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Lorentz Force
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ESS Linear Accelerator Layout
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Cavity # 26 36 84
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Nom. Acc. 5.74 14.3 18.2
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factor

704.42

e D

DL SPOKESH g Vedium ' gg High 8
216 571

MeV 2000 MeV
90\ © MeV MeV |

20

18 /
£
> 16 = '!\ ar
- ™
3 12
kS I
5 10
[-T+]
£ 8 .-m
(]
3 6 F
S 4 &
<

2

0 T T T T T 1

0,4 0,5 0,6 0,7 0,8 0,9 1
Beam Beta

=>» ESS needs high gradient SRF cavities
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ESS Requirements and RF Parameters

Spoke cavities Elliptical cavities
Geometric beta 0,50 Medium High
Frequency (MHz) 352,2  Geometrical beta 0.67 0.86
Nominal Accelerating gradient (Mv/m) 9 Frequency (MHz) 704.42
Lacc (Bopt.x nb gaps x A/2) (m) 0,639 Numbgr of cells 6 5
Operating temperature (K) 2
Bpk (mT) 79 (max)
Epk max (MV/m) 45 45
Epk (MV/m) 39 (Max) o minal Accelerati dient (MV/ 16.7 19.9
Bpk/Eacc (mT/MV/m) <8,75 ominal Accelerating gradient (MV/m) : .
Epk/Eacc <438 Qg at nominal gradient > 5e9
Beam tube diameter (mm) 50 Qeyt 7.510°  7.610°
RF peak power (kW) 335 Iris diameter (mm) 94 120
G (Q) 130 Cell to cell coupling k (%) 1.22 1.8
Max R/Q (W) 427 p,5p/6 (or 4p/5) mode sep. (MHz) 0.54 12
Qext | 285 10°  Ep/Eacc 2.36 2.2
QO at nominal gradient 1,510 Bpk/Eacc (mT/(MV/m)) 479 4.3
Maximum. r/Q (W) 394 477
Optimum 0.705 0.92
G (Q) 196.63 241

RF peak power (kW) 1100
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ESS Linac Layout

Beam power (MW) _

Beam current (mA) 62.5

Linac energy (GeV) 2
,,,,,,,,,,,,,,,,,,, Beam pulse length (ms) 2.86

,,,,,,,,, ey P Repetition rate (Hz) 14
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Num. Num. of

of CMs | cavities
Spoke 13 26
Medium 3 (6-cell) 9 36

High B (5-cell) 21 84
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A Cryomodule permits to operate SRF cavities in a cryogenics atmosphere.

For ESS, the Spoke and Elliptical cavities operate in a saturated superfluid helium bath

Niobium Cavity
RF Antenna He Pumping Port

Electric Fields
Liquid He Bath

Beam Path

Ao»

.~—4

s

He Fill Port

Vacuum Insulation 7



Environment - Superfluidity Helium
and Supraconductivity (see Steve Molloy’s presentation)

* Helium (25 %) is the most common element in Universe after Hydrogen (73 %)
« Two isotopes: 3He (fermion) & “He (boson)

Normal-fluid fraction: Superfluid fraction:
- excited states atom (phonons & rotons) - atoms that have undergone BEC
= like a conventional viscous fluid =>» like an ideal inviscid liquid resulting in the
- finite density | r, absence of classical turbulence.
- finite viscosity, n - finite density, r
- entropy, S - NO viscosity
1 - carry NO entropy
z 08| —> irrotational behavior for an inviscid fluid
§ P=pP,+ P vas/=0'
j oal - but vortices can be generated in the superfluid
§ . component
’ 0 ol.s 1 ”1:.'sn > T 2I.s — warm end cold end

o
Ve

Macroscopic quantum physic

No b k ‘
system simplification O DUIK TIOW | Heater
: : Heat flux —
The two-fluid model is only a
phenomenological model ! e normal-fluid component

\J © super-fluid component

3 4
Temperature (K)
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# A cryomodule: what is it and what for?
Room T° Vacuum Vessel

Thermal
conduction Thermal shield

T°<-200°C

Vacuum

RF electro magnetic
" wave (352 MHz)

1/ To provide a cryogenic environment to the cold mass (cavity) = cryostat:
- distributing the cryofluids to cool-down and maintain at cold T° (LHe, LN,)
- limiting the heat transfers

French inkind contribution to ESS - 2016 february 2¢ ~—m—mom™ —7™m™mMmM099—2———0 0



Spoke cryomodule

# A cryomodule: what is it and what for? Vacuum vesse

LNel . 5%

2/ To support the cavities and perform accurate alignment

- with respect to the beam axis

- with respect to other linac components (cryomodules, diagnostics, tunnel)
NB: alignhment must be preserved during thermal and pressure cycles

French inkind contribution to ESS - 2016 february 2"



Spoke cryomodule

Vacuum vessel

3/ To offer magnetic shielding
- from the local magnetic sources
- from the earth magnetic shield
NB: the magnetic shield might be cooled (for better performances)

