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Theory of EM fields I-II
Overview Cavities |-
RF measurements I-lI
EM simulations I-1I
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Cryo operation
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Beam Loading
Power coupling
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Outline

e Part |
« Why SRF?
« Surface resistance
* Choice of temperature & thermodynamics aspects

* From Design to Fabrication & Preparation
* Material
» Fabrication
» Surface preparation (chemical processing) and preservation
« Cavity ancillaries (tuners, couplers, ...)

e Part Il

* The Environment: Cryomodule fundamentals
« Carnot cycle & efficiency, cryoplants and cryomodules
« Cooling, heat loads, mass flows

* Part Il
« Testing & operation of Cryomodules
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Now the fun starts

* We have cavities v
« We tested them, typically in a vertical test setup in a bath cryostat

» Assessed performances: Q vs E curve at 2 K sowcomy oz @ sowwnn (€SS IS TEE

* Recorded calibration factors
* Eqec = kVT\/E - o = empna, mn

» Recorded field emission behavior

« Noted limit during tests j‘%\\‘\\
* Quench? Thermal breakdown? ST SIS By
« FE load? . S e
« Hard MP levels? R S g =

 Power limit?

* We have put them into a Cryomodule (haFd Work lots of details)u\/
* What's next ?
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SRF is (a lot) about preserving cleanliness

Pffff... Again?

* Are we able to preserve it from cavity to cryomodule?

« Several pumping and venting operation required during the process
* Opening of beamline flanges, exposing the surface to clean room environment
« Risk of dragging particulate inside the RF volume

* Long transport may be required (shocks, vibrations!)
« XFEL: Saclay to DESY ~ 920 km

« SNS: JLAB to Oak Ridge ~ 800 km YD

« ESS: Saclay to Lund ~ 1140 km Ji llllllllllll

* PIP-II: Overseas from EU to FNAL (Airplane!) L

« Care needs to be taken (damping, loading, logging...) V% o ﬁf e, aff:
* No matter what we do ... b ﬂf

..we still have to prepare the surfaces for operation %% ¥ S

- “conditioning”, at several stages U fa ﬁi B i\jgm A

‘‘‘‘‘‘‘‘‘‘‘‘‘ 5 £
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Bandwidth tracking

First/Foremost: know you CAVS!

PP,CMMYW 2022
) | EUROPEAN SRF Section
. - o "
Select Cavity:  M002 €8S ) seamon o Settings...
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Cavity History
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80 - Select Cavity:  H047 (@) Scale to mSv/h v Settings..
Acceleralion Dnvsion Iy Cavity MOOZ2 has full spectrum. No HOM spectra. No FF info. Quit
— Cavity Performance . — .
Explorer: data in /L irementDB// Di C Cavities
x 60
- HO47: 1 Files
u MO002 cavity m mode evolution
40 _ HO047:Run 17 High Accelerating Gradient REBeCa LIiSEL QvsEacc v05.vi 15103 —
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Measurements
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Cavity H0A7 has reached 22.9 MVjm.

Bandwidth Explorer: data in /Users/paoclopierini/MeasurementDBjAccelerator Division/SRF Components/Cavities




Handllng CI\/Is from Completlon to I\/Iachlne

4O )

Hang out with truckers at 7:00 am"~

Cross-disciplinar TEAI\/IWORK'




Atests

A -

| Transport, :
=mechanical & electrical inspections

tand iIs (likely) needed

Test CM before installation
in the machine

Preparation to Bunker fmech,v
T 7. I

o

e RF Performances
e Heat Loads
*  +++++++
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bupcn Bunker Door )Dpcn Bunker Door
7 CM33 Test Schedule — 8 4 Weeks ey
tMin  _  Close Bunker Door Close Bunker Door €M Out
P iy 22 L gt - L g N L
2023
2023 El 22 n 24 25 26 27 28 29 2023
i
Today
oy 28 [ VB/RFDS
Way 29 - May 31 [N Integral leak check (last leak test-gate valve-)
WCC Preparation, IL Checks and finish last
L, 0
Jun 1-Jun 2 I WCC [2/day) NOT POSSIBLE due to high outgassing, postponed. MAD opening for clean room needed for neg pump
Jun 7-Jun 12 test
Warm Conditioning. Jun 13 I Integral leak test
and Cooldown Jun 14 Jun 18 I WEC (2/day) (in collaboration with operation in MCR if needed)
Jun 1 - Jun 20 Kl Cool Down
n21-jun25 CC (2/day) (in ith operation in MCR If needed)

