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Abstract
The cavity design for a3 harmonic cavity for the TTF 2 photoinjector has been revised
to increase the coupling between the main coupler and the cavity cells. The iris radius of
the end cup of the cavity has been increased to accomplish a better coupling. The basic rf-
parameters and the higher order modes of the modified design are summarized in this
report.

Introduction

For the phase 2 of the TESLA test facility (TTF 2) it has been planed to use a cavity
operated at three times the 1.3 GHz frequency of the existing TTF 1 cavities to compensate
nonlinear distortions of the longitudinal phase space [1]. A cavity design for a 3.9 GHz pi-
mode cavity by J. Sekutowicz has been discussed in [2] with respect to the basic rf-
parameters and the higher order mode (HOM) properties. The design of the end cups has
been recently revised to improve the coupling from the main coupler to the cavity cells. The
cavity geometry and the energy density of the electric field of the accelerating mode
calculated with HFFS [3] is shown in Figure 1.
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Figure 1. Geometry of thethird harmonic cavity with an increased end-cup iris



A sketch of the cell geometry is given in Figure 2. The parameters of the mid-cell and the
end-cell are listed in Table 1. The mid-cup and end-cup#0 geometry corresponds to the
cavity design which is discussed in the report [2]. The new end-cup parameters are listed in
the last column of the table labeled as end-cup#1. The iris radius has been increased to 20
mm. Thisis just the radius of the beam pipe. A cavity based on the mid-cup und end-cup#1
geometry will be discussed throughout this report.
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Figure 2: Sketch of the cell geometry.
mid-cup end-cup#0 end-cup#l
(DESY) (Fermilab)
Iris radius, a mm 15.0 15.0 20.0
Equator radius, b mm 35.787 35.787 35.787
Half cell length, h mm 19.2167 19.2167 19.2167
Curvature a:
Equator — horiz. axis, re mm 13.6 12.0813 14.4
-Vert. axis, rg mm 15.0 15.0 15.0
Iris  —horiz. AXis, i, mm 4.5 4.5 4.5
-Vert axis, ry mm 6.0 6.0 6.0

Table 1: Parameter of the cup geometry.

In these report we will present the basic rf parameters like frequency, R/Q-value, Q-value
and G; for many monopole, dipole and quadrupole modes. The following convention has
been adopted for the characteristic rf parameter R/Q and G;:

R_MOf _

Q 4rfu’ G =Ry, Q.
where f is the frequency of the mode, U isthe total stored energy in the mode, V, (r)isthe
voltage at the radial positionr, R, isthe surfaceresistenceand Q, isthe quality factor or
unloaded Q-value of the mode. The Q-value is calculated from the stored energy U and the
power P, dissipated into the cavity wall: Q, =27 f U/P,, . Thevoltage is calculated

from the electric field according to: V,(r) = Idz E,(r,2) exp(—i 2z f z/c).



The passband structure of the mid-cell

The monopole, dipole and quadrupole passbands of the cavity midcell have been studied
using the MAFI A [4] eigenvalue solver. Periodic boundary conditions have been applied
across one cavity mid-cell:

E(r,z+9) = E(r,z+ g) exp(i ¢)
where ¢ isthe phase advance per cell, and g the cell length. The phase advance per cell is
used as an abscissa in the plot of the passbands in Figure 4, Figure 5 and Figure 6. A beam
excites most strongly those modes which are synchronous to the beam, i.e. modes with a
phase velocity equal to the speed of light, or which are close to the light cone. The light
cone isthe straight line

f(¢>=§

which is folded into the phase range from 0 to 180 degree using the periodicity of the
structure.

The gap length of a cavity cell is chosen such that the 3.9 GHz pi-mode is synchronous to
the beam. The electric field distribution in a mid-cell is shown in Figure 3.

[
g

3.579E-02 7]

- e o & e = .- m m m m
Qo= - e e s e e m e e e e e e

P T o T T |

B i o ey - E e e s e

1.789E-02

R i = e N i

%ﬂ»4~e/er,g/l@/ﬁ/ \Q\&\&\&m\ahsﬁB%»
R i = e P g & S Ny B TR TR TP 8 B
e A o o x Ny e TR e B B Bk
Rt e . a N e TR TEs T B B

Rt T -l Ny e TE T B P Bk

L S
B
- o o am—
S &

S a— e A e a o e

B el e e
" ]

T e S 4 = a0 v a m e B —B —f
o e e S e e e e
+ z B e B S T T T

T T
0. 1.922E-02 3.843E-02

Vv ¢ VY ¥ v

Figure 3: Electric field of the accelerating pi-mode in a mid-cell of the 3.9 GHz cavity calculated with
the MAFIA eigenvalue solver.

Eight monopole passbands have been calculated for the mid-cell geometry. The lowest
passbands contains the accelerating mode with a frequency close to 3.9 GHz. All monopole
passbands below a frequency of 14 GHz are shown in Figure 4. The highest impedances
values are found for the modes where the light cone crosses the passbands. That is by
design the 3.9 GHz accelerating mode and higher order monopole modes above 7 GHz as
shown in Figure 4.
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Figure 4: M onopole passhands of a cavity mid-cell.

