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™ The compact ELBE cryomodule wl) AR

20kKWCWFPC  Nb TESLA cavity L Evel mEter
LN,-port o (cold part) tandem cavity
LN,-reservoir PEERICE ; SAERortaLn LHe feed pipe
with level meter stainless steel big 2-phase alignment:system + resistive heater
vacuum vessel helium pipe titanium tank

surrounded by

beam . .
super insulation

pipe

service
valve

MUMETALL®
(Vacuumschmelze)

membrane and

\ turbo pump

¥/
|

tandem cavity
support and
alignment system |-

IR LN

doorknob transition light and temperature

and RF waveguides diagnostic for FPC
and vacuum windows
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. The compact ELBE cryomodule i, medr

/,,,/ <

L=3.5m, W=1 m, H=1.8 m, Weight: 1.5t

2 standard TESLA / XFEL cavities

2-phase He return pipe for max. mass

flow of -4 g/s or max. heat load 80 W

acc. voltage typ20-25 MV/ module (CW)

HOM coupler with sapphire feedthrough

20 kW CWRossendortype FPC (1.3 GHz)

bandwidth typ. 114 Hz '

one magnetic shielding at 300 K %,
A one 77 Kintermediate cooling shield S/
A 2K static heat load <10 W

Do oo To  Io I I»

///
4

\\\\\:

manufacturing in license by R
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. 1 DRESDEN r‘ = '_DR
Measures for a better C\6apability "= A S

A Sapphlre HOM feedthroughs and FeRh HOM HOM PleUp
thermal anchors to improve CW
capabilityby better therm. stability

Thermometer (couplen (tuner) (tuner)

Cl@ 10.5MV/inm 39K 42K 8.0K

A proper selection of non-ferromag
netic materials and demagnetiza
tion of all partsto ensuremagnetic
hygiene Nmeas magn flux inside
module: 1-3>T

C3 @ 8 MV/m 86.6 K 711K 16.1K

I

T - g . o
41 ENTMAGNETISIERER MM KE MAURER :
| DEMAGNETIZER M ac i
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. Resonant ring for high power CW RF component testd) HZOR
NIM A 612 (2010) 42437 from

RESONANT RING Waveguide WR650 SSPA
PHASESHIFTER
(RING RESONANCE)

Sliding Short o
Q
3
Sliding Short TEST BENCH CONTROLLER 8
(LabWin Based) D
3dB Coupler =
AE 3 = = 2 -50dB o
¥ |5 < 5 & it Directionel 0
5 3 - w3 9] Coupler o
- o z I
L I x ;

= =

< Vacuum Exhauster | &

2 Pumpstand (Air Cooling) | <

p INFRARED |_ _ _| Sensors ’ WRE‘:’]O X Sensors
CAMERA 9 acuum amper

3-STUB-TUNER
CUTOFF TUBE WG-WINDOW W1 WG-WINDOW W2  (Impedance Matching)

A traveling wave resonator based on WR650 waveguides, phase shifter for resonance tunin
A driven by a 10 kW SSPA, that is coupled into the ring via 10 dB WR650 directional couple
A in a straight section we can introduce warm windows and FRSuBTuner for matching

A Diagnostics based on temperatures, vacuum, arc discharges by PMT to switch off RF pow
AYIFITEd TIAY 6k2 AYASNIA2YyAa du A00&DSWNGbests n n
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™ Resonant ring for high power CW RF component tests) HZOR

Matched Load

RF - INPUT Vacuum - Port
(evacuated WG)

RESONANT RING

1.3 GHz (WR 650) Phase Shifter

A traveling wave resonator based on WR650 waveguides, phase shifter for resonance tunin
A driven by a 10 kW SSPA, that is coupled into the ring via 10 dB WR650 directional couple
A in a straight section we can introduce warm windows and FRSyIBTuner for matching

A Diagnostics based on temperatures, vacuum, arc discharges by PMT to switch off RF pow
AYFE® ALAY 6k2 AYyaSNIA2ya du A00&\0DSWRNEbests n n
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™ Resonant ring for high power CW RF component tests) HZOR

