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total SRF construction cost
(Linac, tunnel, cryo)
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Additionally the operational stability improves with lower voltage!
— Average operation at 16 MV/m
Matthias L. Liepe, Georg H. Hoffstastter The Comell ERL linac, ERL workshop 052152007
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Beam Breakup(BBU)FZE 4 (1)
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ERL2005 E. Pozdeyev et. al.
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Beam Breakup(BBU)AZE % (2)

The threshold corresponds to v _=U, -
equilibrium between deposited
and dissipated power. — a

At the equilibrium, the stored

HOM energy does not change

(dU/dt=0) (
| au _ _V{f 7 M € sin(oT)) N 1
The_: formula yields two At 2|0 v, o 5 : I3
regions: (@/c)’| =10,
m;-Sin(oT,)<0 — unstable \ 0
my,sin(oT)>0 — “pseudo”
-stable 0]l
(Thorough analysis b = R h
orough analysis by . |
J. Bisognano, G. Krafft, ((ﬂ/’C)(O}QL my, sim(o7)
S. Laubach,1987 -

Hoffstaetter, Bazarov, 2004) ERL2005 E. Pozdeyev et. al.



Beam Breakup(BBU)F & FE 4 (3)
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Dipole mode
— BBU (Beam breakup) A& EIZLYHIR
— ComnellM<2al—a>Th., 100mAZE] T 5= DHOMMDQIE

(R]Q<2.8x105[ 2 }
Q) f cm*GHz

[I.V.Bazarov et al., EPAC04 p2197,
M.Liepe, Proc. of the 11" workshop on Superconductivity (SRF2003)]
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Figure 2: Threshold current for 14 worst HOMs for iden-
tical (red circles) and randomly (blue squares) distributed
around nominal HOM frequencies (10 MHz interval).
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Quadrupole mode
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Power loss & frequency, QLD E{&

QL = 20000, 200001z E .

Power loss vs QL (R/Q =200)
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« TESLAZE;F+TESLA HOM coupler®i5 & M (Rt/Q)*(Qext/f)
— Dipole mode (Cornell threshold : 1.4*10°)

Freq Rt/Q Qext (Rt/Q) (Rt/Q)

[GHZz] | [Q/cm?] *Qext | * Qext/f
TM110 611/9 1.865 6.5 50600| 3.3*105| 1.8*10°
TM110 511/9 1.875 8.8 51100| 4.5*105| 2.3*10°
TE-iris 2.575 23.8| 50000 | 1.2*108| 4.6*10°

— Monopole mode (100W #824 : 2.5*103)

Freq Rsh/Q Qext (Rsh/Q)
[GHZ] [Q] * Qext
TMO11 T11/9 2.454 159 | 58600 | 9.3*106
TMO012 811/9? 3.845 44| 240000 | 1.1*107

% monopole modelIFEA E2500LL E
» 100mA ERLAELTIE., + 7 FHOMBEM FOo N TLVELY
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TESLAZ!HOM coupler® B =

« ERLTD100mAEELZTSIZIE. BBUZHIZ BT=8HIZ&VR
HNIEHOMBIENEKRINS

e CW (ZFE7=IZhigh duty) Tl&. HOM coupler®pickup probe&h
DTORBIPMESNTEY., ERLAIZEE ML

[P.Kneisel et. al. PAC2005, p4012]

Figure 2.1.20: Cross-section of the higher order mode (HOM) coupler.
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B D3 T [E] K %

BREEDHEREa. . EFcETH
x71-. Jm(p)=0®ﬁg§an, J’m(p)=0®ﬁg§q’mn&3—é

TEmnE®—Fk
o _ CU'ny
27ma
TMmnE—F
fC — C qmn
27ma

ETEIRBUUTIEE, RRIZTREINSAEIITERE

d’mn m=0 m=1 m=2 m=3
n=1 | 3.832 | 1.841 | 3.054 | 4.201
n=2 | 7.016 | 5.331 | 6.706 | 8.015
n=3 | 10.173 | 8.536 | 9.969 | 11.346
Qmn m=0 m=1 m=2 m=3
n=1 [124061 3.832 | 5136 | 6.380
n=2 | 5520 | 7.016 | 8.417 | 9.761
n=3 | 8.654 | 10.173 | 11.620 | 13.015

o =27 [tc? - f2 x8686 [dB/m]
C
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IN, \47 ﬁlﬁfi vs 1B BT B IR 28