The long range wakes due to higher order dipole modes can cause kicks on the bunches,
which can result in orbit deviations within the bunch trains or even an cumulative beam-
breakup instability. Therefore it is important to know the R/Q-value and the Q value of the
dipole modes. The detailed mode structure of a 9-cell cavity isdiscussed in a later section
of the report. The passband structure of a single mid-cell give already first information
which dipole modes are mostly excited by the beam. The dipole passbands up-to a
frequency of 10 GHz are shown in Figure 5. There are six passband in that frequency range.
If a bunch transverses the cavity with a large offset, say more than 1 cm, the contribution of
guadrupole modes to the long range wakefield is important. Therefore the lowest
guadrupole passhbands have also been calculated. The passbands up-to a frequency of 11
GHz are shown in Figure 6.
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Figure 5: Dipole passhands of the cavity midcell.
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Figure 6: Quadrupole passbands of the cavity midcell.
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The accelerating mode and higher order monopole modes

In this section we present the result for the monopole modes of a 9-cell cavity. The basic
design parameters of the accelerating mode are given in Table 1. The electric field of the
accelerating mode is shown in Figure 7 (MAFI A calculation) and previously in Figure 3
(HFFS calculation).

3rd harmonic cavity with increased end cell iris diameter
design parameter:

Type of accelerating structure standing wave
Accelerating mode pi-mode

Frequency 3.9 | GHz
Active Length 345.9 | mm
Number of cells 9

R/Q 375 | Ohm
Geometry factor (G1) 262 | Ohm
Nominal accelerating gradient 20 | MV/m
Stored energy (20 MV/m) 26 |J
Epeak/Eacc 2.5

Bpeak (20 MV/m) 011 | T

Table 2: Accelerating mode par ameter s of the 3" har monic cavity with increased end cell iris diameter.
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Figure 7: Electric field of the accelerating pi-mode (MAFIA calculation).

For the MAFI A calculation, electric boundary conditions equivalent to a electric shorting
plate have been used at both ends of the cavity. The boundary conditions are important for
all modes above the cut-off frequency of the beam pipe. The first 40 monopole modes of
the 9-cell cavity have been calculated with the MAFIA code. The R/Q of these modes are
shown in Figure 8 using a linear scale and in Figure 9 using a logarithmic scale. A
complete listing of the rf-parameters is given in Appendix A. The modes with the largest
R/Q from these list are the accelerating mode (# 9) and mode #26 with a frequency of
7.5765 GHz. The electric field of the mode # 26 is shown in Figure 10. The mode # 26 has
large electric field components in the beam pipe. Therefore it should be easy to damp this
mode with HOM couplers. A large R/Q is expected for this mode from the passband
structure of one cavity mid-cell, since the light cone crosses the 2™ and 3" monopole
passbands close to the frequency of mode #26 (see Figure 4). Only the modes of the first
passband are below the cutoff frequency of the beam pipe, which is5.7372 GHz for TM
monopole modes.



Monopole Modes (MAFIA)
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Figure 8: R/Q of monopole modesin a 9-cell cavity ver sus frequency (MAFIA results).
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Figure 9: Logarithmic presentation of R/Q of monopole modesin a 9-cell cavity ver sus frequency.
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Figure 10: Electric field of the higher monopole mode #26, f = 7.5765 GHz.



Dipole Modes

To calculate the kicks on bunches in a bunch train it is important to know the long range
wakes due to higher order dipole modes. The kick on the bunch j due to the wake field is:

0, = ;ﬂ Z (X8 +VY.&) Wfl)(sj —S). eisthechargeof one
i i<j
electron, qthe charge in one bunch, E; the energy of bunchj, €, ,&, are unit vectorsinthe

transverse direction, X , y, are the transverse offsets of bunches previousto bunchj and s
isthe longitudinal position of the bunchesi. The transverse dipole mode wake potential
W (s) can be written as a sum over all dipole modes:

RO . 2r f
WO (s)=c Z[—] sn(2rz f s/c) exp(-——"s/c)
n Q n 2Qn
f isthe frequency, (R® /Q),, isthe dipole mode R/Q-value, Q, the total Q-value of mode
n and c isthe velocity of light. The Q-value is usually dominated by the external Q due to
higher order mode couplers. The dipole mode (R™ /Q), value is obtained from an R/Q at

the radial positionr as: R(l):l(RJ(r).
2
Q r\Q

The computer codes HFFS [3] and MAFI A [4] have been used to calculate R/Q values of
all dipole modes up to afrequency of about 10 GHz. Electric (EE) and magnetic (MM)
boundary conditions are applied at both ends of the cavity. The R/Q —value of most of the
modes depend on the boundary conditions since almost all modes can propagate in the
beam pipe. The cutoff frequency of the beam pipe is 4.392 GHz for TE dipole modes. The
electric field of the dipole mode with the lowest frequency of 4.15 GHz in the cavity is
shown in Figure 11.
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Figure 11: Electric field of the dipole mode #1, f=4.15 GHz (EE boundary condition, MAFIA
calculation).

The electric field of this mode already leaks out of the cavity into the beam pipe. The dipole
mode with the highest R/Q value (about 50 Ohm/cm) is show in Figure 12 and Figure 13.
The results for all dipole modes calculated with MAFIA are shown in Figure 14 and the
results calculated with HFFS are shown in Figure 15.
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Figure 12: Electric field of the dipole mode #10, f=4.83 GHz, R/Q = 50.7 Ohm/cm? (EE boundary
condition, MAFIA calculation).



Figure 13: Electric field distribution of the dipole mode #10, f=4.82 GHz, R/Q = 49.85 Ohm/cm? ( HFFS
calculation, quarter of cavity: top side- M boundary, bottom - E boundary, ends - E boundary).
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Figure 14: R/Q values of dipole modes (EE and MM boundary conditions, MAFIA calculation)
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Figure 15: R/Q values of dipole modes (EE and MM boundary conditions, HFFS calculation)

A complete listing of the data shown in Figure 14 and in Figure 15 can be found in the
Appendix B. The data from both codes MAFIA and HFFS agree very well with respect of
the R/Q value. All data are shown in Figure 16 using a logarithmic scale for the R/Q axis.
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Figure 16: Comparison of the R/Q values obtained with MAFIA and HFFS.

