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A single-mode 500 MHz superconducting cavity
cryomodule has been developed at Cornell for the electron-
positron collider/synchrotron light source CESR. The Cornell
B-cell cavity belongs to the first generation of high-power,
HOM-damped accelerating cavities designed to support high
average beam currents Iin storage rings. The B-cell
cryomodule is the key component of a four-cavity CESR RF
system, which can support total beam current of several
hundreds milllamperes. The Cornell design has been
transferred to industry and the cryomodules are now available
as turn-key systems. In this presentation we will descri
main design features of the cryomodule and review operating
experience and results obtained since the installation of the
first cryomodule in CESR almost a decade ago.
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Why SRF?
History of the Cornell cryomodule development

Cryomodule description
CESR RF system

Operating experience: overcoming initial difficesi

Operating experience: quest for high luminosity

New challenges: satisfying two different sets of
operating conditions (CESR-c and CHESS)

Future: CESR-TF ILC damping ring test facility
Summary
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0 Inlate 1980’'s — early 1990’s, when physicists
began pushing beam currents in storage rings
toward 1 A, it became clear that a new type of
accelerating cavity would have to be developed.

0 Performance of such machines is limited by
longitudinal multi-bunch instabilities caused by
parasitic interaction of electron and positron
beams with the fundamental and higher-order
modes (HOMs).

[0 This interaction can be short-range and long-
range. Short-range interaction can produce
change of the bunch length with beam current
(usually bunch lengthening due to an inductive
wake potential) and single-bunch energy loss
characterized by the loss factor.

[0 Long-range interaction can cause coupled-bunch
instabilities and power loss due to resonant
interaction with high-Q HOMs.

[0 A concept of so-called single-mode, HOM-free or
HOM-damped cavity was proposed to deal with
those problems.

O Both normal conducting and superconducting
single-mode cavities have been developed in
different laboratories, e.g. at Cornell, KEK,
LBNL/SLAC, etc.
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1. Higher accelerating gradients

— accelerating gradient of n.c. cavities is limitgdpower dissipation in cavity walls
and for 500 MHz cawvities it correspondstd MV/cell (SLAC B-factory single-
cell cavity)

—  higher accelerating voltage per cell (up to 3 M¥¥.c. cavities> fewer number of
cells—> less total impedance

2. Larger beam tubes

—  due to the power dissipation limit in n.c. castteey have to have hidRiQ of
fundamental mode> re-entrant shape and small beam tuelsigh R/Qs of HOMs

— reduced the interaction of the beam with thecaeity

—  HOMs are removed easity lower Q factors—> better beam stability

R/Q (fundamental) = 265 Q/cell 0.11 Vipc
89 Q/cell

R/O, Ohm N “"3"3‘(

30.07 s o fa — -
2501 * el R
20.0- G i w \_ It

Superconducting
B-Factory Cell Shape

__-|

Example: CESR
¢ 4 s.c. cells instead of 20 n.c. cells
e lower R/Q and Q of HOMs

factor of only 1.22 V/pC for s.c. rf

1507; . / instead of 4.56 V/pC for n.c. rf
10.0° ., /: (compare to 2.67 V/pC loss
50] . - . ° e ] factor of the rest of CESR)
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Cornell ElectronStorageRing

s CESR was built in late 70s for HEP.

+» Both accelerator and detector were upgraded several
times.

+» Until 2003 CESR operated in collider mode at high
energies (4.7 to 5.6 GeV) for B physics.

% CESR had highest luminosity in the world until ~200,
when B-factories surpassed it.

“* SR experiments operated in parasitic mode.

% Original RF system had two 14-cell copper cavities,
later replaced with four 5-cell copper cavities.