1un 26 | Cavity low gradient calibration

2K pump down
Jun 27 \>
28 Jul 4 1

Dynamic Heat Load && cavity operation in
closed loop

Jul 12 -Jul 13 |l LLRF &8 piezo algorithm test
0 29 - Jul 13 0 Static heat loads

Jul 5 - Jul 11—

Jun5-Jun 6 Swedish National Day
Jun23 | Midsommar



s ESS CM Test Stand

Cryogenic and RF Test &}.\ ¢
infrastructure “

Conditions similar to
linac tunnel

Bunker for RF
operation (ionizing
radiation)

Install

Connect to He VB
Leak test all process
pipe connection
Instrumentation check

2023-06-24




RF: Cavity with one coupler port (simplified)

Undriven:
Pror = Pyt + Py

See F. Gerigk presentation

.. wU wU wU
Defining: Q; = P Qext =— Qg = — See J.Branlard, SRF Tutorials, 2019

J
Pext

Transmitted
Power Probe

Where the (geometrical) coupling is: o5 5
5=
Qext :__:
Minimal reflection (matched case) obtained at f = 1 + P, /Py Couper

2023-06-24 SRF Technology

At RF off U « exp (—ZQ—T)



Cavity coupling... [NO BEAM]

Geom factor, set in design by:

At start of pulse, cavity immediately reflects ALL power IB =1+ Pb /Pd
« Then it charges, with time constant t; = Q. /(2x f)
« See behavior of reflected power for different coupling condition
~ Testing ~ Testing
Pf _ condition in condition in CM
1 _L VT with FPC

:

We are just sending too much power, reflected

i Perfect match

2023-06-24 | SRF Technology
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SRF advantage

* NC cavities: Typically the dissipated power, P,, is substantial, and
may have similar order of magnitude of the power that needs to be
delivered to the beam, P,

« Optimal g small, close to critical condition (f = 1) at all times

« SRF cavities: Usually the dissipated power, P;, can be neglected
with respect to the needed beam power, P,

* Qr~0Qext K Qo

« A bandwidth measurement or a decay time measurement at cold gives Q.

« Optimal 8 > 1 to account for heavy beam loading (coupler design point)
 When we have no beam we are severely overcoupled!

. 2023-06-24 SRF Technology




But first, clean the couplers

* Typically the coupler is split in two parts, a cold and a warm part,
separated by (at least) one ceramic window

« Cold part assembled with cavity in clean room
« Warm part interfacing with cryomodule and installed during CM assembly

* The combined cavity/coupler needs to be conditioned to high fields

Yesterday...
* We can use one advantage of SRF
- The CaVity tuner Cavitvfabricaﬁ:.)n needtﬁsetagcalfrequenq‘to
« At warm and even at cold the cavity has a B - meunersausts e cany
natural frequency very far from the machingfl ewerssens™ ™" % &
q y y § . L|J1sually it shor‘cen(s:3 fg;tlaer)wgthens
< teca\_fity_to use (3f /0z) o spea
 Let’s use this fact to separate Coupler - I
TR : TR Bl o be e o compensate S T
conditioning from Cavity Conditioning
§ * Need to work in a well defined E & § z
— mechaniqal sitpation g 3 offer-210kHymm | &
* Avoid “inversion points” _.E & w8
2 s °
2

ESS ELL criteria
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Coupler conditioning

« Bandwidth of cavity is quite far from the machine (rf source)
frequency

« ESS:
 Warm ELL Cavity at > 1.3 MHz from Klystron, at warm FWBW ~ 100 kHz
» Cold ELL Cavity at >150 kHz from Klystron, at cold FWBW ~ 1 kHz

* [f we send power to a warm or cold untuned cavity, all power Is
reflected back!

« We actually achieve the perfect setup to condition the coupler in a
standing wave pattern, without cavity excitation

« S0, we gradually increase RF peak power, RF pulse length and repetition
rate to prepare the surfaces to accept high RF power

. 2023-06-24 SRF Technology




Conditioning sequence (Project dependent)

* For ESS a sequence of
conditioning steps has been
defined by CEA, sweeping

0.05 1 0.005% 15-1200

gradually the average RF ] | GO iS00
0.3 1 0.03% 15-1200

power 0.4 1 0.04% 15-1200
0.5 1 0.05% 15-1200

+ Short pulses (< 500 us) T
. 0.5 8 0.4% 15-1200

 Full nominal Klystron power 05 14 0.7% 15 - 1200

» Long pulses (>500 us) Ys 14 2% 13-300
. . . 25 14 3.5% 15 -300
 Limited to nominal power to set 3 14 4.2% 15 - 300