10 TE11 mode cut-off frequency
TMO1 mode cut-off frequency
TE21 mode cut- off frequency
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g TESLA Model 1
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EARBIZIITESLAZEREIZIZREL

Electromagnetic field data from file TESLASC.AF

Problem title lime 1: Sample problem for tuning elliptical cavity Fre uenC 1 301 M Z
) : : : : LT S UL UTIT) I I

Transit Time Factor 0.728
: Rsh/Q 1007 Q
Ep/Eacc 2.0

e U U U [rekacs -

— 10

— @
I [
0 20 1( 3] af 108 120
D: \THEMOELASTPERF1SH WORKYERL_TESLA 9CELL VOZV\TESLASC.AF 7-12-2006 17:%8:48
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MAFIAIZ X5 Qext® 5T

E—L/IN\ATDiEFEHELTE-boundary, M-boundary®ZNZENTQ
EZzFtEL. TOEZELEHLETRDHS = Qext=0Q,+Q,
(BLLIFIEEIZQ,, QuDIEmRARDEDZQextEd )

travelling
waves
in the line

Lag 1P -
e ’ ~ E=0 intheline

11
I,
|
-
sl
—
< H)
“1."'\.‘.."\.!l

Fig. 1. Transformung a travelling-wave problem 1nto a
standing-wave one.

[ 2 . 12 3
0] E,| dv i 12 12
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Ref) P. Balleyguier, “External Q Studies for APT SC-Cavity Coupler”, Linac2000



Rlohm] = R/Q * Qext
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SHEHHOMXI KD FRET. ..

Model 22&;

R

Model 1ZERTHETHE LIX100mARIEETHSHH . ERLEAD
ZRELTIESHITHOMIZH LTI Y— o= =Ly

TRBIKEZEZZS = Model 2ZE;H
EiRFFE. TR
o] (ZFER ALY

- TA)RZE.
LI Z DT H = 5§

2o

— AVE— R REFDEREIZTIEIHMRIEIH S

otz)L 7))L
Rsh/Q Q Rsh Rsh/Q Q Rsh
TMO11 | T1/9 159 1730 | 2.8 X 10° 156 868 | 1.3 x10°
TMO012 | 8m/9 46 | 118000 | 5.4 x 10° 33| 44500 |1.5x 106
Rt/Q Q Rt Rt/Q Q Rt
TM110 | 511/9 9| 10700 | 9.4x10% 7| 8000|5.8x10%
TE-iris 23| 4256 9.6 x10* 17| 2100 |3.6x10%
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TRTHADAZTL—
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« FAYRER
— PAYREEMNKELVAAD dipole mode DHOMFEEIZ
TN EBITHS
> 7 A XEZE80~90mMmbBI-UMNBEEFS
— ZTDORHY ., FAVRAZEZRETHENMEE—FD
Rsh/QIETA>TLED

> 7 A1)R1Z70, 80, 90, 100mm®MD B EIZ. Rsh/Q IFFNhFh
1000, 900, 800, 700Q,

— Monopole modeld LEERBIA 2 E—RF 2V ADELVE—FRN
WNAERMNHS
° IiﬁE‘T%
— TRERIZTM020D /S A/ EH2.6GHzD E K = A
MBIEWNKIGEERETIZLT=,



FANVAEDRETA4—
TMO010 | TE-iris TM110
Rsh/Q |Rt/Q |Qext |Rt/Q*Q/f | Rt/Q |Qext |RU/Q*Q/f
70phi 1010| 22| 9500| 80000 9| 10000 49000
80phi 890| 11| 4000| 18000 6| 7600 24000
90phi 780 5| 4600| 13000 4| 7000 13000
100phi 690 3| 1000| 1000 4| 9700 24000
« ZHDRATA—EFDEHE
— BILDOFEEDORIRIITESLAZERDAZIRER L=
— E—L/N(T1Fp118mmé&L 7=
— EAEXFIRIRZEALV-
o FEE—KFIZPRST . dipole mode&fitE Mg Y $hEMIZHE

R CSTL\55RF




E/IR—ILE—F D E{A12.645GHz (TM020 =/9)

Power loss vs Frequency (R/Q = 3.5, QL=1.0**10**4, q=77pC)

10000 . . . , , - R/Q=3.5,
[ ﬂ)=1.§GHz, I=1q0mA - : QL =1.0x 104,

q=77pC TEtE.,

1000 |

100 |

P=0.011W at

10 | 2.645 GHz

Power loss [W]

0.1 !