% Single cell superconducting cavities were developdar
a proposed Cornell B-factory CESR-B and then utilied in
CESR-III upgrade (four cavities).

e e+e- collider and first generation
light source

¢ 1.55...5.6 GeV/beam

e detector CLEO

e SR facility CHESS

00503993-001

CESR
-, Storage Ring

il

Synchrotron

et e
Transfer Line Transfer Line

Positron Intensity
Upgrade

Superconducting

RF Cavities yeraction Region
Upgrade
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Originally developed for Cornell B-factory proposal in early 1990s

Resonant frequency 499.765 MHz
R/Q 89 Ohm
Qq 10°
Qext 2x1CP
Operating temperature 45K
Accelerating field up to 10 MV/m
b Accelerating voltage up to 3 MV
| R Effective cell length 0.3m
N Beam tube diameter 0.24 m
' ~~ cut-off frequency (TE,,) 732 MHz
/@ Fluted beam tube (cut-off
frequencies 570 MHz for Tl an /ﬂ QextwaS chosen to provide the most efﬁcia\t
932 for TM,,) allows propagatio operation of RF system at maximum design beam
of two Iowe;t dipole modes T\ power and cavity voltage (matched conditions, for
(607 MHz) and TE,, (650 MHz) proposed CESR-B): V2
Qext = Qpeam=
R/QPheam )
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Vertical dewar test results

1.0E+10-

O 1.0E+09-

The cavity preparation procedure

includes:

< chemical etching by 1:1:2 buffer
chemical polish (BCP) acid mix at
the acid temperature below 15°C
(to avoid cavity Q disease)

< high pressure rinsing and
drying in a class 10 clean room
where the niobium cavity insert is
assembled afterwards.

< 140°C, 24 hr vacuum bake to
improve Q factor

®BB1-1 ®BB1-2 BB1-3
BB1-4 @ BB1-4 after bake ® BB1-5
®BB1-6 @ BB1-7 B SRRC1
I‘After 140°C, 24 hr. bake OSRRC2 OCLS1 OCLS2
ADLS1 ADLS2 ADLS3
®© o o
> °
®
®
Field emissiomn 7) 8y
Quench due to material defeft
T T T T
1.0 2.0 3.0 4.0

V acc [MV]
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beam test
1994 Beam test, first demonstration of high current operadion

ll Several benchmarks for SRF

arc detector CaVI tl %:
TIH gj ¢ Stored beam currents up to 220 mA
cold box \ : E‘_,_,_Jr——-l(apton barrier ’:’ 155 kW dellvered tO beam W|th 165 kW
[ I\ a“,"**_*—IR thermometer
—_— N 'w,‘ . 4 — Convectron gauge forward power
instrumentation | _ 'I | . window
fee‘*"hm“ghz\ o - co catrode gauge || %* 2 KW of HOM power extracted by
cryogen po T RGA head g
tuner drive = /arc detector fel’l’lte abSOFberS
/
- \jfw %ﬁf’:}j @ + No resonant excitation of HOMs or
- i — &‘}
% | S W] 1] beam instabilities were observed

gate valve
vacuum vessel é

+» Performed critical cavity loss factor

S—

— _-___vfj,:,ﬂ oy and impedance studies
Beam C/L <H;/ I || ‘Wjij]lf[ i —
0701 o] ‘ T qi’ Hjip “‘ HOM load )
ptn | - Thetest duration was one week

(noble diode)

|
|
‘insulation vac. turbo b
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Mark |l cryomodule

The cryostat was redesign to fit into the CESR tunnel

LHe vessel

Vacuum insulation

LN2 shield

Tuner [

Large
gate valve {

0
0
)
)

Nb cavity |

Nb waveginde

HEX

RF window

Small
gate valve

RBT transition
HOM absorber

<,

Pump-out box

i)

Ion pump

Elbow

Cryostat liquid He volume 520 liters
Cryostat static heat leak 30 W
Cryomodule length 2.86 m

Main features:
& Cryostat (fabricated by Meyer Tool & Mfg.)
4 Waveguide input coupler with a disc
ceramic RF window built by Thales
¢ Ferrite HOM load
¢ Folded, double-lever-arm mechanical tuner
with stepping motor
€ Large-aperture inter-cavity gate valve
& Taper and small gate valve

Prior to assembly all major components are
subjected to acceptance tests
All high vacuum components are baked
prior to cryomodule assembly

June 5, 2006
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Cold He gas cooled WG
Liquid nitrogen cooled WG

Warm RF window Pumping section

[- Fixed coupling @Q,, = 2x10°

» Magnetic bias of the WG to suppress multipacting
» Adjustabillity is provided via a 3-stub WG transforme

VACUUM SIDE

Each window is tested to 400 kW in TW
and >125 kW in SW
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power [kK\W]