—— Pulsed RF Power —— Coupler Tip (left) —— Waveguide Vacuum
Coupler Window (left) —— Coupler Tip (right) Coupler Window (right)
) ' | ' | ' | '
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Time [hh:mm]
A traveling wave resonator based on WR650 waveguides, phase shifter for resonance tunin
A driven by a 10 kW SSPA, that is coupled into the ring via 10 dB WR650 directional couple
A in a straight section we can introduce warm windows and FRSuBTuner for matching
A Diagnostics based on temperatures, vacuum, arc discharges by PMT to switch off RF pow
AYIFITEd JIAY 6k2 AYASNIA2Ya Yn A00&\DWNEests n N
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1 1 - DRESDEN 7S s
- CW Issues axperiences with coupler windows "= S P

We lost in total 4 warm waveguide windows within I1a6tyears:

A Jan. 2001: light discharge dueliad /unknown vacuum
-> coupler diagnostic added

A Nov. 2001: seléxcitation of klystron (gain ~70dB), interlock
fired but no effect> circulator added at the klystron input

s | A Feh 2009: light discharge due sensor mal function
-> automated sensor tests introduced

A May 2014: human error during maintenance work (RF
generator connected by mistake to SSPA input directly)
BH 0S 61 NS aadzNLIKeéa Aa | f

In all cases we had luck because beamline vacuum no
broken and only warm coupler parts had to be repaired

Seite 8
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- Diagnostics to protect the FPCs

coax waveguide inner conductor with 1

PT100 temp. sensor !

interface to

/ cryomodule
/ -

window PMT for cold windovy

IR sensor
warm window

WR650 doorknobi

transition to coax!
I

warm

PMT for warm window

air cooling for

1

1

1

1

warm window 1
. 1

1

note: left picture taken from RIs MESA module description

ELBE Coupler Interlock for 20kW CW at 1.3 GHz per cavity

- 2 PMTs, 1 for cold an 1 for warm window (H5783 or H11901 from Hamam
- 1 vacuum gauge (Pfeiffer IKR060) per FPC to monitor coupler vacuum

- 1 IR temp. sensoR@ytech for warm window, cooled by fadischarge duct

- 1 PT100 for inner conductor of the FPC, cold windows cooled by LN

RF is switched off whenever a certain thresholds of at least one sensor is exc
Shutdown time <Ins(limited by Siemens SPS, electronics and PMTs are faste

Seite 9

f‘\
Ty e/
FPC antenna tip —[ cavity :_|
— ] |
s ||
inner conductor
outer conductor |
ceramic windows |
(cold window at 77K)
PT100
temp. sensor |
I
(]
I

INNER COAX | -‘

CERAMIC

| OUTER COAX
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Diagnostics to protect the FPCs coert gt

! warm windows with
IR sensor and PMT

//”// |i ;
PT100 temp. sensor 1§
for inner conductor |
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" RF Stability