0.01 |

0.001 | S
2.59 2.6 2.61 2.62 2.63 264 | 2.65

Frequency [GHz]
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KEK-ERL Model-2ZERNDTH A

EXET A &t
DipoleDHOM®D A 2V E—45 o AWM NS B L HERE
2.6GHz D B HE{TIEIZTHOMAYZ U VERE

1) ZREILEIRZERLAIZERS
> 7 A1) RAERZE 80mm, FREIIZIFEARIRKEREA

2) KARE—L/INMT+RFIRIVATERE—FRZHE=
> E—L/INATEZE 120mm & 100mm

) IRDLIIL—FEE—L/INAT
> QuadrupoleD EHRE—FDAVE—RF U RE%HET

REIRUL(A  RIDTIL—hEE—LyS(T RFIR IR 4&



17 )L SR

EI Rt PRt BTk
FrILE 57.7 mm 57.7 mm 57.7 mm
FZ 103.3 mm 103.3 mm 103.3 mm
TRERE(Z) 41.0 mm 46.8 mm 42.0 mm
Jr B K2 Bl (R) 41.0 mm 42.0 mm 42.0 mm
PN 3 1.0 mm 1.0 mm 1.0 mm
T A1) AR5 EH(Z) 9.7 mm 6.7 mm 7.9 mm
T7A)AKEI(R) 9.7 mm 13.4 mm 7.9 mm
T A1) A ELRER 1.0 mm 1.0 mm 1.0 mm
R7(TAVR)E 42.0 mm 40.0 mm 42.0 mm
Wall angle 15.9 deg 9.2 deg 17.1 deg




Model 1 l'

Model 2 |

Model 1&Model 2ZE;R D Lb#X

IEE—RD /52—~

Model 2 Model 1 Model 2 Model 1
Frequency | 1300 MHz | 1300 MHz | Iris diameter| 80 mm 70 mm
Rsh/Q 897 Q) 1007 Q |QoXRs 289 Q 272 Q)
Ep/Eacc 3.0 2.0 Hp/Eacc Oe/é(ll%/l-\5/ im) Oe/é(llﬁ/l-\e /m)
Coupling 3.8 % 1.9 %




Dipole mode
~TESLA/ Model 1/ Model 2 tbEg ~

‘ ‘ | KEK-ERL model-2 cavity = ®
le+6 ‘ ””””””””” KEK-ERL model-1 cavity: E
N [ v | TESLA cavity v ]
T v ‘ Dlpole BBU lOOmA threshold 1
NQ S T e e A——
s 1 ¥ "
o T 7 A M — ————— R—
= T T CH N
Eoal e Yy Y
& le+3 : v ! ! @ ]
W 'Pe o o o .
o L
= o e, o |
e 1 S — e s P — -
@: le+? . C eR L, o '. o
_ 1 &, ¢ “im ® .
(] ‘ ! :
le+1 i P Qu | | PN, e |
10 15 20 25 30 35 40 45 50
Frequency [GHZ

ERL100mAEEL TER NS EYEHT1HTLLE, HOMAY
E—3F U REINSKTBHEMNTET=
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TI1II
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Z =1 /=4

S8 T I— L
(BEFIEE-PERKICLLETER

0 50
phase advance in the ERL loop (deg.)

