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How HOMs are excited and why they are important
- Wakefields-

d some basic slides first introducing the subject
d Lorentz-contracted fields of electrons in a smooth pipe for beta=1
[ electrons do not “see” each other even at same longitudinal position

d rf losses depend on ohmic wall losses
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How HOMs are excited and why they are important
- Cavities -

d change in cross-section leaves field behind source (causality)

[ when passing the cavity, the electrons leave energy/fields “wakefields”
d wakefields are “stripped off” even without ohmic losses in walls

d resembles Ohm’s law: Beam current excites Voltage at cavity impedance
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How HOMs are excited and why they are important

- Impedances -

d wakefield (in time domain) is superposition of all beam generated
Eigenmodes in resonant system (in frequency domain)
d formulation of the wakefield (or wake potential) and impedance inter-
changeable by applying a Fourier Transtorm (FT)
d spectrum exhibits Higher Order Modes (HOMs) of high impedance
and usually lower impedances above beam tube cutotf

wake potential

. mo i sclance .
coupling impedance _ accelerating mode

A resonant higher order modes

wake potential
(time domain)

beam tube cutoff frequency

traveling modes

cavity broadband couplihg impedanee:

=

(frequency domain)
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How HOMs are excited and why they are important
- Operational Instabilities -

[ In cavities the ohmic wall losses are small, especially in SRF cavities

d problem in recirculating accelerators: Subsequent beams can still
experience the wakefields after several turns

d The decay time of HOMs large described by the (loaded) quality factor
Q= 271:f{}_"’T\'T:e:tumrl*f:,1[1 il 21t Witored
' | TS dW/ dt 5

T, H

[ stored energy decays exponentially W(t)=W(t=0)-e <

Example: £,=2 GHz, Q =1e5
= damping length: W(t=0)/exp(1)=2.4 km

d resonant built-up of instabilities is possible for specific HOMs
depending on the optics and circulation time

- CEBAF vertical beam break-up (BBU) instability event November 2007
caused by a single dipole mode in a single cavity (Q~1e8!)
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How HOMs are excited and why they are important
- Definition of HOM Dipole Shunt Impedance -

R
R | threshold = o Qik =

R 1

Q kr

2

e

Q1

[ measure of the parasitic interaction of the beam and the specific HOM,
which has to be kept within acceptable limits by design

d R/Q (in Q) is the characteristic shunt-impedance taken at a radial offset
= R/Q depends only on the geometry (not losses) = given by cavity

= can be easily calculated numerically

Q R/Q- =R/Q/(kr)? (in QQ/m) is transversally normalized dipole impedance
= wave number k takes into account the frequency dependence of the

threshold impedance

d only way to reduce the impedance is by reducing the quality
factor of the cavity capturing fields in external ports (loaded Q,)

d Q, is figure of merit characterizing the ability to suppress a specific HOM
*takes into account rf losses in walls (Q,) and energy dissipated

externally
*can be measured easily
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CEBAF 12 GeV Era
- Cavity Design -

d cavities needs to be designed to provide sufficiently low Q,
d HOM coupler(s) are needed to extract mode energy

d have to be broadband to cover the most parasitic HOMs

d should not damp the accelerating mode

couplepcables to r.t.

H(_)M endgruu[gwo DESY type coaxial couplers
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New Upgrade Cryomodule “C100” * HOM probe tip
HOM coupler'eal favity Design
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CEBAF 12 GeV Era

- BBU Threshold SEeciﬁcation for DiEole Impedances -

d impedance threshold for a given accelerator must not be exceeded to
guarantee a stable beam operation

d BBU dipole impedance threshold to support 12 GeV baseline
physics up to 100 A (G. Krafft et al., JLAB-TN-09-015, 2009) :

R thresholg < 2-4€10 £

m
[ threshold beyond baseline physics up to 400 pA at lower beam energies :

2
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CEBAF 12 GeV Era
- C100 Cavity Performance for First 2 Prototypes -

A first two C100 cavity prototypes (C100-1 and C100-2) were manufactured
during 2006 and high power tested within 2006 and 2007

[ Test done in the vertical test area (VTA) and after assembly as a cavity-
pair in the horizontal test bed (HTB) cryomodule environment

d Goal of 19.2 MV/m CW at Q;=8e9 successfully achieved
d What about HOM damping efficiency ?