Further electric field distributions of modes with a high value for R/Q are shown in Figure
17, Figure 18, Figure 19, Figure 20 and Figure 21. We have picked from each peak in the
R/Q plot (see Figure 16) one example to show the details of the electric fields. The mode
numbers corresponds to the list of modes from the Appendix B found with MAFIA and
HFFS. The HFFS code has found more modes with frequencies above 8 GHz than the
MAFIA eigenvalue solver. The number of the mode differs therefore between the HFFS
and MAFIA calculations.

The electric field in the beam pipe of the mode #36 (MAFIA and HFFS number) isby a
factor of about 4 smaller than the electric field in center cell of the cavity.

Figure 17: Electric field distribution of the dipole mode #17, f=5.44 GHz, R/Q = 20.9 Ohm/cm? ( HFFS
calculation, quarter of cavity: top side- M boundary, bottom - E boundary, ends - E boundary).
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Figure 18: Electric field distribution of the dipole mode #36, f=7.66 GHz, R/Q = 28.9 Ohm/cm? ( HFFS
calculation, quarter of cavity: top side- M boundary, bottom - E boundary, ends - E boundary).

Figure 19: Electric field distribution of the dipole mode #56, f=8.79 GHz, R/Q = 10.22 Ohm/cm? ( HFFS
calculation, quarter of cavity: top side- M boundary, bottom - E boundary, ends - E boundary).

The mode #69 (HFFS number) or #53 (MAFIA number), which is shown in Figure 20 and
Figure 21, has almost no electric field in the beam pipe and even the cavity end cells. The
radial electric field component as a function of the longitudinal position z is shown in
Figure 22. The field in beam pipe is by a factor of about 25 smaller than the field inside the
cavity. Thisindicatesthat it could be difficult to damp this mode with HOM-couplers.
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Figure 20: Electric field distribution of the dipole mode #69, f=9.05 GHz, R/Q = 2.1 Ohm/cm? ( HFFS
calculation, quarter of cavity: top side- M boundary, bottom - E boundary, ends - E boundary).
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Figure 21: Electric field of the dipole mode #53, f=9.06 GHz, R/Q = 2.2 Ohm/cm? (EE boundary
condition, MAFIA calculation).
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Figure 22: Radial field component of the electric field ver sus z of the dipole mode #53, f=9.06 GHz, (EE

boundary condition, MAFIA calculation). Thefield component E, (r,z) isplotted at theradial position
r=1cm.
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Quadrupole Modes

A second order contribution to the transverse long range wake potential is due to
guadrupole modes in the cavity. The total transverse wake due to bunch # i on the trailing
bunch # j in a bunch train may be written in term of the dipole and quadrupole wake
potential as:

WL(Xj’yj’Xi’yi’Sj —-5) = (X€, +yi_éy) WL(l)(Sj -s)+
(Xj_éx _yj_éy) 2(Xi2_xi2)WL(2)(Sj -s)+
(X8 +Y8) 2(2xYy) W2 (s, —s)

The quadrupole and skew quadrupole components of the transverse wake potential depend
on the transverse positions x;, y; of the bunch which generate the wake and on the

transverse positions x;, y; of thetrailing bunch. The quadrupole wake potential W, ® (s)

can be written as a sum of all quadrupole modes like for the dipole modes but using the
quadrupole R/Q-value (R® /Q),,, which is obtained from an R/Q at the radial position r

as.

R? 1(R

=—| = |(r).
Q r'\Q

The best way to compare the R/Q values of dipole modes and Quadrupole modes isto plot
R/Q for afixed beam offset in the cavity. The R/Q value of the quadrupole modes are show
in Figure 23 and listed in the appendix C. A comparison of the R/Q-values of the dipole and
guadrupole modes (EE boundary condition) is shown in Figure 24.
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Figure 23: R/Q values of quadrupole modes (EE and MM boundary conditions, MAFIA calculation) at
an radial offset of 1 cm.
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Dipole and Quadrupole Modes (MAFIA)
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Figure 24: R/Q values of dipole and quadrupole modes (EE boundary conditions, MAFIA calculation)
at an radial offset of 1 cm.

The frequencies of the quadrupole modes from the first and second passband are below the
cutoff frequency of the beam pipe, which is 7.2864 GHz for TE Quadrupole modes. The
mode with the highest R/Q value below the cutoff frequency of the beam pipe is show in
Figure 25.

The mode with highest R/Q value in the considered frequency range up to 10 GHz isthe
mode #30 with R/Q = 11.1 Ohm at 1 cm radial offset. The electric field of this mode is
shown in Figure 26. There isasmall electric field component in the beam pipe, which is
shown in Figure 27.

0. 0.283 0.567

Figure 25: Electric field of the quadrupole mode #5, f=6.62 GHz, R/Q = 4.3 Ohm/cm* (EE boundary
condition, MAFIA calculation)

Figure 26: Electric field of the quadrupole mode #30, f=9.13 GHz, R/Q = 11.1 Ohm/cm* (EE boundary
condition, MAFIA calculation).
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Figure 27: Radial field component of the electric field ver sus z of the quadrupole mode #30, f=9.13
GHz, (EE boundary condition, MAFIA calculation). The field component E,_ (r,2) isplotted at the
radial position r=1cm.
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The External Q-values of Monopole, Dipole and
Quadrupole Modes

The HFFS code has been used to model the 9-cell cavity together with the main input
couplers and two HOM couplers. The cavity and the couplers are shown in Figure 28. A
more detailed view of the HOM couplers and their location with respect to the end cellsis
shown in Figure 29. Small current density probes have been put into each cavity to excite
the modes of the cavity. The phases of the current densities are related to each other in way
abeam would excitethe modes. A¢ =27 f g/c (phase difference of the current density

from cell to cell), gisthe length of one cavity cell and f the excitation frequency. The
current densities have been placed 2 mm off axis in the x and y direction of each cell to
excite the dipole modes in both polarization directions. The x-axis is defined as the axis of
the main input coupler. The response due to the excitation has been monitored at the
coupler ports.