100 150 200 250 300 350 400

E = 10 MeV, E,,, = 5 GeV, E, . = 20 MV/m
0.7 - : : - - - : 3
i, /\//\\\// -
g 0.5 KEK-ERL Model-2 (HOM: 6x2) <
s 04 %
e 215
2 03 simulation by Bl 2
(72}
o o 1
< 0.2 c
L KEK-ERL Model-1 (HOM: 6x2) =
01 ¥+~ T 0.5
TESLA (HOM: 5x2)
0 ——- -—0

Bl

HR)
: Cornell KETHEINT-ETEI—F

BBU-R : [RFHHEE THRFE SN -O—F

simulation by BBU-

o+

simulation by BI

KEK-ERL Model-2

0

05 1 15 2 2.5

HOM frequency randomization (MHz)

BBUARKREEDBEERNKIBICHESMNT
KEK-ERL model-2 cavity TIZ600mALL EARAENSD



(Ryy/Q) Qe [

(Rep/Q) Qext [€2]

1647 by ' ' | | ' |
Monopole mode (@) : .
— 1le+6 -[1OMA o

| S, 100W| g ° .
-7 ) I e
le+6 — ® ) ° ° \

: t o e . °*e | )

ters | — J ret+d L ® ..t .5. .
teva | " |7 e THOOMAL T % —a et e ET
tevs | e et loow | | 7 . o
le+2 | 50" 55 60

2.40 2.50 2.60 2.70

Frequency [GHZ

le+7: (C)
1e+6~:
1e+5 | 2.6GHzZ L WNZ5.2GHZREBIZIEA 2 E—
le+4 | R . /)-‘\DXO)%L\:E_FUZ%L\
s bt 3.9GHz/E58%,0K
tev2 L FTNUNDRERBIZIFAVE—FTRAD

5.00. 5.1|(:).reque?’].‘~:2§/ [GH;]3O. 5.40. %L\:E—F\?f)‘%é@f\ J%_I 5&3&%%—.& l,f:

BELEITORICIX, ETEARE
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BIQ)

Loss factor [V/pc]

OXTI7953—

30 -
20F o
10 | ]

[KEK-PF 12K LY]

'model2_lossparadat’ ———

3ps

Bunch length (rms) [mm]

- FERETEHERIL. INEE—F Dloss factor (~2V/pC)iAHDIE,
ZRBIKNSDARDH, RFFRIVKIZEET,

« N FR3ps(=0.9mm)DFF, HOMIZ XSO R T794—(%12-2=10V/pC

— 77pC/bunch, 1.3x2=2.6GHzOE —L#&YRL1=&~ 150W



ZRERETDFEED

ERLAIZERBEIELI=-ZERT A &1To7=,
KOFRDE—LNATEHNSZLETHOMBEZ&IELT=,
ERARBIREIL, TA)RBEZKRECTBHIET, IS
dipole modeMHOMZ & N ITHET=5ZEFEL -, BBUL
ELMEIZHLTIHHEWY =V U&=k it &> TULVS,
Monopole model31.3GHzE xR Z R RE &7 52.6GHz,
5.2GHzELAIZIFHOMIFFELALY, =1L, T LS D
BREBIZFAVE—F O RDEWVE—FBEFHET SHD T,

1.3GHZUSN D REIR M CEER T SRICITTFENDE,
MNiEE—FERsh/Q~900, Ep/Eacc=3.0&% > 1=,
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ZF(1)

JLAB

Concepts

Take the best from JLab experience and high-

current storage ring technology™.

General layout:

Waveguide damped 5-cell cavities.

Six cavities per cryomodule at 16.7 MV/m -
20 MV/m.

Good packing factor with real-estate gradient

ERLO7 R. Rimmer

" - 7 T
10-12 MV/m. Voltage 100-120 MV
» HOM power dissipated at room temperature.
* High-current optimized cell shape gzives good Length ~10m
efficiency Frequency 748.5 MHz
* (Cell shape also has good HOM frequency Beam Aperture | >3 (76.2mm)
trm.
Specti BBU Threshold >1A
* PEP-II storage ring desiened for 3A stored beam at 9 GeV HOMQ's <10*
Beam power 0-IMW
Z Thomas Jefferson Mational Accelerator Facili , Dares
.geffergun fiss omas son Natio celerator Facility m;;ﬂ? bury @ E—_JSA
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ERLAZ

ZTDMDKE

ERL Ampere-Class Cavity ERLO7 |. Ben-Zvi

F(2) BNL

~ 444

el
=

Fully damped “single mode™ cavity at
703.75 MHz

Allows ~ampere in 3 pass eRHIC.
Also usedforelectron cooler.

uﬁ.rﬂ”""‘* w, r- nﬂi{:ﬂ ﬂf n“f.{'ml
O —d Science '-:Erﬂrlﬂ.lu LABORATORY 19/34
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TR E TS ,,
A T N = NAY