C100-1 C100-2

* Do HTE 1730707
e Do VTA 11/20006

& OOHTE /907
* O VTA 317507

fell

& OoVTA 31078
— 30 W allowande

= 30 W allowance

ield lell

led le9

accelerating field (MV/m) accelerating field (MV/im)

C.E. Reece et al. “Optimization of the SRF Cavity Design for the 12 GeV Upgrade”
13t International Workshop on SRF Superconductivity, Peking University, Beijing, China, 2007, WEP31
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CEBAF 12 GeV Era
- Horizontal Test Bed (HTB) -

d performed a detailed HOM survey of C100-1 and C100-2
up to 3 GHz at 2K in HTB

d HTBis a dedicated upgrade style quarter cryomodule

Cryomodule Test Facility (CMTF)

)
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CEBAF 12 GeV Era
- Figure of Merit: Loaded Q of HOMs -

d transmission spectra recorded with Vector Network Analyzer
d signal launched in at FPC via WR650 coaxial-to-waveguide adapter

d picked up signal either at HOM coupler 1 or 2

Ql f iii) ]

2 A "j'f 3dB rightorlett

U loaded Q-measurements: i)Q =

0
I'ill’f—E-c:!E

%¢

HOM endgroup C100-1 A\

adapters at FPCs for low
power measurements
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CEBAF 12 GeV Era
- HI'B HOM Survex Findings (05/06 2008)-

[ need to correlate computed R/Q with measured Q, unambiguously to
VSl impedance > straightforward for trapped modes below cutoff

A but: odesdentificatior athi Juendies isproblematic
dmetear%%e\e i nd-ERGIoregongRces
06 | ’ | , | --+--TMO010-passband
—+—TE111-passband H
24 ——TE111-passband V
29 -=- TM110-passband H
TM110-passband V
2.0 TMO011-passband
18 i ——TE211-passband normal
TE211-passband skew
1.6 —e—TEO11-passband
14 TM111-passband H
----- TM111 passband V
1.2 —a—TM210-passband normal
0 1 2 3 4 5 6 7| eme TM210 passband skew

phase advance per cell in p/7
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CEBAF 12 GeV Era

- HI'B HOM Survex Findings (05/06 2008)-

HOM SURVEY OF THE FIRST CEBAF UPGEADE STYLE CAVITY PAIR*

D reSUItS pUbllshed at PAC 2009 F. Marhauser, E. Daly, G.K. Davis, M.AL Doy, C. Grenoble, J. Hogon, R. Manus,

LP. Preble, C.E. Reece, R.A. Rimmer, K. Tian, H. Wang, TLab, Newport News, VA 23606, 1.5, A
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CEBAF 12 GeV Era
- Vertical Test Area (VTA) HOM Survey Findings (07-2008) -

d did similar measurement in VTA after disassembly of cavities
d outcome: good agreement with HTB data for modes below cutoff
d BUT: mode above cutoff “popped” up

[ this is first mode (pair) in 37 TM111 dipole passband

dipole mode impedances (£/m) /_\
el

m C100H1 (VTA)

dipole HOM impedance budget for 12 GeV era = 1,210 {Ym
1210

worst estimate C100-2 (VTA)
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CEBAF 12 GeV Era
- Bad Guy -

TM111 /7 mode at 2.9 GHz
(here vertical polarization)

)
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CEBAF 12 GeV Era
- Vertical Test Area (VTA) HOM Survey Findings -

d What we have measured in the VTA (July 2008)

=+0000000+~

original VTA assembly

C100-1 no extensions

f (MHz) Ql at 4K R (Q/m)
2895.396 8.89E+04 3.11E+08
2895.473 4.02E+05 1.82E+09
2899.319 1.71E+04 6.16E+07
2900.118 1.04E+05 2.58E+08