Figure 29: Detailed view of the HOM couplers (modeled with HFFS). The location of the HOM
antennae with respect to the cavity end cells are shown aswell asthe azimuthal orientation of the
couplerswith respect to each other.

The response to the current density excitation at the HOM coupler port as a function of the
excitation frequency is shown in Figure 30 for electric and in Figure 31 for magnetic
boundary conditions at both ends of the cavity. The red line corresponds to an offset of the
excitation current density in the x-direction, and the green line to an offset in the y-
direction.

17



30
20
1n

-10
=20
-30
-40
-50
B0

i o70-
80—
50—
-100 -
=110
=120~
-130 -

-140-] T

-150 i | P

160 \\ Fl i "’ 3] [y

-170 Y = | | |v

-1g0- ' ! ] ! ! ! ! 1 il | ! | ' ! ] ! |
sraph 4000 4200 4400 4600 4800 S000 5200 5400 5600 S800 6000 6200 6400 6600 6800 7000 7200 7400 7600 7800 8OO0 8200 8400 8600 8800 9000 9200 9400 96500 9800 1001

=t
I
|
|
|
|

res |

Figure 30: Response (dB) to the current density excitation (S;, parameter) at the HOM coupler port
ver sus frequency (MHZz) up to a frequency of 10GHz. Electric boundary conditions are used at both
ends of the cavity. Thered line corresponds to an offset of the excitation current density in the x-
direction of 2 mm, and the green line to an offset in the y-direction of 2 mm.
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Figure 31: Response (dB) to the current density excitation (S;, parameter) at the HOM coupler port
ver sus frequency (MHZz) up to a frequency of about 9 GHz. Magnetic boundary conditions are used at
both ends of the cavity. Thered line corresponds to an offset of the excitation current density in the x-
direction of 2 mm, and the green line to an offset in the y-direction of 2 mm.

An analysis of the HFFS results gives an external Q-value of about 1-10° for the
accelerating mode. A list of the external Q-values of the monopole modes from the first
passband is given in Table 3. The results for the dipole modes are presented in Table 4 and
Table 5. The results for quadrupole modes are listed in Table 6. The modes are listed with
respect to their frequency. A frequency which is printed in bold face indicates a mode with
a phase velocity close to the speed of light. These modes are the most important for beam
dynamics simulations. There are two table columns for the Q-values corresponding to the
boundary conditions at the end of the cavity (EE: electric short at both ends, MM: magnetic
short at both ends) used in the HFFS calculation in which the mode was found. The electric
field of the first dipole mode from Table 4 is show in Figure 32.
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Boundary: | EE
f IMHz Q

3762.7 | 1.44E+07
3776.2 | 3.95E+06

3797 | 1.16E+07
3822.7 | 1.07E+06
3850.3 | 7.18E+05
3876.5 | 5.73E+05

3898 | 4.56E+05
3912.1 | 4.60E+05
3917.5 | 9.94E+05

Table 3: External Q-values of monopole modes from the first passband (calculated from HFFS results).
Electric boundary conditions have been used at the end of the cavity.

Boundary: EE MM EE MM
f/ MHz Q Q f/ MHz Q Q
4146.2 3.86E+05 5386.0 5.00E+02
4160.9 | 5.51E+05 5414.3 3.63E+03
4301.4 | 2.00E+03 5417.6 5.26E+04
4347.4 1.50E+03 5418.1 | 6.37E+03
45445 | 1.86E+03 5421.5 | 1.02E+03
4546.2 1.24E+03 5451.6 2.37E+04
4582.0 | 7.40E+02 5455.6 3.58E+04
4637.0 | 1.64E+03 5459.9 | 9.35E+03
4701.5 | 8.50E+02 5463.0 | 1.10E+03
4730.0 2.00E+02 5479.7 1.76E+04
4744.9 | 2.27E+03 5483.4 3.72E+04
4817.4 | 5.55E+02 5487.8 | 1.26E+04
4860.3 | 1.46E+03 5490.0 | 1.80E+03
4866.0 1.63E+03 5498.3 1.66E+04
4917.5 | 3.86E+02 5501.2 4.73E+04
4962.0 | 1.18E+03 5504.8 | 1.65E+04
4968.6 1.61E+04 5506.7 | 2.50E+03
4969.6 1.19E+04 5509.7 2.25E+04
4996.0 | 4.00E+02 5511.8 8.00E+04
5023.4 2.56E+04 5514.2 | 2.43E+04
5024.2 8.43E+04 5515.7 | 4.10E+03
5031.7 | 6.51E+03 5516.1 3.91E+04
5340.0 | 1.00E+03 5517.4 2.12E+05
5354.4 2.45E+05 5518.8 | 4.33E+04
5357.3 1.85E+03 5519.2 1.50E+05
5366.4 | 6.22E+03 5519.8 6.09E+05
5369.5 | 8.00E+02 5520.1 | 1.59E+04
5381.0 4.08E+04 5521.0 | 6.19E+03