—o— windows 1&2
—— windows 3&4
—®— win 3&4 re-processed

410 60 80 100 120

time  [hrs]

Processing:

 initial processing in TW mode

e then SW mode at different positions of reflection plane

e both CW and pulsed regime during power ramp

» tickle processing for hard multipacting barriers

e may take from several hours to several days to reach max P

 final processing after cryomodule assembly
e in situ processing
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TT2-111

250 v T T T T
cooling water ‘SN I

stainless steel shell [ \\ e
200
S : :

150

cooling pane S
(Elkonite) ferrite tiles

cross-section A-A

100

L IS

L 7 A

L / \

L / N
50

— L Re
k m ”000‘\ . OO‘I . O‘I - "‘:M-“H“‘IO
. f[G
(modular design \ S [HZ]
- 18 water-cooled Elkonite 3
(25% Cu + 75% W) panels Wbl =1
« two ferrite tiles (2" x 1.5" &
x 1/8") soldered to each -
panel )
« TT2-111 ferrite oE
« each panel is individually L 5
tested to power density of RS i
\15.5 Wicnt ) hd el
f [GHZz]

June 5, 2006 Cornell SRF cryomodule development - AST2006 workshop, NSRRC, Taiwan 13



Cornell University

Akt liny ity perkie by © | 0SS faCtO I an d H O M S p ecCctrea

Calculated spectrum
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CESR superconducting F

Synchrotron

West S C/ w1 | cLEo|C
RF cavities

w<2><> (% E2

1
\ EastS C
RF cavities

system

O CESR is a e+e- storage ring operating in

two regimes: as a collider for HEP
experiments and as a synchrotron light
source

O Four superconducting single-cell RF

cavities

O Two cavities are driven by one klystron

in parallel

O High beam loading - low loaded Q factor

Beam energy 1.5t05.6 GeV
Beam current 0 to 500 mA
Frequency 500 MHz
Number of cavities 4

R/Q per single-cell cavity 89 Ohm
Qioaded 2x1(P to 4x10
Accelerating voltage per cavity 1.1t0 2.4 MV
Klystron power per cavity up to 200 kW
Number of klystrons 2
Required ampl. stability <1%
Required phase stability <0.5°
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RF system diagram

Directional
L0 / West flare coupler
_‘ \Y/A paills w2
=
VKP-7957A 2 MW Raytheon [ t3-stufb WG
) Circulator ransformer
Klystron O WRI1800 — ,—I
/12\ o ] \_L I
% G Mt RFload it WG
3 i RF loa -stu
4 Power Splitter (7] iransformer
300 kW A . W - —
Mismatch RF load O (_Rv /J_/J' T
RF load
L Directional
- coupler
L -
e+
Directional
LOE / East flare coupler
w paiie E2
ZEO S
YK1300 2 MW Raytheon t3_stufb WG
Circulator ransformer
Klystron o WRIB00
I |
n WRIBO i n Magic T 300 kW
U = ) 3 U Power Splitter RF load 3-stub WG
transformer
300 kW O . I/I' - El
Mismatch RF load ] ﬁ /J_/J' T O
RF load
L Directional
- coupler
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@cryomodules i@)

Total 7 cryomodules were built:
5 at Cornell and 2 at ACCEL Cryomodule 6 (ACCEL2, BB1-6, E2)

o o

o o
load vacuum leaks repaired)

Cryomodule 5 (ACCEL1, BB1-7, W2)
- -

(POB and HOI

y

Cryomodule 4 (BB1-5, E1, awaiting refurbishing withBB1-2 cavity)

(cavity was SS-parTi cle cgntami nat.ed during assembly, reparedI now in Cryomodu|e 2))

1999

first storage ring to run entirel

on SRF cavitie
Cryomodule 2 (BB1-3, W2)

Cryomodule 3 (BB1-4, E1)

o oo o o

o o] o

Cryomodule 2 (BB1-5, W1)

(cavity had non-rapareable material defect that limited accelerating gradient, decommissidned) 9
1997 Cryomodule 1 (BB1-1, W1, spare)
first SRF cavity installed for ) se—pe—————— i ————— e == == = =