,Di/POIG 84}\ Quadrupole
N ™, FLUTEIZ &Y Quadrupole D ¥

BRBETHRENE—RIE
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LT

2.09GHz 3 47GHz RIDZIL—LDIRIE

// |
HH‘H\‘H/‘{M

1.91GHz

NI

M

(1AL

Dipole-like
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3I5MV/ImLL EDEBERZZERK
Q>1e10Z&25MV/MTCERK
JEYRIHRBEICELSDED
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i Center-Single 1st(2K) @
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1e+010 e %‘W%&Www Y RN S .
o, VAN
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1e+008
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Input coupler® %5

ERLTIFIR/ILEX—REIURLEBIE
BEROESWVNQEDEMNTT
BANT—IDIELTT O,
EERIZIIENQLIE TIIBIZE
ZERD HEIBIEA FEF (THRIEY
NELDFZELGEIZLDEIRE
DI NN TFar—=2T h
LLENZHEI-HDTAN
D—hRELGSH, (BRSER),
SDECANELDEEITKIK
S50HzUL T ERBBEONTEHEY.
ZTIhoHHET SHEQL=2X
10712 T20kKW@D /) —HhSh B
£l %, E5lZpulse TOHT
S—MconditioningkiEEE
THALIISHITELQLIZEZ S
FOEERET AT ELT=,

T S —LEREHMNSTH MBI
JX /N7 ™ / CIRJIAKFZAVS/ 7 71 VLV J K] 171N

]
ini]

. -

70 T T T T T T
20MV/m , QL=1*10~7
60 F  20MV/m, QL=5*10~7 -
= 20MV/m , QL=1*10"8 ———
= S50 r , )
g p-— Yo __11.4Q [ﬁJ
§ 40 + 4(R/Q)Q, W f
1
S 30}
]
)
5 20-t
<
10
0 | ] ] ] ] ] ] ] ]
5 10 15 20 25 30 35 40 45 50
Delta_f [Hz]
HIRFEBHOODRRBDT 1
ERL main linac coupler/\5 A—4
- JEREL - 1.3GHz

- ILEAE : &K 20MV/m

IR AINT—:

CW 20kW

Ny T)TAZE QL=5x%106-2x107




HIZEZERAT5—DREHI(1.3GHZ*T i)

“\ PT1000

"Warm coupler’

TTF I

TTF Il (for LC & XFEL):
* Adjustable coupling (16 mm)
* Cylinder type ceramic window

. 5KW CW SW (BESSY) | —
D
Cornell Injector (for ERL): ERLIZHR M

* Adjustable coupling (16 mm)
* Cylinder type ceramic window

« Upto 50 kW CW TW(Cornell)
inner cooling by air

KEK STF-Baseline (for ILC):
* Fixed coupling

 TRISTAN type coaxial ceramic
window

(CW Max 800KW @500MHz)




ERL main linac @input coupler®TH 1>

codwindow = M | tomos oh Warm "?‘3 | details now under designing
5K 80 X 8‘0K STOK A dry N2 gas out
5K
) ity | | :ﬂ -—‘ JZZ@ %
_ ‘i‘_!mmp_’;/ﬁl; ] [ PR u _—
i T - =— ] E 2} = pe— > C=——
] e i — l P — [ .ﬂf — >
L] — — |
A—— 7 \ [nner rod:
Bellows | | Cold & $96 ¢35 -Gas cooling RE o
-changeQext ! ™™ 7

BRRGZERETDRA

-CW 20kWH# AR D RE R BFICHRER) 5T,
A1E—F 2R 60Q(RNERDEERZRHDST . )
TIIVIDFEERKTVELT S, (FEED.7%DELDE[FEH, )
N&E{k%gas cooling, (inner rodIZH 3, )

T R[ZE(QL=5%x106-2%x107)
inner rodIZTHRERZEIMNT,
ColdEBETRDBIARO—XER T, Al ZEIZT 5,

-Reliability :
TSIV HBITEBDOHANIRZ AT D RIEEEZHR,
MERAZEITAE=ORICENDEZ2DES,




F&Ex n-l_(COUD“nC])

