)
1-10%#
By = — 2 (26)

103 +10%
2) Port 1 is under coupling and Port 2 is over cou-

pling. Port 1 and Port 2 are both over coupling, however
f2>f1+1

S11
1-10720
Sog ?

P = PONCTRPNEETY
1020 —10720

(27)

Sog
5 o _Lr10%
0 H 10

(28)

3) Port 1 is over coupling and Port 2 is under cou-
pling. Port 1 and Port 2 are both over coupling, however

B> B2+1

14105
U 29
b 105+ —10# (29)

Sag

1-107=0
= - . 30
v 105 105 (30)

¢) Transmission method

Measuring the resonant frequency w,, loaded qual-
ity factor @p,, reflection and transmission parameters
S11(dB) and S, (dB), then

Qo = (14+51+6:)Q1, (31)
S11
r — in —Iin ﬁa
P, = P, I*=P,10 (32)
P, = P,T°=P,107", (33)
P, = P4P+P, (34)

Here S, is reflection parameter for Port 1 as shown in
the Fig. 5. S,; is transmission parameter from Port 1
to Port 2. [3; and B, are coupling coefficients for Port
1 and Port 2. There are two different cases for different
coupling coefficients.

1) Port 1 is under coupling.

(1-10%")?

- TR 35
o 1-10 5 103 (35)
107

110 =10 1"

2) Port 1 is over coupling.

S11
(1410720 )2
b= ———— =0 (37)
1-1070 —10710
107
fo = ———=- (38)

1-10 0 =10 "

The measured results of @, using these three methods
compared with the TESLA design goal are shown in Fig.
7. Modes in the box are the most dangerous modes in
that passband. Although the frequency of the TM111
mode is above the cut off frequency of the beam tube, it
has two dangerous modes [5, 6]. The TM111 mode also
needs to be measured. The measurement results show a
good damping with all the modes under 10°. The lengths
from HOM coupler to the end cells of the IHEP02 cav-
ity are 66 mm and 55 mm while they are 45 mm for
the TESLA cavity. The damping of the TM110 mode in
the THEP02 cavity is better than in the TESLA cavity.
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The Q. are lower than the TESLA BBU limit, mainly
because of the different cavity designs. These measured
results give a good basis for the next HOM coupler op-
timal design.
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Fig. 7. (color online) Q. of THEP02 cavity com-
pared with TESLA results.
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Fig. 8. (color online) Definition of feedthrough gap.

In order to get the relationship between (. and
feedthrough gap, Q. values with different gaps were also
measured. The fifth mode of TM110 (5Pi/9) was chosen
for measurement. The design value of feedthrough gap
is 0.5 mm. The definition of feedthrough gap is shown
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5 Conclusion

In this paper, different methods of measurement of
Q. and the corresponding measurement results are pre-
sented. (R/Q), simulated results are also obtained for
the first three HOMs passbands. The measurement re-
sults show that:

1) There is very good damping for the dipole pass-
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all under the TESLA BBU limit.

2) The Q. values of the monopole passbhand TMO011
are near the @, limit of TESLA.

3) The damping of the first dipole passband TE111
should be improved to keep Q. below the TESLA BBU
limit.

The measurement results provide good guidance for
the optimization of HOM coupler design in the future.
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