French inkind contribution to ESS - 2016 february 2¢ ~—m—mom™ —7™m™mMmM099—2———0 0



Spoke cryomodule

# A cnyomodule: what is it and what for?
“ O Vacuum vessel

_____________

omexe N
4/ To provide all inter cés between the cavit;and the tunnel:
- beam pipe - diagnostic (instrumentation) Q
- RF - mechanical (support and alighment) Y
- cryogenic
- vacuum

French inkind contribution to ESS - 2016 february 2"
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ESS SRF cavities and cryomodules

Segmented SRF linac with
RT focusing elements

2 Spoke Cavities per Cryomodule
e

Nb cavity enclosed

in Ti Helium tank  co|d tuning System Power coupler
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Spoke cryomodule - €5
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Diameter
350 mm

2900 mm
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= Similar to CEBAF/SNS cryomodule concept with 4 cavities per cryomodule
= Common design for medium (6 cells) and high beta (5 cells) cavities

Regulation He valve

Thermal Alignment fiducial
shielding

E‘ Vacuum

Jumper connection _ " valve
sl Magnetic =

Spaceframe shielding

support \

Diphasic He pipe

/4 Heat exchanger
AN

Proton Beam

Cavity with

Intercavities Power coupler Helium tank

bellows



Elliptical Cryomodule Components ) ) oanon

50K Thermal shield

Lateral port

(CTS, alignment) Vacuum vessel

C / (stainless steel - 1200 mm diam.)
/'A‘ A
Positioning jacks

‘ Space frame
(3 at120°) I

\
Guide rail and wheel Figure 4.120: Helium vessel with hanging rod
Power I
coupler ‘

: — Wave-guide transition e
E:—l I Cryogenic line interface

The cryomodule design and calculation:
* Thermo-mechanical studies

* Magnetic studies

» Safety analysis to size all components
e Reliability analysis, FMEA

\
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Thermal shield for Spoke cryomodule

v' Material: Al6062
v" Thickness: 2 mm
v Assembled and supported (rods) B

e A




Safety relief devices

* |dentify: Hydraulic circuits ,
volume and pressure i Q pL-py
fluid L, p,
most credible incident

* Assess/calculate:
Pressure drop distribution

Mass-flow to extract
Diameter of the relie
Type of device

* Mitigate/design =
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Cavity package

=]

- . b 78

\ N Double Spoke Cavity

1

ORF ¥ N0 WO

<«— Cold Tuning System

Heat exchanger necessary to make
the transition from 300 K to 2 K
Integrating a mechanical system
to compensate efforts

RF Power Coupler

Doorknob — Transition between
the coaxial power coupler and
the WR2300 rectangular waveguide
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Cold Tuning System

Spoke CTS Elliptical CTS

Type V; 5-cell prototype
+/- 3 mm range on cavity

Stepper motor
and planetary
gearbox (1/100e)
at cold and in
vacuum

N - 4 B A
< \ .
. . 5 1 -
- * : A
p
3 o e
<% A
U ‘ |
= y /

2 piezo stacks

o

Slow tuner Fast tuner

Main purpose : Compensation of large & Main purpose : Compensation of small
frequency shifts with a low speed frequency shifts with a high speed

Actuator used : Stepper motor Actuator used : Piezoelectric actuators



Cavities tuning: Lorentz De-tuning

ESS and long pulse: 2.86 ms
Repulsive magnetic
forces

Shape for
zero field

Because of the enormous gradients in
superconducting cavities,

— the radiation pressure deforms the cavities

Deformed|
shape |\

Attractive electric forces

Cavity axis

l":| lull_;: f”il*:'!“?
We expect over 400 Hz of detuning in the ESS AL =S S m—KE
cavities
— Unloaded cavity bandwidth = 0.07 Hz

— Loaded cavity bandwidth = 1 kHz

The mechanical time constant of the cavities is
about 1 ms compared to the pulse length of 3 ms

— Static pre-detuning as done in SNS will not be
sufficient

— Dynamic de-tuning compensation using piezo-
electric tuners is a must!

— Or else pay for the extra RF power required

Saclay-V tuner concept B
adapted to the ESS cavity

Fast/slow tuner (with piezo)




The Spokes Cryomodule

Slow tuner

Mam purpose - Compensation of large
frequency shifts wath a low speed

4 HPR Ports

Actuator used : Stepper motor with planetary
gearbox (1:50)

Fast tuner

Main purpose . Compensation of small
frequency shifts with a high speed

Actuator used . Piezoelectric -
actuators (no load

displacement : ~ 50 pm @ RT)

Coupler port

Cavity

motion 23
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Fundamental Power Coupler

Antenna { VVacuum

Outer conductor

(LHe-cooled) Elliptical:

1.1 MW

Inner conductor
(water-cooled)

WR2300

Short circuit

»

| RF input

Doorknob 2
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Achievable with 1.5 mm,
M, =20000 shielding material

» Limit contribution of the trapped flux to the
surface resistance to 4 nQ

« Limit the external static field to Bext = 14 mG.
— Required shielding efficiency equal to 35.