DRESDEN
concept

)
J.
M
U
1|

107.9fs 28.5fs 15.0fs 1.8fs 1.3fs 4.0fs 0.0016 % |0.0053 % |0.0053 % |0.0014 % |0.0012 % |0.0031 %
104.2 fs 28.7 fs 141 fs 28fs 25fs 45fs ‘0.0015 % 10.0034 % |0.0035% |0.0016 % |0.0018 % |0.0036 %
_ 46fs | 16.1fs | 14.5fs 2.3fs 2.7fs 4.8fs _ 0.0006 % |0.0018 % |0.0014 % |0.0015% |0.0015 % |0.0033 % _
N 60 RURRLI| I MR N N RN R R Rl
< L 100 L N AT W W11 AL S
(&) Q L
a m i ;
S, S, - { ‘ "
(0] c —120 LA % """"""""" ,
RL2) S .
o p= i
S Tk 3 140 o
7] B © i
© L o i
'S_ I ‘ ) : € 160 et b e R
m —1 6027 absolute N0ise ALLRF ——dormmi e Qe % B absolute noise aLLRF
% —-180 7 absolute noise dLLRFW” IR R L ..3 -180 I absolute noise dLLRF
i additive noise dLLRF 3 o i additive noise dLLRF | | !
T 1111:‘ H H 11::11' H H ::llill H H 111:1:‘ H H 1::::1' H H ::JJ:TT E «i( ‘ ‘ i i i «i{
2 103 104 105 106 m L Lt 1 2 1 L i 3 1 ::‘:::‘4 1 [ IR R 5 1 6
1 10 10 - ’ o 1 10 10 10 10 10 10
RMS INTEGRATED PN FOR DIFFERENT FREQUENCY RANGES RMS INTEGRATED AM FOR DIFFERENT FREQUENCY RANGES
aLLRF dLLRF aLLLRF dLLRF
absolute noise [fs] absolute noise [fs] additive noise [fs] absolute noise [%] absolute noise [%] additive noise [%]
1Hz — 10Hz=z 107.9+£1.9 104.2 £ 1.8 4.6 0.2 1Hz — 10Hz (1.6 £0.1) x 103 (1.5 +0.1) x 102 (6.0+0.2) x 104
1 Hz — 100 Hz 1116 +£1.9 108.1+1.8 16.8 £0.9 1Hz — 100 Hz (554+0.5) x 1073 (3.74+03) %1073 (1.9+0.1) x 1073
1 Hz — 1kHz 112.6 +1.8 109.0 + 1.7 22.2 +0.8 1Hz — 1kHz (7.6£04)x 1073 (51£02)x 1073 (244£0.1) x 1073
1 Hz — 10 kHz 1126 + 1.8 109.1 +1.7 22.3+0.9 1Hz—10kHz  (7.84+04)x 1073 (53+02)x 1073 (28+0.1)x 103
1 Hz — 100 kHz 1126 £ 1.8 109.1 £ 1.7 . . 1Hz — 100kHz (7.94+0.4) x 103 (5.6 +0.2) x 103 (3240.1) x 103
1Hz — 1 MHz 1127 £ 1.8 1092 £ 1.7 23.0 £ 0.9 1Hz— 1MHz  (85+04) x 10 (66+03) x 1072 | (4.6+0.2) x 10~° |

A comparisonof the PNand theAM between thealLLRE&nd thedLLRFR@t 6 MV/m. Numbers shown on
top represent the integrated noise over the frequency decddgPN. (b) AM.
A additivenoise measurement resulting instability 0f0.01° in phaseand 0.005% in amplitudgboth
rms), values are almost the same fmwth aLLREnddLLREontroller
K. Zenkeet al.,, in IEEE Transactions bluclearSciencevol. 68 no. 9, pp. 2326333, Sept. 202H-oi: 10.1109/TNR021.3096757
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= Vertical tests of cavity R1R6, 20 years ago O HzoR

1283.4

2-phase He return
pipe for max. mass
flow of ~4 g/s (80 W)

192

2260

—HE—R1, 03-MAY-99

—0—R2, 27-APR-99

—A—R3, 16-FEB-99

—V—R4, 29-APR-99 i
R5, 06-MAY-99

—4—R6, 20-MAY-99

— — 30 W of diss. power

L1 1 1

|~
.

‘\ — =<~ -
 1E10 X e T

i " ~@
e/ ] | M -
: h*

, 7 target built by ACCEL |
P Research Instrut

1E9 L) L) L) L) L) LI L) Ll L) Ll L) L)
0 2 4 6 8 10 12 14 16 18 20 22 24

- l

E_ [MV/m]

acc
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= Realityg cavity performanceoday (Jan. 2022) O FzDr

From the very beginning all

cavities limited in the tunnel ' 1 ; ' ' ]  Ce—ci1oRi
by FE to about 50% of the ] —e—C2=R2
achieved field in vertical tests! & | C3=R3
1 —o—C4=R4 |
- ----30 W limit
Suspects being discussed: 1E10 \d q, ~—
E 7£z \o\ \0—0\0 ,——%
e .
1. Particulate contamination \ \o\’\ *. 3
during cleanroom and : Bt target '
beamline assembly? (
M tz2aaAof Sz c‘iEEi‘O:ij-saéS-i-‘lu\LB'é — A
following DESY standards E  IMV/m]

acc

in our ISO 4 cleanroom!
2. EPDM gate valves in the modules and in the entire accelerator are not hydrgdaeleon
M t28aA0ftS> o6dzi ¢S O2dA R y2i0 F2dzyR K@

3. Particulates contamination produced by movable beamline elements close to the ca
iIn combination with transport mechanism that allows them to migrate into the cavitie:
M tFNIOAFffe LINPOSY o0é Y2yAuU2NAy3I GKS