Measure : fo, Af, Ty, Ty
170 17|, f
By = __ o
1+ ‘ ‘ 1802 1+‘F2‘ QL 2. Af

under or over

1801(1"':302) B, = Boo 1+ Boy)

P =

Q —
Qext2 - =0 Qextl

1- 13011802 1= BoFoo

=1+ 4 +5,)-Q
Qo
Jis B

« Qext1=5x106~2x107
- Lport1 = 51.3~61.1mm
Variable range = ==5mm

t*, Calc by HFSS
L_forﬂ 22 l
T . NQ Uﬂ
1009
E=55mm
| |
108 | —o—Qext1 9cell_L55_600hm II /i
Beam pjy
-g 10’
= v |
Ocell case
! [=551mm (600)

40

50 60 10
L_port1 (mm)

80




HyI75—RRDIBEDIKR  #75—52k282 Fsetup

Warm Window Cold Window Warm Window
|IOT 30kWZ FHL = geltons— 1| “i* peiions
BRI BERA—RD L\ M
INAINT—TFRARRAUREEE N I s o i s i e I
20KWIR ABF DB L5 I TSN
TIVFINGT4 0 EBIE, — % R ETF T
FEE2OFEERAT. EEKR T, RFD AR
&E‘f‘fﬁ*ﬁ%w&\ifiﬂ“fﬁj—éo gsf:s *ﬂéﬁtﬁ"] dummy load
BHHEOHEAILTHEOHEKXRTZR S, 0Ky 107

Clean roomTO AL T

bellows

Warmz= ColdZ&E FBfK k%



HOM damper (1)

=

Enlarged beam pipe. Fluted beam pipe. Waveguide dampers
(KEK, BNL, Cornell ERL) (Cornell, CESR) (CEBAF, PEP-II)

2N Lo

R B
j~[1_:*"_‘{_ .

Coaxial/radial beam pipe Multiple coaxial loops

(KEK, TAERI) (DESY, CERN)
[ERL2005 R. Rimmer]

o $RRIGEHOMAYTS—hIMERIN TS,
KEK-ERL Tl E— L/ SA TRIEH.

[




HOM damper (2)

e NUFENTV -0, #H10GHzZE TH I RFIRIVANAPHE
e O—RILKETIL. 2O ISANE1TBEOEIIVIE

ALSTE
« 70KTHERAYT 5, RFIRIVADES B E. E—FAMUILAD
M 1475 & D ERRE
D; T\\T'I;EAHR m Wpr
o 06 P\ y\"“m%mﬁh __.______J_' L\
TUEEA =Ty

=
N

ex N Wy
JH MZ \ *,{JW

DD 5 10 15 20 25 30 35 40
f IGHz]

[ERL2005 V. Shemelin et. al.]




HOM damper (3)
O—RILKEFEOHOME U /IS—DTH A

Beam Line HOM lLoads

“""‘!‘“—I\ i .

-

Flange to W i 30 ' :
Cavity g SSe i
R ..|1 L 57 el * : 1\

Power per load 26 W (200 W max)
HOM frequencies | 1.4 -100 GHz
Operating temp. | 80 K J |
Coolant He Gas "

RF absorbing TT2, Co2Z,
tiles Ceralloy

= _-

s e

* 2 proto-types fab’ed by ST Channel

Absorbing GHe
Cornell 9 (GHe)

* 6 production
loads fab’ed
by industry

Matthias Liepe

[SRF2007 M. Liepe]



!

hals

A
L 3

1 SR =

4

P &I W,

s M TFa1—F—ITKSFHLVEAEE
s EXIVHFa—7—IZ&5ERERMAZNWE

TTFFa—%

—(L/A\—=)

INFNF2—F— (T L—Fz)



D5AAET 1—])L
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T—ZEBEHBREE LTI
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Microphonics (1)

AN ZERNEZoNSIRBICLAIRIRBRBDTFa—=27
— TFA—VLESORIBEMBEEHET ILEDHY

model,f=60Hz
transverse

mode2,f=152Hz
transverse

mode3,f=230Hz
longitudinal
H.Gassot et al.

[ERL2005 M. Liepe]



Microphonics (2)
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In inac ERL cavity, the required peak drive power is

no
o
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RF drive power [KW]

[ERL2005 M. Liepe]
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