C100-2 no extensions

f (MHz) Ql at 4K R (Q/m)
2898.458 8.06E+05 2.82E+09
2900.047
2904.938 8.96E+04 3.22E+08
2906.840 2.86E+05 7.05E+08

whyeedirgeBBt Qlsrbiglotd in the VTA?
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CEBAF 12 GeV Era
Vertical Test Area (VTA) HOM Survey Findings -

1 What we have measured in the VTA (July 2008 and March/April 2009)

. +913/167 +913/16”
=+0000000+~ a::JnOOOOOOJ{:

original VTA assembly VTA assembly with SS tube extensmns

C100-1 no extensions C100-1 SS-extensions

f (MH2) Ql at 4K R (Q/m) f (MH2) | at 2K R (Q/m
2895396 | 8.89E+04  3.11E+08 2895.076 H
2895.473  4.02E+05  1.82E+09 2895.419 1.2E+06 7.80E+09
2899.319 = 1.71E+04  6.16E+07 2898.886 2.9E+05 2.77E+08
2900.118 | 1.04E+05  2.58E+08 2889.81 2.3E+05 2.39E+08
C100-2 no extensions C100-2 SS-extensions

f (MH2) Ql at 4K R (Q/m) f (MH2) Ql at 2K R (Q/m
2808.458 | 8.06E+05  2.82E+09 2898.369 d
2900.047 2900.013 6.5E+05 4.22E+09
29004.938  8.96E+04  3.22E+08 2904.474 4.8E+05 4.51E+08
2906.840  2.86E+05  7.05E+08 2906.600 1.2E+05 1.26E+08

Q’s increased even further!
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CEBAF 12 GeV Era

- What Q is acceEtable for these TM111 n/7 HOMs -

R, R 1
R the =—Qik=—-—70Q
| ,threshold Q 1 Q op 2 1
12 GeV baseline: stretched goal:
Q
maximum
R/Q(r=10mm) R/Q, R, threshold allowable
f (MHz) Q ()/m (Q/m Q
2900 40 6.58e3 1.0e10 1.6e6
2900 40 6583  2.4e10 [ 3.8e6 |

)
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CEBAF 12 GeV Era
- VTA with extensions, TM111 n/7-Mode Field Amplitudes -

[ since field levels are low in beam tubes, how efficient are HOM
couplers (P ~field"2) ?

vertically polarized mode
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CEBAF 12 GeV Era

- VTA Configuration, TM111 n/7-mode Field Amplitude -

d beam tube boundaries play important role on how fields couple to
both the HOM couplers and the FPC

horizontally polarized mode
up to |E,, /10 (Log. scale)
field amplitudes here depend on
short . short
boundary conditions

vertically polarized mode
up to |E_,, /10 (Log. scale)

)
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CEBAF 12 GeV Era

- VTA Configuration, TM111 n/7-mode Field Amplitude -

d coupling through FPC may become very important if HOM couplers
do not work are not efficiently enough

d horizontally polarized mode couples to TE10 FPC mode
d vertically polarized mode couples to TE20 FPC mode

horizontally polarized mode
up to |E

1/10 (Log. scale)

max

vertically polarized mode
up to |E_,, /10 (Log. scale)

max

)|
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CEBAF 12 GeV Era
- What is major Difference between VTA and HTB ? -

4 dipole pair more distinctive in individual cavities (VTA) than HTB

U additional resonances in HTB (beam tube modes, FPC modes)
—> unclear situation

1 have we measured the correct mode ?

= £ — HTB at 2K (S21 picked up at C100-1) 521 (dB) 1st mode pair
(1] i]
o _E — VTA at 2K (C100-1 with tube extensions) 10 I
o 5 . u 20
[=] — -
S21(dB) £ -E VTA at 2K (C100-2 with tube extensions) * t
0 w o . JAN
j‘ o A\ AR =
20 } | | 1 .--"HF ll'l.!’
80 !
-0 40
| I E245 2 8950 28955 2 ESE0 I ESES 28970
&0 |W | ' - frequency (GHz)
r (f $21(dB)  2nd mode pair
o
™ !
- P ——
£0 /
16D 70 V
2.88 2.90 2.92 2.94 2.96 2.98 300 ¥ t
1 BOES 2 8990 28995 2. 0000 2. 9005 29010
frequency (GHz) frequency (GHz)