3.6 14 5.04% 15 -300

cavities at nominal field

. 2023-06-24 SRF Technology




Warm Coupler conditioning

Before cooldown

To'e,

. 2023-06-24

ooooooooooooo



+ WCC through a procedure

Status FF SP ltck

LLRF: I ON ] I Open-loop

\
[

ERROR

Conditioning Controller

Cavity Type:

Mode:

‘ ON
Keep OFF

Conditioning Sequence

Pause OFF

Time: :El:lzl
Status: ["sw-502"]
Config.:

Operation Mode

| startwarm conditioning | [

start Cold Conditioning | [N

Go To Normal

2023-06-24

Coupler 3 - Warm Conditioning

Tue, 13 Jun 2023 19:45:04

Sequence Data Browser
2 5 v ~
= - 4
= ) &=
Duty Cycle prmax: EEREE —
Stepup:  l.0kw Step down: 1.0 kw e N
=
PBase offset: ~ 10.0 kw PwrBase: —e s N S e e A
N ==
ES ]
Step time: 1s nbPulsestep: s EQ Ei-:
€2 = § ] :
Plateau time: 10s Itck Pwr: g ‘t; gm—_ - 77777777777777777777777777777777777777'7777777777‘% 7777777777777
£ 12777 |
334 . J8-4
T %
Soft Interlock Controller - - I P " oeneelny MM A
Coupler3: | 2.10E-7 mBar =7 o ] S \
vacuum threshold: l_TOE-Tmbar : = ‘E 7777777777777777777777777777777777777777”77777777777 7777777777777
ARC threshold: 2.0V = B 1 i . i . i : T T
- 17:30 18:00 18:30 19.00
EPU threshold: 1.0V = 0.2 2023-06-13
Power Couplerl Coupler2 Coupler3 Couplerq
FF setpoint: Vacuum 1.50E-7 mBar 1.80E-TmBar | | 2.10E-7mBar | | 1.90E-7 mBar
LLRF Klystron Output setpoint: | 20.00 kW | | | | | | | |
Q_- _____ e bRl bt St il Klystron output: 22.27 e High SP | 5.00E-7 mBar | | 5.00E-7 mBarl | 5.00E-7 mBarl | 5.00E-7 mBar |
] | | I | I I |
En| | | | | | | |
8;--———:—————v‘-————:—————v‘-————:—————1[————1‘- _____ Pwr. difference: 11.3% Low SP |l.00E-7mBar| |1.00E-7mBar| |1.00E-7mBar| |l.00E-7mBar|
] | | | | | | |
] \P | I | I I |
I | == NG N I B R Pwr. threshold: 15 % Les/control] [ [ [ O O O 0
=odl Lforward i 1 =
=] i i i i i i i EPU [ 1 [ 1 [ 1 1
P | | I | I I |
Sod| v v v v -
2] " H H H H H H Timing ARC [ 1 [ 1 [ 1 | 1
1 | | I | I I |
o | | I | I I | LPS
1 | I | I | ] j
1 St ettt St Sttt St St e Pulselength: | 100.00 us Rl | HVON | | RFON |
| | I | I I |
I I 1 I 1 1 I
od ! ! : ! : : ! Duty Cycle: 1.0 Hz FIM | HVON | | RFON |
TTTTOTTTTO T T TT AT T T I T T AT T T T AT TTTOTTTT
00 05 10 15 20 25 30 35 CountPulse: 70035191 PLC CMready I ]
Time [ms]

SRF Technology

Credits, M.Y. Wang, ESS

Forward power

Rep rate

Arc Detector (Air)
Arc Detector (Vac)

- \VVacuum Interlocks

- RF Interlocks

Cryo Status (warm)

RF pars

Proc var

Diag/IL

NOILD310H¥d



WCC: Warm Coupler Conditioning

* Process to condition MP bareers in the coupler

« Vacuum is used as the process variable to determine decision on power
sent by RF (increase or decrease...)