. . (RF probewasinstalled in w?ong location caus-ng very low SN ratio)
routine operati

Cryomodule 1A (BB1-2, E2, decommissioned)

(cryo.module developgd He leak into c-avity vacuum, cavity will be%menbled in Cryomodule 5

Jan-97 Jan-98 Jan-99 Jan-00 Jan-01 Jan-02 Jan-03 Jan-04 -05 JanJan-06
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4 cryomodules currently in service
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Cornell University

BB1 Q vs. Eacc Summary

6 (E2)

(

BB1-5 (W1) @ BB1-4 (E1)
W2) ¢ BBl

1| ABB17

Vacc [MV]
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Multipacting in rectangular waveguide

The first SC cryomodule installed in CESR was assdnled without baking its WG components.

The consequence of this was very strong multipactyat forward power levels of 90, 130, 180,...
kW. We had to develop ways to process this multipéiag in situ:

1. Processing with DC magnetic field bias (10 Gauss)

2.  High power pulsed processing w/o beam. One careate TW in two ways: very high
emitted power for a very short time after RF shut-déf due to strongly over-coupled cavity,
let cavity quench for ~10 ms at 10% duty cycle.

3. Beam processing by changing RF phase between tRE stations using a specially written
software.

Further computer simulations confirmed our observatons that TW and SW mixing ratio
affects multipacting bands.

Traveling wave

1.4 T T T T T T T
Sefr
121 11 10 9 8 7 6 s
1 | I I I I | I 1
0 100 200 300 400 S00 600 700 300
P EW
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Residual gas evolution

le+03

E2 RBT TAPER COLD CATHODE ——
E2 WINDOW COLD CATHODE ——

After warming up the cryomodule we analyzed
residual gas evolution and found that during first3 leroo |-
months of operation cryomodule cold surfaces
accumulated up to 7 equivalent monolayers of
hydrogen. During CESR operation we had found
that hydrogen plays very important role.

Pressure [nTorr]

le+01 H

1 e+00 1 1 1 1 1 1 1
Mon Tue Wed Thur Fri Sat Sun Mon

Date

Peak # Gas species Cavity HEX Elbow
1 H,, He 9K 22 K 85 K

2 COMN, H, O, Ne 27K 35 K 92 K
3 CO,, CON, 83 K 92K 130K
4 H,, H,0, COIN, 163K 165K 190K

5 H,, H,0 230K 220K 240K
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Overcoming Initial difficulties (3)

Monolayers (H2/Day)

CESR SRF Cryomodule Accumulated H2 Equivalent (Normalized)

alled

[03/00 - 09/00: 163 Days
W 09/00 - 06/01: 270
04 009/01 - 08/02: 320 NEG Pumps Inst
: 009/02 - 03/03: 176
Prior to E2 Round Gate Valve D07/03 - 10/03: 95
Replacement / W 10/03 - 04/04: 173
03 = / W07/03 - 04/04: 273
™
2 ; D106/04 - 08/04: 69
. [P)rlor To IZB"T t\./acuum W08/04 - 06/05: 281
03 am Instafiation. B06/04 - 06/05: 350
\—ﬁl
025 E2 Helium Leak [ &
E2 HOM Leak to
_/ Atmosphere
mw
0.2 E
0.15
Y
E2 HOM Leak L
oi Partial Warmup 2
0.05 \
| .
E;
o N IS H =l

E2

Cryomodule

PGQ

6/28/2005
gaslayers_0605_revC.xls
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Quest for high luminosity

CESR was the highest-luminosity collider in pre-B-factory e

800 | 31?050]-0%
CESR Peak Current *
700} i b
600 |- . ;;'t i
s ¥ &
500 |- f : P B g =
E400|- & LA ;4 i: .
. . 2 1 = + 3 ? ( > * ’ i %
Peak luminosity 1.3x1033 cm-2s- s VT, ety 3 s e e
#o‘ O ; y ...: ’.‘ L =
Beam current 0.78 A > o T
100}~ . : . . i
RF voltage with beam | 1.85 MV/cavity (1.6 — 2) ol L e de o, e s
1997 1998 1999 2000 2001
Max. power 300 kW/cavity —
transferred to beam | (360 kW forward power) Beam Power Deliveredby E o
Superconducting Cavities g_ .-ﬂ. 4
. 5 3
HOM power 5.7 kW/cavity at 0.75 A & 2N
800 | s § :;'- e -
B : N s ®
o= .ﬁ L = } J
Z s00|- s B & . ” ]
E " oo ¢ Q .
= £ w s
x| E E® .
200} 3 Nl z -
(=3 e e 2
1097 o0 1999 2000 2001
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until ~2012 | [ until 2008, then — CESR-TF