Table 4: External Q-values of dipole modes (calculated from HFFS results) up-to a frequency of about
6 GHz. Electric and magnetic boundary conditions have been used at the end of the cavity.
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Boundary: EE MM EE MM

f/ MHz Q Q f/ MHz Q Q
6826.1 | 9.49E+04 8639.0 | <1000
6826.8 | 7.04E+04 8649.4 2.94E+05
6849.9 8.20E+02 8650.0 3.25E+05
6885.1 | 2.39E+04 8730.8 4.81E+04
6887.2 | 1.29E+04 8731.7 3.64E+04
6978.6 | 1.08E+04 8816.2 6.22E+04
6982.0 | 4.37E+03 8817.2 1.90E+04
6949.0 7.00E+02 8879.8 3.42E+04
6978.6 | 1.08E+04 8931.8 1.90E+05
6982.0 | 4.37E+03 8932.1 1.42E+07
7072.0 8.20E+02 9075.6 1.06E+07
7334.7 | 5.00E+03 9075.6 | 7.08E+05
7336.5 4.00E+03 9076.1 3.87E+06
7470.4 5.79E+03 9076.1 | 2.95E+05
7588.2 2.86E+03 9076.3 1.75E+08
7670.3 1.19E+04 9076.8 3.53E+06
8507.2 | 1.44E+04 9077.8 8.38E+06
8509.2 1.66E+06 9078.7 2.11E+06
8510.0 3.53E+05 9079.5 5.90E+06
8511.5 | 9.75E+03 9079.6 | 2.95E+05
8514.3 1.14E+06 9083.7 7.58E+05
8538.3 | 1.69E+04 9083.9 | 4.40E+04
8541.2 8.54E+05 9085.1 1.54E+06
8542.1 1.67E+05 9085.3 | 1.46E+05
8578.0 <1000 9098.9 1.70E+05
8579.5 | 6.03E+03 9100.6 1.88E+05
8586.8 9.73E+03 9100.9 | 8.59E+04
8630.5 | 2.27E+03

Table 5: External Q-values of dipole modes (calculated from HFFS results) in the frequency range
between 6 GHz and 10 GHz. Electric and magnetic boundary conditions have been used at the end of

the cavity.

Figure 32: Electric field of the dipole mode f = 4.1462 GHz, R/Q=0.4 Ohm/cm?, Qext=5.5 10° (HFFS

calculation).
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Boundary: EE MM EE MM
f/ MHz Q Q f/ MHz Q Q

6281.4 6.78E+04 6807.1 5.62E+05
6281.5 | 1.16E+05 6807.1 | 1.99E+05

6282.8 2.00E+04

6284.2 | 1.05E+05 7022.2 3.00E+03
6573.9 1.70E+06 7022.4 | 4.08E+03

6574.0 1.55E+06 7022.5 3.00E+03
6574.0 | 1.41E+06 7029.7 2.00E+03
6594.6 4.35E+05 7030.3 | 2.64E+03

6594.6 | 3.07E+05 7029.9 2.00E+03
6594.6 3.43E+05 7067.0 7.53E+03
6594.6 | 4.00E+05 7067.1 | 6.00E+03

6627.2 | 2.22E+05 7067.1 6.00E+03
6627.2 2.15E+05 7103.5 5.00E+03
6627.3 1.84E+05 7104.7 | 8.09E+03

6627.4 | 1.72E+05 7104.1 5.00E+03
6669.2 | 1.20E+05 7138.1 6.63E+03
6669.2 6.51E+04 7138.6 | 6.26E+03

6669.3 | 1.41E+05 7144.1 6.43E+03
6717.1 1.42E+05 7167.0 7.43E+03
6717.1 | 1.02E+05 7167.5 | 1.33E+04

6717.2 | 1.04E+05 7194.4 | 2.19E+04

6717.2 1.96E+05 7205.2 3.00E+04
6765.8 | 1.20E+05 7205.5 2.61E+04
6765.9 1.58E+05 7205.6 | 4.00E+04

6765.9 | 1.20E+05 7215.1 3.20E+04
6790.5 5.71E+02 7215.3 | 1.82E+05

6807.0 | 2.01E+05 7215.3 1.20E+04
6807.0 3.65E+05

Table 6: External Q-values of quadr upole modes (calculated from HFFS results) up-to a frequency of
about 7.7 GHz. Electric and magnetic boundary conditions have been used at the end of the cavity.

The external Q-value for amost all dipole modes in the considered frequency range

which are synchronous with the beam (frequency printed in bold face) is smaller
than1-10°. The exceptions are some modes in the 5™ dipole passband (9 GHz) which have
Q-values above 1-10°. These modes are almost trapped in the cavity like the mode shown
in Figure 21. The R/Q of these modes are about 4 Ohm/cm? and are therefore of some
concern. There are more modes with arelatively high Q-value, like the mode shown in

Figure 32 which has an external Q-value of about 5-10°. Fortunately the R/Q of this mode
islow (< 0.5 Ohm/cm? ). All dipole modes from the first and second dipole passband with

high R/Q values are well damped with external Q-values well below 5-10°.
The quadrupole modes are only important if the beam transverses the cavity with alarge
offset (say 1cm) with respect to the axis of the cavity. All Quadrupole modes with a larger

R/Q-value have Q-values below 5-10°, and seem to be sufficiently damped.
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Conclusion

The higher order modes of athird harmonic (3.9 GHz) cavity with an increased end-cup iris
have been investigated. The computer codes HFFS and MAFIA have been used to calculate
the rf-parameters of the accelerating mode and higher order monopole, dipole and
guadrupole modes up to a frequency of about 10 GHz. The obtained data are the basis for
beam dynamics simulations of the TESLA test facility photoinjector.