Mitglied der Helmholtz-Gemeinschaft
Dr.-Ing. André Arnold | Institut fiir Strahlenphysik | www.hzdr.de



= Cleanroom preparation of BL elements i, Peun

A cavity assembly in 1ISO4 cleanroom

A beamline assembly in the tunnel with local
cleanroom (class >1S04)

A 3x pump and purge before open the gate valve

A UHV cleaning
I pre-cleaning with dishwasher for degreasing

| ultra pure water rinsing (up to B

I ultra sonic bath withlrickopurR33
ohm)

)

drying in vacuum oven up to 1

I blow off with 1onized N2 to <10

Dr.-Ing. An

particle @ 0.3 um

Mitglied der Helmholtz-Gemeinschaft
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= Massspectrumof our EPDI\/gatevaIves wm ) AEDR

E Series 010 | Mini UHV gate valve
DN40, EPDMealingmaterial

OO 2 NR A y SpeiifiRation 5 9
Nr:Vakuumn npkHnnya L
= = hydrocarbon free if partial pressure

- f\.“;gm\\\ﬁé gk, Sl beyond AMU 45 are at least 3
"’ I Tl ‘ orders less than total pressure

1.4E-8 mbar

5.60E-4 0.56
10e-5"A ISR

ml;ar] MS79/SPECTRUM
.e-8

- | il
SRR VY S |
N‘ 75

B R R S S S R S S S o
Scan at: 2016-11-21 08:32:04 Halle3 CLEAN_M
Info: Clean M HZBR Strahlrohranschluf® Nr 1
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- Mass spectra at different positions in the BL+ O rizorm

Seite 16

total pres_sure 1e-9 mbar

Pumpstand solo
LA1
LA2

L

hydrocarbon free

1E-10 =
e
S 1E114
éi .
o
o
(7))
()]
o
o
©
S 1E-124
(4] i
o
1E-13

10

20

30 40
mass [amul]

50 60 70
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ccccc pt \ﬂ H‘DR

= VITONyatevalvesfor nextmodules

E08- A e ; ; ; ; ,

VATand DESYnassspectra
for VITONyatevalvesare
hydrocarbonfree!

104012017 | i

- Mini-UHV-Schieber umgebaut
01032-CE01-BCR1/0004
‘Messung nach einer Pumpzeit von 24h

Ptot: 3.25E-08 mbar |

B IS 198 AR (EHEIel | ISWSAS (i [Eeies USSR (NIRRT MSean APDesite NSRS (Shaeet: (Neseanht [Seatioy |

U229 1.97

: )
|||||||
i

1.e-8

100.
[amu]

Scan at:

Info:

Seite 17

2017-02-02 08:04:20
Clean M DR-Modul

Halle3 CLEAN_M
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= Beamline elements close to LINAC 1 e N

gate valve view screen (0,9 m) gate valve (0,8 m) gate valve (0,7 m) OTR view screen fast closing valve
EPDM (3.5 m) YAG oCromox full metal full metal Al foil (0.9 m) Viton (1.0 m)

Linac Boam Control - Beamling,

A1 2 Part 1 Lamp LA1-DV.02/08
1 / o BPM3 LA1-DS.01 [um]
1 ‘

Beam Conirol - Injector 1/ Part

Lamp IN1-DV.03 BPM _I1-DS.01 [mm] v 1-VPN.O1
IN1- MB.02 ¥
IN1-V{S.

TTrT Lamp LA1-DV.01 LA1-VVQIO

[ —

Il

Solenoid IN1-ML." Steerer IN1-MSH.06
Steerer LA1-MSH.01 Quadrup. LA1-MQ.02

Steerer IN1-MSV.06
Steerer LA1-MSV.01 Quadrup. LA1-MQ.03

LA1-VPG.02

buncher

aperture (1,3 m)

getter pump (1,4 m) NEG pump (1,3 m) NEG pump (1,2 m) getter pump (1,3 m)
Varian Diode SAESVP1250 SAESWP1250 Varian NobleDiode

note: additionally two EPDM gate valve inside tloeyo module
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- . eecoen r O
Beamline elements in front of LINAC 1 A
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| s () HZDR
Beamline elements after LINAC 1 S A
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- eecoen f O
= Beamline elements close to LINAC 2 L) AZDR