)
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CEBAF 12 GeV Era
- Field Profile (“Bead-Pull” Measurement) -

b

“bead-pull” measurement setup

= MWS simulation 2877.76 MHz V (probed 10 mm V)
we measurement C100-1 2889.556 MHz (probed 10 mm V)
w— measurement C100-1 2889.954 MHz (probed 10 mm H)

we measurement C100-2 2892.918 MHz (probed 10 mm V) BINGO '
[ )

w—measurement C100-2 2894,585 MHz (probed 10 mm H)

|E| normalized

;: low field levels at coupler

- with minima of standing wave
at HOM can position

0.4

0.2 A

00 ZSFRF

longitudinal position (mm)
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CEBAF 12 GeV Era
- S0 ??7?-

[ So ? is rather complex to answer (technical report in preparation)

 Explanation combines different effects including

*beam tube boundaries

efabrication tolerances

e cavity pair coupling effects in HTB

emode polarization effects

e fundamental mode power coupler coupling effects
e rf characteristics of coaxial-to-waveguide adapters
e combined external losses

J To summarize :

Cavity modes in HTB can be damped by a combination of both
HOM couplers and both FPCs = lowers the Qs

(J The HTB configuration is not fully representative
for all cavities in C100 cryomodule string due to symmetry plane

 Q of parasitic modes might be underestimated
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CEBAF 12 GeV Era
- HTB Cavitz Pair Simulations -

cavity #1 cavity #2
(ideal shape) (slightly detuned)

horizontally polarized modes vertically polarized modes

T™1 n/7 H TMy =7V

f=2878.07 MHz nominal shape sl 3 {=2874.15 MHz nominal shape |
Qext=5.504 shape Qext=5.5e5 Scaled shape
R/Q (r=10mm) = 424 Q) R/Q (r=10mm) = 34.7 (2

T™Min 1.58/7 V
(=2880.42 MHz
Qext=5.6e6
R/Q (r=10mm) = 15.9 Q)

= Ak =2876.35 MHz
™11 050/7 H Qext=1.1e5

R/Q (r<10mm) = 8.4 Q

f«2882.91 MHz beam tube mode f«2878.81 MHz
Qext=1.2e4 ¢ "N - Qext=2.4e5
R/Q (r=10mm) = 4.6 Q R/Q (r=10mm) = 3990

T™Myqy 2m/ H T™yq1 28/7 V

T P\ll 11 n/7 V

f=2884.00 MHz f=2880.84 MHz

Qoxt=4.404 , Qext=3.5¢4

R/Q (r=10mm) = 174 ¢} bl ! v r ! - R/Q (r=10mm) = 290

(=2884 88 MHz (7904 24 MHz» I&lddt‘d) =2882.53 MHz = 2
Qext=5.8¢1 : - Qext=5.8e4 ™11 20/7V

R/Q (r=10mm) = 95Q R/Q (r=10mm) = 58 Q
f=2889.22 MHz {=2888.87 MHz
Qext=1.0ed4 . Qext=1.3e4

R/Q (r=10mm) = 3.2Q R/Q (r=10mm) =~ 1.6Q

=2892.09 MHz =2889.31 MHz
Qext=4.5¢3 ) Y Quxt=1.904
R/Q(r=10mm)= 0.6} RQ (r=10mm) = 0.4

=2898.21 MHz f=2895.96 MHz
Qext=43e3 Qext=1.205
R/Q (r=10mm) = 0.8 2 R/Q (r=10mm) = 0.2 Q

2
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CEBAF 12 GeV Era
- Trying to Resemble Real World -

[ simulation of cavity string

/ cavity #1 cavity #2 cavity #3 \
short  (slightly detuned) (ideal shape) (slightly detuned) ~ short

d how far and strong the field propagates in neighboring cavities
may depend on detuning ?

d cavities share 2 HOM couplers and 2 FPCs
(except for cavity at end of cryomodule!)