The frequency of ailmost all dipole modes is above the cutoff frequency of the beam pipe.
The R/Q value of these modes depends therefore on the boundary conditions at the end of
the cavity. Electric and magnetic boundary conditions have been considered in this report.
There are afew quasi trapped modes with almost no electric field in the beam pipe and in
the cavity end cells at frequencies of about 9 GHz. The external Q values of the monopole,
dipole and quadrupole modes have been studied using the HFFS code which was applied to
athree dimensional cavity model with a main input coupler and two HOM couplers. Most
external Q values of the dipole modes in the considered frequency range of up to 10 GHz
are below 1-10°. First beam dynamics simulations [5] indicate that Q valuesof 1-10° are
tolerable. The modes with larger external Q values have mostly small R/Q values. The
modes of the 5™ dipole passband are of some concern since there exist a few modes with Q
values of about 6-10" which are nearly trapped in the cavity. These modes should be
considered in further beam dynamics simulations.
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Appendix A: Monopole Modes

The results from a MAFI A calculation with electric boundary conditions are summarized in
the following table.

mode# f/IGHz (R/Q/Ohm G1/0Ohm

1 3.7455 0.007 255.3

2  3.7589 0.060 256.2

3 3.7796 0.085 257.5

4  3.8051 0.166 259.3

5 3.8325 0.278 261.2

6  3.8585 0.194 263.1

7 3.8799 0.317 264.7

8  3.8940 0.134 265.6

9 3.8991 374.748 261.8
10 5.7689 19.558 388.9
11 5.7689 1.257 388.9
12 6.0129 3.373 408.0
13 6.0129 12.026 408.0
14 6.4409 18.560 442.8
15  6.4409 3.243 442.8
16  6.9339 16.700 467.7
17 6.9339 4.694 467.8
18 7.0410 0.225 435.2
19  7.0790 1.586 436.9
20 7.1349 0.123 439.2
21 7.2036 4.334 443.0
22 7.2799 1.204 449.5
23 7.3585 3.594 459.5
24 7.4344 15.939 471.1
25  7.5054 23.219 475.5
26 7.5765 42.874 438.8
27  7.6398 2.134 546.1
28  7.7180 18.580 503.4
29  7.7964 0.621 507.9
30 7.8737 0.876 522.8
31 7.9477 0.576 544.3
32 8.0163 0.019 570.7
33 8.0768 0.021 600.8
34  8.1255 0.040 631.9
35 8.1578 0.005 657.8
36 8.3334 1.943 590.7
37 8.3334 3.885 590.7
38 9.1175 7.103 615.8
39 9.1175 0.914 615.8
40  9.7897 0.001 565.0
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Appendix B: Dipole Modes

The results froma MAFIA calculation with electric (EE) and Magnetic (MM) boundary
conditions are summarized in the following table.

MAFIA EE MM
R/IQ/ R/IQ/

mode# f/IGHz  ohm/cm~2 G1ohm f/IGHz  Ohm/icm”2 G1/0hm
1 4.1505 0.23 259.8 4.1499 0.24 259.3
2 4.1507 1.31 260.0 4.1500 1.30 259.5
3 4.3019 0.00 235.3 4.3017 0.00 235.2
4 4.3641 0.29 243.2 4.3626 0.26 242.6
5 4.4514 0.00 251.5 4.4316 0.08 248.5
6 4.5428 1.07 258.5 4.4511 0.00 254.2
7 4.5993 0.82 269.9 4.4784 0.31 259.8
8 4.6422 0.13 280.4 45729 1.22 264.6
9 4.7260 10.39 281.2 4.6826 1.56 269.9
10 4.8341 50.70 277.3 4.7764 26.92 277.9
11 4,9282 30.41 269.0 4.8464 32.04 293.5
12 4.9909 0.00 258.7 49173 22.44 302.1
13 5.2008 0.31 373.1 4.,9955 7.53 296.8
14 5.2034 2.09 364.9 5.0248 3.83 269.6
15 5.3588 0.04 510.7 5.3525 0.06 529.0
16 5.4052 4,99 454.2 5.3925 2.06 470.7
17 5.4427 20.91 426.2 5.4271 10.69 438.4
18 5.4676 16.01 410.4 5.4526 17.11 419.1
19 5.4826 0.96 400.8 5.4709 9.54 406.0
20 5.4908 1.25 394.9 5.4833 0.44 397.0
21 5.4946 0.31 392.1 5.4906 0.34 391.2
22 5.4955 0.47 389.4 5.4942 0.03 388.1
23 5.8635 0.39 463.5 5.5518 3.17 417.4
24 5.8635 0.40 463.5 5.5518 2.69 417.4
25 6.5607 0.34 585.6 6.2125 0.38 564.1
26 6.5609 0.39 585.6 6.2125 0.87 564.1
27 6.8264 0.01 612.8 6.7998 0.07 626.7
28 6.9027 0.04 613.5 6.8271 0.07 646.3
29 7.0050 0.06 614.2 6.8938 0.13 652.0
30 7.1248 0.19 613.4 6.9909 0.13 649.9
31 7.2563 0.57 607.5 7.1017 0.11 637.4
32 7.3853 0.01 598.1 7.2166 0.02 614.3
33 7.4907 0.47 590.8 7.3373 0.85 584.0
34 7.5636 0.26 565.9 7.4621 0.53 547.4
35 7.6206 1.37 513.7 7.5762 2.89 507.0
36 7.6685 29.53 470.7 7.6581 24.46 471.8
37 8.3027 2.38 731.1 7.9054 1.98 743.6
38 8.3027 0.50 731.1 7.9054 3.17 742.9
39 8.4912 0.11 469.5 8.4888 0.34 470.5
40 8.4968 0.09 485.2 8.4930 0.02 482.7
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MAFIA

mode #
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

EE

fIGHz
8.5240
8.5690
8.6336
8.7158
8.8001
8.8630
8.9185
8.9857
8.9967
9.0594
9.0602
9.0618
9.0653
9.0736
9.0961
9.1613
9.1615
9.1766
9.1782
9.3200
9.3201
9.5319
9.5325
9.6891
9.7071
9.7349
9.7637
9.7823
9.7956
9.8190