OTRviewscreen  NEG pump (1,2 m) gatevalve(0,7 m) gatevalve(0,7 m) NEG pump (1,2 m) fast closing valve
Alfoil (0.9 m) SAESWP1250 full metal full metal SAESWVP1250 (1,0 m)Viton

eam Control - Beamline LAY - Part 2 Linac Beam Control - Béamline LA2
2 LA2NMG.10

. LAT-WVQ.02 [ LAD- — -.
VVQ.03 2
LA2

. L 14 c3 c4 s ) — [::Ea.'m]
\/ rhdddddddd e s =
([ = 1 \ (g
IﬂLA'I-DV.OG V.07 { | Ny Al Quadrup Q.0 0 V.
b | LA2-VPG.01
fast closing valve
Viton (1,0 m)
getter pump (1,3 m) getter pump (1,3 m) OTRviewscreen
VarianDiode Varian NobleDiode Alfoil (2,1 m)

note: additionally two EPDM gate valve inside tloeyo module
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= Summary beamline elements L) melR

A view screensGromoxceramic, YAG, A TR 1 m
A fast closing valve (Vitor)1m

A gate valve (full metak 0.7 m

A gate valve (EPDM)in the entire accelerator

A service hand valve (EPDNIinside module

A getter pumps (Varian NoblBiode, Diode}; 1.3 m
A NEG pumps (SAEBP1250)% 1.2 m

A NC coppebuncherwith moving tuner stampg 2 m

Are these BL elements responsible for degradation?

Mitglied der Helmholtz-Gemeinschaft
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- High power (pulsed) RF processing (HPP) " m<lR

- phase signal of analog LLRF is used in a PLL regime to modulate an external RF ger
- logic gates and fast switches to pulse and set a constant RF power
- amplitude signal of LLRF as well as vacuum, temp., dose and light sensors for analys

Controller Power Amplifier
_________________________ (Klystron)
1.3 GHz : :
|
TN Q  (oH |
| | )] Circulator
—— L
RF generator | — e CWmade |
I Pulsed mode |
| Macropulse
| with prepulsel
I \—-
open loo |
I P P I
| phase set © Uynirolmax
; I L open Loop [| set value for
p_ 35? I Gradient Setting RF power
sigha A :
1 . 5 Closed Loop Cavity
! Fine .-\d?ustment i Gradient Settin | avin
I - g
Svstem Phase H |
amplitude | . ; o Pulsed mode |
signal : l © Conditioning I
L- J
Macropulse p a
: N 1° with prepu]seI ulse length 1
I
| % '
I Lo @ &r IJ I
: I | Phase [ jmiter |
II'/ \ I Detector |
Of

oszilloscope  [FIN SYM-22H LTC5535
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“ High power (pulsed) RF processing (HPP)

7N
4

DRESDEN
ccccc pt

P

A HPP done in a PLL regime to modulate an external RF generator to folttetubfhg
A RFpower is stepwise increased up id-17 MV/m (depending on cavity)

A Field amplitude as well as vacuum, temp., dose and light sensors for analysis / protec
A HPPstopped if reproducible thermal breakdown or high average helium consumption

all magnets off

duty cycle 20 / 600ns
RF powenpto 20 kW
~=23ms, BW ~ 112 Hz

A training events are indicated by
randomly appearing field drops
at high fields or electrons cloud

A not all cavities show same
behavior, some benefit more
from HPP than others

Tek Run [ ] Getriggert
ﬁ\ it < - __________________________________ .......
2t yau f
bl i N o
Ch1] 2.00V [Ch2| 500mv  |H4.00ms A EXt 4 200mV,
ch3[ 500mv & 1.00V
~160.000Ms

i Ch1 Mittel

3.10v

Ch3 Ampl
630my

Ch4 Ampl
4.10V

7 Aug 2017
21:34:24
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- High power (pulsed) RF processing (HPP) " m<dnr