Parameter CHESS <« CESR-c >
Energy [GeV] 5.3 1.55 1.88 2.5
No. of cavities 4 4 4 4
Gradient [MV/m] 4 6.25 8.33 10
Voltage [MV] 4.8 7.5 10 12
Beam power [MW] 1.0 0.04 0.09 0.16
Beam current [A] 0.5 0.26 0.36 0.46
Synch. frequency [kHZ] 18 41 43 41
Bunch length [mm] 20 9.9 10.2 10.2
CESR-CHESS light source (E=5.3 GeV) CESR-c taulcharm factory (E=1.55...2.5 GeV)
> relativelyhigh RF poweper cavity a high luminosity means strong IR focusing and short bunch length
(160 kW per cavity) (1 cm)O high RF voltag€1.85...3 MV/cavity)
> emphasis on long beam lifetime, short bunches are not O low beam energy loss per turn & lower beam curréribw RF
requiredd] low RF voltagg1.2 MV/cavity) power(10...40 KW per cavity)
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CHESS

beam current

CESR-c & CHESS operation

CESR-c

beam current

250 250
oe- oe-
Oe+ Oe+
ol % 4 & 4 4 4 & & % 4 ¢ % % 4 & 4 8 8 200
\ <\ 8 \ o
]
150 \ = 0 o © 150 4
g ’ E
o
° s
100 100 +
=]
o o
o
% : s\
=] 8
=]
3 4 o 8
0 -_—t . _— . 0 e .
Fri, May 25 Sat, May 26 Sun, May 27 Mon, May 28 Sat, April 21 Sun, April 22 Mon, April 23
Time Time
Cavity voltage Cavity voltage
25 e 25 —wil]
—y5t —\2
E1l E1
E2 E2
2 2 H
15 154
|
> >
s s
2
1 1
0.5 0.5+
0 T T 0 T
Fri, May 25 Sat, May 26 Sun, May 27 Mon, May 28 Sat, April 21 Sun, April 22 Mon, April 23
Time Time
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CHESS

forward power
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CESR-c & CHESS operation
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2008 — 2012proposed operation of the CESR-T

[1 Goal: to perform crucial R&D in beam physics and
Instrumentation for ILC damping ring operability and

reliability using a slightly redesigned CESR ring

[] Beam energy 20 Ge

[1 Total RF voltage 15 MV
< (will need to add two more cryomodulesin 2009) — —

[] Total beam current 50 - 60 mA

[1 Number of particles per bunch 2490

[] Bunch length 6.9 mm

June 5, 2006 Cornell SRF cryomodule development - AST2006 workshop, NSRRC, Taiwan
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Summary

)

[l

Cornell has over-10-year experience of using SRFw#es in a high-current storage ring
under different operating conditions

Even though we had a beam test, its duration was stt and the first several months
after the first cryomodule installation were very ough, but provided us with invaluable
learning experience

After overcoming initial difficulties due to mostly multipacting in the rectangular
waveguide input coupler/ceramic window region andesidual gas evolution, we are able
to provide stable and reliable RF system for CESR

Successful operation of SRF cavities attracted intest from industry and laboratories
and eventually the Cornell technology was transfeed to ACCEL, which now provides
CESR-type cryomodules to synchrotron light sourceworld-wide — NSSRC/Taiwan
Light Source, Canadian Light Source, DIAMOND (UK), SSRF (China)— as turn-key
systems

In the near future we plan to add two more cryomodies to the CESR RF system as
part of converting the machine to an ILC damping ring test facility

There are many more RF system related developmendd Cornell (cryogenic controls,
digital RF controls, passive cavity operation, usig piezo tuners, experimental and
theoretical studies of multipacting,...) that are outside the scope of this presentatiory

006
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