Hardware iterlocks threshold

Software iterlocks threshold

\

2023-06-24 SRF Technology




Cooldown
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'rsz SER’ES Cryomodu‘e DEVICES MENU MODES WATER VACUUM INTERLOCKS MAINTENANCE ACKNOWLED GE ALL
Helium Recovery Line 4-300K =<1.1bar
PT-31391)14.010 bar D TE-82313| 33.178 K cv-eaaes M Trends
Shaeld
PT-31393 13.779 bar , TE-82314  33.888 K TSReturn 50.0 K 12.3 bar T | b PT-31310 b v
TicP - 4 HP Line 300K 3 bar - - 1.826 bar He Vabves
PT-33383 2956 bar [DTE-82311 5366k . He Supply 4.5K 3.0bar 0.4% e e | He Level
0.0% ==
PT-34386 0.024 bar D TE-8 ga8s k He Return VLP o 44% LY T
] 5236 CV-82304 CV-82361 0.1% 0.0 % Cavities
PT-82370 39.3 -\’:.ED 33.8% 100.0 -\a)éD uvel > CV-82362  0.0% J
155.23E-9 mba 1000 %A 0% UA 100,09 L. M SVReliefLine + s
JTE HX
TIEP Flow 30.7mbar p L -
TS INL 30.7mbar : TV-82305 . s
FT-23920 13 p/s HVED -B.2% M 1.022 bar —
OFr23sn 172255 e —% - C:\uplz, .
o oL Purge Return300K <1.1 bar e
PT-82360 PT-82301 CV-82306 0.0%
13.991 bar 2,968 bar M 0.0% .
o Vent Line
b
L -0.3%
TE-82360 TE-82305 TE-82306 TE-82365 3
32.687 K 5.415 K 5.032 K 34.257K =T i X
| TE-094 T
TE-091 524K TE-
5.54 K 1997 K 30.733 mbar 2B6.396
-
akeirumps
TE-092 » -4
308K TE-064
| e
TE-093 | e [ "
2.82K TE-001 0 TE-002
274K TT4K | o
TE-030 TE-020 TE-010 B4.172 %
217K 203K 214K e
TE-068 83.669 %
4681K ™™
VGC-40| 1 60E-3 . VGC-30 | 7 30E-10 . VGC-20 3 00E-10 _ VGC-10| 8 50E-10
EH043  TM% EH-033 DM EH-023 TM% @
pow ™ oo w oW W 00 W pow ® oo W So i T
M ¥ M ¥ M Ly M r el
Ll TE-049 EH-020 TE-039 EH-020 TE-029 EH-010 TE-o19  20.53K JT FILL
grow " 187K - se20W W L34 K fplOW W LEEK SpllW W 157K
VGP-012 w Ll 21 w B2 W 22 W or
LODE-6 mBar
VGP-01100 TE-012
1.7DE-3 mBar 10.10K
VGC-01100 MRS EH-042 R AT EH-032 R TE-023 EH-022 R TE-013 EH-012 R
2 00.00E-9 mBa 23520 K 2OW K 300 w245 |k 23610 K MIW % 36 wEeE  x 51K AW K 320 wheds I« 23536K iu.s W % 313 wPeds k
w TE-044 u TE034 » TEO24 »  TEDLA
294,45 K 294 50K 29448 K 294490 K
TE-050
’XH“B J 'J 29387 K
EH-041 R EH-031 R EH-021 R EH-011 R
5EAW K 53 wpgsp s €OW ¥ 56  wie5o & B2W ¢ 5B wReso OW K 5B WR3ED K
TE-045 m TESSS TE03s 4w  TESAS TE-D25 " v TE01s @ @ TESIS
295013 K 24.237 degC 295,000 K 24837 degl 295.000 K 24.962 degC 295 000 K 24,626 degl
FCV-0a1 FCV-031 FCV-021 Fov-o11 Day Mode
1.383 gfmin 1.384 g'min 1.383 gfmin 1.386 gfmin i = §
1.380 gfmin - 1.380 g'min, - 1.380 gfmin - 1.380 gfmin - O SAEhLA e
& ¥ & OFlversion: 20 PLCversion: 0.1.6
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Cooldown timeline

i
1

150 2?0 250 30
I
T

'l
T

Temperatures [K]

100
'

T T T T T
2022-11-09 11-11 11-13 11-15

Helium Supply [K] Cavity Tank [K] Thermal Shield [K]

1000

800

600

400

Pressure [mbar]
200

o r i T
2022-11-09 1111 1113

T T . T T
11-15 11-17 11-19 11-21 11-23 11-25
Bath Pressure [mba

T
=]

Q i
@

60

Level [%]

40

20

(=]

: : ; :
2022-11-09 = 11-13 11-15

: i . . ;
1127 11-29 12:01 12-03 12:05
LT-001 [%)

2023-06-24

SRF Technology Credits, N. Elias, ESS



Cold coupler conditioning

* At cold temperature another benefit: Cryopumping
 All gases condense on the cold surfaces (except He)
« Large pumping from the whole coldmass surface
* Reduces drastically vacuum evolution

« Opportunity of a further conditioning stage in this condition with
Improved pumping capabillities

* The same conditioning procedure as WCC is performed at cold to
thoroughly process the MP In the coupler

* RF-wise similar situation, cavity is still detuned from resonance so
the power is ALL refected back and the coupler operates in SW

« But remember NOT to engage the tuner...