vertically polarized mode TE20 TEzo

1/10 (Log. scale)

up to |E

max

)
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CEBAF 12 GeV Era

- Trzing to Resemble Real World -

d conditions for middle cavity most realistic (representative !?)

| vertically polarized mode

\ up to |E,,|/10 (Log. scale) /
d HOM couplers seem to be positioned unfavorable for this mode
d FPCs may be key-components for damping this mode

)
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CEBAF 12 GeV Era
- Measured Mode Frequencies in LL cavities + Simulation -

LL cavity #1 LL cavity #2 LL cavity #3 HG cavi

A T H T

#1 #2 #3

cavity #5

Renaissance Cryomodule in CMTF after removal from CEBAF 1104
HOM survey done for all cavities up to 3GHz at 2K
Concentrated on three LL type cavities as used fro upgrade

HOM endgroup different than in final C100 cavity design

Iy Iy I My

we wanted to study the damping effect by the FPC as well

F. Marhauser, 2009-08-27, Accelerator Seminar, JLAB Jeffers)on Lab



CEBAF 12 GeV Era
- Cavity String Measurements: Loaded Qs -

LL cavity #1 LL cavity #2 LL cavity #3 HG cavi HG cavity #2 HG cavity #3  HG cavity #4 cavity #5

1 3 TR Y AL e gL
LS T 0
#1 #2 B _ B = 8§ &
loaded Q = % = : g §
1.E+10 —— i
A : O
1.E+09 — R e e i \;
ol -
1.E+08 —g—':— \\ ] 'é» % éi
S m o =
1LE+07 2 X \ = 'C
 s@amenn N ™l s Vest: IS
1.E+05 e . ‘A’A- § =
1.E+04 " i § Q .
[ | g A
1.E+03 ‘g; TELL1 § Ak A
1E+02 T 1 : £t / E
: =
1.E+01 + | |
1400 1600 1800 2000 2200 2400 2600 2800 3000

frequency (MHz)

)
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LL cavity #1

OUET T 4

#1 #2 #3

frequency (MHz)

2950
2940
2930
2920
2910
2900
2890
2880
2870
2860
2850
2840
2830
2820
2810
2800

LL cavity #2  LL cavity #3

CEBAF 12 GeV Era
- Measured Mode Frequencies in LL cavities + Simulation -

HG

cavity #2

HG cavity #3  HG cavity #4

cavity #5

[ M

IMIIT+IN

1210

AaAa@DEAAAA

AN

munn

o] Rl

TM111
hl

0. 0ma - omet

)
U

m || cavity #1

LL cavity #2

» LL cavity #3

90 100 110

120

130 140

continuous mode number

150 160
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CEBAF 12 GeV Era

- Loaded Qs in LL Cavities -
loaded .
»*°®  Major Problem ?
HEOS ﬁut only irr cryomodule end cavity
|
max. allowable Q for TM111 mod 8 o
LE+O7 1 support?ng 108 pA(;t 12 GeV e 7

1.E+06 | max. allowable Q for TM111 mode
supporting 400 YA at lower energies > [ ]

' N

1.E+05 = = || cavity #1 i |
N
i A
LL cavity #2 @ A i
1.E+04 - :
s LL cavity #3
1.E+03 .
2900 2905 2910 2915 2920 2925 2930

frequency (MHz)

)
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CEBAF 12 GeV Era
- Limited Performance on Low Power Adapters -

[ adapter is no multi-modal device = support only TE10 mode
d TE20 mode mostly reflected

energy transmitted (%)

WR650 adapter /—TT)-modc\
100 -
r ’ g ’ — TE20-mode )
80 - - ' TE10-mode
b= S s =
S s L
60 - 5 ¥
3 s
3 E
S o
& 3
40 4 =2 3
TE20-mode
20 4
0
0.5 1 1.5 2 2.5 3

frequency (GHz)

)
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CEBAF 12 GeV Era
- Real High Power Waveguide Setup-

d tunnel measurement at empty “Renaissance” slot 1L04
d measure return loss “shooting upwards”