R/IQ/

Ohm/cm”2 G1/0Ohm
0.15 488.9
0.11 514.1
0.40 555.8
1.03 617.0

10.35 701.1
2.59 813.1
0.27 893.3
3.19 999.9
0.24 904.4
0.00 1093.6
0.05 1093.4
0.06 1096.7
2.19 1112.8
4.06 1174.2
0.56 1376.1
1.77 637.9
3.98 632.9
0.04 975.7
1.81 1000.7
0.67 627.8
2.25 627.9
4.15 659.8
0.26 660.1
0.00 642.4
0.01 643.0
0.07 644.6
0.47 650.4
5.97 661.4
0.67 664.7
0.23 657.6

MM

fIGHz
8.5205
8.5630
8.6208
8.6811
8.7251
8.7702
8.8290
8.8715
8.9185
8.9903
9.0001
9.0594
9.0602
9.0619
9.0655
9.0741
9.0976
9.2239
9.2240
9.4253
9.4258
9.5827
9.5837
9.6371
9.6376
9.6909
9.7115
9.7425
9.7783
9.8138

25

R/IQ/

Ohm/cm”2 G1/0hm

0.38
0.02
141
0.05
4,72
1.76
5.74
1.95
0.27
3.56
0.32
0.00
0.05
0.08
2.36
3.95
0.37
0.17
0.08
0.11
0.03
0.32
0.01
0.48
0.84
0.01
0.03
0.35
1.16
0.35

481.8
506.0
548.7
643.1
798.3
865.8
853.2
879.3
894.3
1009.8
920.0
1093.6
1093.5
1097.1
1114.5
1182.2
1410.2
718.5
718.8
736.2
736.4
1162.1
1166.4
716.7
717.0
645.0
646.7
647.4
648.4
650.3



The results from a HFFS calculation with electric (EE) and Magnetic (MM) boundary
conditions are summarized in the following table.

HFSS EE MM
R/IQ/ (R/IQ)/
mode # f/ GHz Ohm/cm”2 f/GHz  Ohm/cm”2

1 41442 0.42  4.1435 0.28

2  4.1444 1.12  4.1437 1.26

3  4.2923 0.00 4.2917 0.00

4 43551 0.29 4.3535 0.26

5 4.4433 0.00 4.4261 0.07

6  4.5365 1.08 4.4481 0.00

7  4.5954 0.79  4.4728 0.33

8 4.6381 0.16  4.5657 1.21

9 4.7206 10.27 4.6762 1.52
10 4.8291 4985 4.7714 26.79
11 4.9239 30.49 4.8424 31.99
12 49872 0.00 4.9136 21.79
13  5.1989 0.29 4.9924 7.45
14  5.2016 2.05 5.0217 3.78
15  5.3567 0.04 5.3499 0.05
16  5.4043 5.06 5.3909 2.06
17  5.4426 20.90 5.4262 10.48
18 5.4680 15.95 5.4523 16.94
19 5.4834 0.98 5.4711 9.72
20 5.4916 1.27 5.4839 0.49
21  5.4957 0.31 5.4864 0.56
22  5.4966 0.47 5.4942 0.33
23 5.8622 1.26  5.4981 0.04
24  5.8622 1.03 5.5529 3.03
25 6.5582 0.33 5.5529 3.04
26  6.5584 0.39 6.2108 0.40
27 6.8198 0.00 6.2108 0.82
28 6.8968 0.04 6.7891 0.06
29  6.9997 0.06 6.8186 0.06
30 7.1200 0.19 6.8860 0.15
31 7.2526 0.56 6.9836 0.13
32 7.3826 0.02 7.0951 0.11
33 7.4890 0.48 7.2109 0.02
34 7.5626 0.25  7.3327 0.78
35 7.6201 1.31 7.4593 0.50
36 7.6686 28.87 7.5760 2.71
37 7.9165 0.00 7.6604 23.32
38 7.9167 0.00 7.9059 2.06
39 8.1827 0.03  7.9060 3.11
40 8.1874 0.01 7.9156 0.00
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HFSS

mode #
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

EE

fl GHz
8.1945
8.2032
8.2120
8.2197
8.2249
8.3023
8.3024
8.4930
8.4983
8.5257
8.5703
8.6345
8.7155
8.7560
8.7560
8.7982
8.7992
8.8060
8.8161
8.8268
8.8369
8.8449
8.8611
8.9154
8.9811
8.9932
9.0540
9.0562
9.0595
9.0674
9.0891

R/IQ/
Ohm/cm”2
0.00
0.00
0.00
0.00
0.00
1.57
1.54
0.11
0.08
0.16
0.11
0.41
1.03
0.00
0.00
10.22
0.01
0.00
0.00
0.00
0.00
0.00
2.57
0.35
3.30
0.22
0.00
0.06
2.13
4.05
0.57

MM

f/ GHz
7.9157
8.1826
8.1873
8.1945
8.2031
8.2119
8.2196
8.2248
8.4908
8.4948
8.5224
8.5646
8.6219
8.6812
8.7240
8.7556
8.7558
8.7683
8.7990
8.8058
8.8154
8.8266
8.8266
8.8366
8.8447
8.8499
8.8683
8.9153
8.9853
8.9963
9.0541
9.0547
9.0563
9.0677
9.0903
9.2155
9.2160

(RIQ)/
Ohm/cm”2

27

0.00
0.03
0.01
0.00
0.00
0.00
0.00
0.00
0.35
0.01
0.36
0.02
1.44
0.04
4.57
0.00
0.00
1.67
0.00
0.00
0.00
5.67
0.14
0.00
0.00
0.00
1.98
0.34
3.71
0.28
0.00
0.05
0.08
3.96
0.39
0.19
0.16



Appendix C: Quadrupole Modes

The results froma MAFIA calculation with electric (EE) and Magnetic (MM) boundary
conditions are summarized in the following table.