. 2023-06-24 SRF Technology




CCC: Cold Coupler conditioning

« Same coupler shown before
 WCC effective + higher pumping, only a soft MP at 300 kW

* Coupler3 X

Pt | | 2 a &kl @ | &
Coupler 3 Conditioning
=
1w
-3 &
S
w3l > 09:53
b ”2023.06-19,10
54 “.START |
1 2
w -
£ =
1 24 11:04, 287
== 1 MP barrier at ~300 kw
E [
a4 " ]
i s o I A
e E
1 @ ==
= b 7
=0 = gtep up/down changeq from +1/.1 to +0.2/.1.2 kW
I ] | |
27 o e e s e AR ==EEE S e e S A IR Sy Ratel R . G BN . e NS R O A -
x E
= = _
K] 3‘"—
s a 7
o <L
b —]
x ]
1 I S ~10:32, 0.0 S S S —— e S S S N S S S S s S R o
== 1st AD global ilck at Pf 1070 kW
- — —————- T o e r S "
Arc Arc Arc
g
d T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
10:00 10:30 11:00 11:30 1200 12:30 1300 13:30 1400 14:30 15:00 15:30 16:00 16:30 17:00 17:30
2023-06-19
rS2-010RFC:RFS-DIG-101:AI3-SMonAvg-Mag T52-010:Ctrl-EVM- 101:MxcO-Freguency-RB [Hz] TS52-Row010:Ctrl-PScope-001:C-Stats1:MaxValue_RBYV TS2-Row010:Ctrl-FScope-001:0-Stats1:Max\Valus_RBV
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Tuning and Calibration

ooooooooooooo



Cavity3 Pt - cold v/ Eacc

How do we ‘see’ the cavity?

* No easy VNA access

 Cavity frequency is below
klystron by ~150-200 kHz

» Full bandwidth is approx 1 kHz

g -~ - T~ TTrT/OTTTT°T~—°—

1E-4 2

0.0 0.5 1.0 1L 2.0 Dby 3.0 35

* NO TRANSMISSION E [ RLSL
WHATSOEVER in this ' o o i 1
condition

* Even If we see In the time
domain only noise from the
PU, the input pulse has wide

Mag [a.u.]

I‘JMWMJ.IWLMIh.ﬂllllmmd?.n.nmh.

fourier component reaching o]
th e Cavity o = 0 50 100 150 200 fﬁj_?z] 300 350 400 450 500
° | d ea: u Se F FT! DC subtraction: fmin: 0.0 kHz fmax:  500.0 kHz Autoscale v/ Logarithmic

2023-06-24 SRF Technology Credit, M.Y. Wang, ESS



Credit, C. Lombard, ESS
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| Cavity takes too

1. Use LLRF signals and rely on
2. Use COTS power metering to
check and independently
reflected power to determine
long time to fill with
the natural Q, and we
can send beam only
when field is flat!

LLRF hardware calibration
benchmark (e.g. integral of
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10*(Att/10); (only LLRF Method needed)
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Cavity Conditioning/Operation
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Manual process

« Usually cavity conditioning is a manual process where we slowly
raise RF pulse length and power to clear MP cavity activity
controlling
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Pushing to high field

* In pure open loop the LFD
can kill the cavity field

« Cavity detunes
substantially and the field
drops

Cavity Field - AlO

Cavity 2 conditioning - High beta

Cavity Phase - Al0
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Conditioning Operation

Start Warm Conditioning -

Start Cold Conditioning -

Go To Normal
LLRF Status

Init Reset

on
LLRF sate:
Open loop:
Loop state: Open-loop
Outpu
Fixed SP: @ Thblmoc
Fixed FF: @ Tblmoc
Set-point
Enable:

Cavity Field: 4-00kV
Step: 1 MV/m v
Filling time: 0-300ms
Tap: 0.329ms 2
Delay:

Phase [rad]: 0.00
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FB Assistance: PIEZO!

Piezo OFF Cavity detuning at high field (LFD) requires > 50% extra power at pulse end! Piezo ON
CavityField - AlO PwrAmp Fwd - AI3 Cavity Field - Al0 PwrAmp Fwd - Al3
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And then... QU ENCH! Credits: B.Bolling, ESS

 Aguench in an SRF
cavity Is hardly
dramatic

E. [MV/m]

acc

 May cause pressure
bath increases

« Usually recover fully
or partially at the

LO =
OO next pulse
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