. ,,f;:g?/ “ 7
Klystron 2"d harmonic filter ceiing symmetric “adapter
used in CEBAF e only good for TE10
Waveguides rmeasure with andw/o Viapur

adapter attached close to cavity
position

)
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CEBAF 12 GeV Era
- Real High Power Waveguide Setup-

without HOM filter with HOM filter
symmetric symmetric
adapter adapter
f (MHz)|energy transmitted (%)||f (MHz)| energy transmitted (%)
2900 91 2900 99.4

F. Marhauser, 2009-08-27, Accelerator Seminar, JLAB Jeffer’s)on Lab



Co-axial-to Waveguide Adapters used in VTA
- Tunnel Measurement- Empty Slot 11.04 -
1 what about TE20 mode ?

d to investigate TE20 mode an “asymmetric” adapter has been used

d offset of antenna numerically optimized

[ transmits both TE10 and TE20 mode
TE10 mode TE20 mode

transmission (dB)
S-Parameter Madnitude in dB /
0 ; . ;

i / i i i i / S2(1),1(1)
__ -' -------------------------- A I 52(1),1(2)

_____________________________________________________________________________

_________________________________________________

§2(13,1(1) ; -3.4917987
52(13,1(2) : -2.841053

_________________________________________________

_________________________________________________

______________________________________________________________________________________________________

2 2.1 2.2 23 2.4 25 26 2.7 2.8 3
Frequency / GHz

)
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CEBAF 12 GeV Era
- Real High Power Waveguide Setup-

without HOM filter with HOM filter
symmetric symmetric
adapter adapter
f (MHZz)|energy transmitted (%)||f (MHZz)| energy transmitted (%)
2900 91 84.5 2900 99.4 99.7

J CEBAF waveguide filter works very well at 2.9 GHz
d however: need pure TE20 measurement!

d TE10 to TE20 mode converter designed for measurements to come

F. Marhauser, 2009-08-27, Accelerator Seminar, JLAB Jeffers)on Lab



CEBAF 12 GeV Era
- TE10 to TE20 converter to characterize TE20 loss -

TE10 in

TE20 out '{

2
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CEBAF 12 GeV Era
- What is effect on HOMs -

d since real waveguide setup provides good absorbing performance
around 2.9 GHz, what improvement can we except ?

d instead using adapters we inserted absorbing foam in the FPC
(similarly good damping for both TE10 and TE20 modes)

d Q) measured again launching signal from one HOM coupler
of one cavity to HOM coupler of adjacent cavity

d foam placed in cavity 1 through 5
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CEBAF 12 GeV Era
- TM111 1/7 mode with FPC Adapter -
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CEBAF 12 GeV Era
- TM111 1/7 mode with FPC Adapter -

oaded @ Qs decreased considerably
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CEBAF 12 GeV Era
- Crzomodule End Cavity -

d Further improvement for cryomodule end cavity without design change ?

d proposal: use insert in beam tubes to adjust reflection favorably for
HOM couplers

d needed SLACs massive parallel Omega3P FEA code to model
the complex HOM coupler details required use of

d goal: optimize location in beam tube to maximize damping
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e beam pipe radius: 35mm Omega 3P FE meshing of HOM endgroup

- f.=2.51 GHz
¢ Step-down tube radius:
- £.=2.92 GHz
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CEBAF 12 GeV Era
- Improvement of HOM TM111 n/7 Mode Damping by Insert -

all are horizontal modes.

)
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CEBAF 12 GeV Era
- Summary -

d HOM damping of rather confined propagating mode is involved
process, which needs to take into account the adjacent cavities

d tremendous alteration of parasitic mode Q observed depending on
boundary conditions in VTA, cavity-pair configuration in HIB and
cryomodule cavity position in cavity string

d provided relieving studies for endangered C100 cavity design
d cure in reach without design change

d need to take into account FPC as “HOM damper” doing double-duty
as multi-modal absorber (CEBAF waveguide filter good candidate)

d need to check performance for TE20 mode more purely
(need to damp vertically polarized mode as well)

d simulation indicates, that performance of cryomodule end
cavity can be improved by simple insert
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