MAFIA EE MM
R/IQ/ G1/ (RIQ)/ G1/
mode# f/GHz Ohm/cm”™4 Ohm f/IGHz Ohm/cm”4 Ohm

1 6.2719 0.04 413.3 6.2719 0.01 413.3
2 6.2719 1.19 413.3 6.2719 1.23 413.3
3 6.5694 0.19 398.9 6.5694 0.19 398.9
4 6.5895 3.78 404.3 6.5895 3.78 404.3
5 6.6221 4.34 4126 6.6221 4.34 412.6
6 6.6627 0.16 4240 6.6627 0.16 424.0
7 6.7093 0.30 439.9 6.7093 0.30 439.9
8 6.7574 0.00 463.0 6.7574 0.00 463.0
9 6.7995 0.04 496.6 6.7995 0.04 496.6
10 6.9970 0.13 376.5 6.9970 0.13 376.5
11  7.0056 0.08 388.8 7.0056 0.08 388.8
12 7.0420 0.15 407.6 7.0420 0.15 407.6
13 7.0773 0.00 426.4 7.0773 0.00 426.3
14 7.1106 0.25 440.7 7.1106 0.25 440.7
15  7.1377 0.10 4526 7.1377 0.10 452.6
16 7.1593 0.57 461.3 7.1593 0.57 461.3
17 7.1740 3.51 468.2 7.1740 3.51 468.2
18 7.1835 2.14 4716 7.1835 2.14 471.6
19 7.3995 0.00 343.0 7.3156 0.00 332.9
20 7.3995 0.04 343.0 7.3156 0.02 332.9
21 7.7019 0.04 378.4 7.5309 0.02 360.7
22 7.7019 0.02 378.4 7.5309 0.04 360.7
23 8.1356 0.07 427.4 7.9054 0.07 407.6
24 8.1356 0.07 427.4 7.9054 0.05 407.6
25 8.6663 0.08 482.2 8.3894 0.16 465.4
26 8.6663 0.13 482.2 8.3894 0.13 465.4
27 9.1106 3.26 389.3 8.9657 0.13 532.4
28 9.1115 0.16 396.0 8.9657 0.18 532.4
29 9.1198 7.70 391.1 9.1120 2.02 383.1
30 9.1323 11.11 403.1 9.1135 0.29 390.3
31 9.1513 2.80 420.1 9.1208 8.96 391.9
32 9.1738 0.03 443.2 9.1330 11.19 402.9
33 9.1960 0.22 469.9 9.1519 2.54 419.4
34 9.2131 0.00 491.8 9.1741 0.06 442.3
35 9.2926 0.13 527.1 9.1962 0.23 469.1
36 9.2926 0.22 527.1 9.2132 0.00 491.5
37 9.8398 0.00 484.3 9.6303 0.27 584.1
38 9.8722 0.28 506.9 9.6303 0.05 584.2
39 9.9257 0.01 538.2 9.8430 0.00 486.4
40 9.9743 0.56 577.2 9.8832 0.11 514.3
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MAFIA

mode #
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

EE

fl GHz
10.0131
10.0798
10.1840
10.3006
10.4083
10.4842
10.5358
10.6239
10.6300
10.6896
10.6942
10.6956
10.6961
10.6962
10.6979
10.7919
10.7919
11.3423
11.3423
11.4208
11.4209
11.4248
11.4252
11.4320
11.4381

R/IQ/
Ohm/cm™4
0.19
0.47
0.07
0.04
0.02
0.04
0.05
0.01
0.21
0.00
0.20
0.02
0.00
0.81
0.40
0.01
0.03
0.16
0.26
0.00
0.00
0.00
0.03
0.02
0.17

G1/
Ohm
606.6
631.0
671.8
730.0
809.3
910.8
971.7
1178.9
1180.8
1146.0
1217.8
1247.1
1274.3
1276.3
1273.9
744.7
744.6
683.1
683.1
648.2
646.2
650.9
646.5
644.0
643.1

MM

f/IGHz
9.9532
10.0487
10.1594
10.2670
10.3470
10.4018
10.4626
10.5129
10.5439
10.6239
10.6300
10.6896
10.6942
10.6956
10.6961
10.6962
10.6979
11.1617
11.1617
11.3523
11.3523
11.4213
11.4219
11.4282
11.4284

29

(RIQ)/
Ohm/cm™4
0.13
1.05
0.09
0.05
0.04
0.00
0.00
0.04
0.04
0.01
0.21
0.00
0.20
0.02
0.00
0.81
0.40
0.00
0.06
0.21
0.24
0.00
0.00
0.00
0.01

G1/
Ohm
551.1
596.1
643.7
688.5
720.0
753.2
822.8
945.9
1003.1
1178.6
1179.0
1146.3
1217.9
1247.1
1274.3
1276.3
1273.9
795.5
795.5
706.7
706.6
646.1
646.7
650.8
649.6
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