A HPP done in a PLL regime to modulate an external RF generator to folttetubfhg
A RFpower is stepwise increased up id-17 MV/m (depending on cavity)
A Field amplitude as well as vacuum, temp., dose and light sensors for analysis / protec
A HPPstopped if reproducible thermal breakdown or high average helium consumption
Te“.“.”".'.... ..... S I WS L
all magnets off
duty cycle 20 / 6060 S S IR
RF poweup to 20 KW ﬁ\ - . o . ...... - -
: : : : : i 4 : : 1 Chi Mittel
= 2_3 ms, BW"‘ 112 HZ AR 310V
2% : f f f + : : : : :
o % S 0 O N S S Ch3 Ampl
s ey
Atralnlngeventsarelndlcatedby ...... ...... ...... ...... ) i I
randomly appearing field drops | 4 chpphaseser 4 42V
at high fields or electrons cloud E - ﬁ CH2: Phashleas S
A not all cavities show same A D
behavior, some benefit more ChiT 200~ cha it et At 7 soumy
from HPP than others Ch3[_500mv 1.00v —T60-000i%] |7 Aug 2017

Mitglied der Helmholtz-Gemeinschaft
Dr.-Ing. André Arnold | Institut fiir Strahlenphysik | www.hzdr.de



£ N

= Cavity degradation over time ) AR

o Io Do I

15 : - ' ] ' T ' T ' T ' Al ' ¥ B
{ —e—c1=R1 . HPP
14 | —a— C2=R2 I I
J| 2 68Rs el
13 4| —a— C4=R4 : o 3 -
T | \0/ N oo\g_ —9
= 5 9 ° . vac. leak
12 5 z 5 i 7]
"] °\ HPP  HPP  HPP. H5F5P |
10 - g ) 2 .
: o
-0 03— w—, —g N /7<
9 —-0/ \o/o\ 8 HPP \ 7(°§8 /LO vac |eﬁk
8 - \ : .
| HFI’P HPP HPP
7

2015 | 2di6 | 2617 | 2618 | 26i9 | 2620 | 2621 | 2622. | 2023
*note grey bar = thermal cycle date

Evolutionof the max. usable acc. gradient for dissipated power of 30 W (eacl

HPP not sustainable, continuous degradation btw. HPP but also beyond

FrequentHPP needed tmitigate FE but initial performance could not recovere

Noimprovement by complete therm. cycle done once a year (maintenance)
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- What else? e () HZDR

A No helium or plasma processing done, because need for higher gradient i
not yet high enough, but of cours®nsidered final option

aLLRF

A No dedicated quencprotectionbut if LLRF controller output is reaching
max. value> RF is switched off£100m3

A No feedforward to compensate beam loading, but as beam is set up in a
macro pulsed mode at the nominal bunch charge tbgilts in same beam
energy as IIlCW (withthe exception of the first few buncheas each pulse)

dLLRF

A quenchprotection implemented in firmwar®ut not used at ELBE so far
A learningfeedforward to compensatédbeamloadingin macro pulsed mode
A all questionsare best directed talLLRExpertM. Kuntzsch
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testing before and protection of high power Bdmponents during
operationis essential to prevent serious damages

cavitiesin the tunnel limited by FE to less than 50% of the achieved
field in vertical tests

I contamination during cleanroom assembly in ISO4 cleanroom

I activationof field emitters because of hydrocarbons in EPDM gate
valves that are installed in the entire accelerator?

continuous degradation of all cavities over time
I particles from BL elements moving into nearby (~1m) cavities?

mitigationby HPR>but no miraclesto be expected
no improvement by complete therm. cycle done once a year
helium or plasmarocessing only considered as final option
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. Cavity tuner sl ) Feon

CAVITY

ELECTR.MOTOR DRIVE

{one-stage)

LEVER DRIVE

h i hrinking offset

drive (bellow coupling)
encoder / (onr) /
°

left-hand right-hand
I ' / thrndz:—sc-nw mrudoé screw
N ;—4/' A~ i
u ”gjwévf"‘;: ) T ARPRRT]
l N s\' SCREW DRIVE
200 steps/turn 1:100 1 mm pitch

tuner parameter ' value
force path

load path mm

frequency const. kHz/mm

tuning range kHz

mech. resolution nm/step

frequ. resolution Hz/step

hysteresis Hz <10

tuner based on Atage lever drive with torsion
joints for lowest hysteresis and highest precision
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