25
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Internal Tuner side ends
shield

ax 5.5uT Cooling circuit
Max 4T i
External shield
Max 3uT .
Shrim S

Max 6T (fillet) .
-2 7 VexOuT{ie Cavity bellow
side ends

-<1uT Max 1. 8uT

v' Material: Cryophy®
v’ Actively cooled (better performances)

2 Shield support
“J‘—_— Coupler shield

v' Magnetic shields fabricated
v' Assembly test performed
v’ To be tested within the cryomodule



Validation of spoke cryomodule o) 5

component performance

Step 1: Spoke cavity Step 2: Spoke cavity packages Step 3: Cryomodule w/
@ IPNO @ IPNO - Warm and 4 K prototype valve box
@ Uppsala Unlver3|ty - @UU-HNOSS @ IPNO

‘ : S — @ UU - HNOSS

Double spoke cavity, 352.2 MHz, 3=0.50

Goal: Eacc =9 MV/m [Bp= 62 mT; Ep = 39 MV/m]
Lorentz detuning coeff.: ~-5.5Hz/(MV/m)?
Tuning sensitivity Af/Az = 130 kHz/mm
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IPN ESS Double-Spoke prototype cavities
ZA-01 Romea, ZA-02 Giulietta & SD-01 Germaine

1, E+10 7 INSTITUT D PHYSIQUE NUCLEARE
ORSAY

1.0E+11

Test #1: ZA-01 Romea (Janl5)
Test #2: ZA-02 Giulietta (Feb15)
8 SD-01 Germaine (Mar15)

ZA-01 Romea (Jun15)
----isoP = 2 W (4% DC)

1.0E+10
1,E+09 -
m
Q === Limited by
0 A A2 - quench (tbc)
S—+—++1++ |- -
‘==—‘ Limited by Limited by
- cooling capacity cooling capacit
106409 _.--"_ ESS GOAL & capacy
(1.510%,9 MV/m)
1,E+09

©  February 2016 (2K) wi

® January 2017, 1st coo 1,E+08 -
! 0 ; No heat treatment

No baking

January 2017, 2nd coc

«=Cavity losses=2W (4% a.c.)

IV -
I I

, , , E3 8 9 10 11 12 13

1,E+08 !
0 1 2 3 4 5 6 7 ¢ Eacc (MV/m)




Test Stand and coupler conditioning  (ess) s

@ IPNO

L e
\'\4 Power - coupler conditioning

500,000 - ‘ ‘ 1.E-01
—Forward Power (W)
450,000 - —Vacuum (mbar) . e
Pulse length—> 20ps  100ps  250us ma gpms [ 1.
400,000 - H b ”
— - 1.E-03
s
—=350,000 -
3
3 1 - 1.E04 _ |
8300,000 _'E i
H £
n —
£250,000 - L 1605 E
] E
3 2 Control and
200,000 - > y
z - 106 Security rack
~ [
£150,000 (with fast
) [ 1.E07 interlocks)
100,000 -
- 1.E-08
50,000 A
0 T T T T 1.E’09

11:24:00 12:36:00 13:48:00 15:00:00 Time 16:12:00 17:24:00 18:36:00
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High pressure rinsing
In clean room (ISO5 or 1SO4)

[

Cavity fabrication

]

y

v

N

Chemical treatment

Validation test of the cavity
in vertical cryostat

A

[ Qualified cavity storage
Processed couplers
storage

A

Vs

Coupler RF processing }
(&
A
-
Assembling in clean room
\_
A
-
Power coupler
fabrication
[

Beam valves
and extremity

flange

Cryomodule
components
fabrication

e

Cavity string
assembling in
clean room

Cryomodule
assembling

Transport
A 4
Cryomodule reception
and storage
A
Validation test of the
cryomodule

Space
frame

v

'\/}

Tools fabrication )
Cryomodule storage
Tuning system
l Y,
N
Magnetic shield .
Cryomodule on beam line
TA6V rods in X pattern to )

keep the beam axis at the
same position during cool
down

31
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Elliptical Cavity Preparation N

Elliptical beta cavity fabrication
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Elliptical Assembly Procedure

Cavity string assembly in clean room Build on existing knowledge (SNS, XFEL)
* Develop Training and “Fabrication file”

* Pre-industrialization
e Industrialization

Thermal shield

Design concept of the tooling: most of parts will be used for both types of elliptical cryomodules
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Infrastructure in Saclay Nelbs

Clean room for the M-ECCTD

(and H-ECCTD) High Pressure Possible IKC for the assembly by industry at Saclay

Rinsing HPR (XFEL cryomodules assembly)
« Uses the current infrastructure at Saclay
» Benefits from the experience of the XFEL
cryomodule assembly (ALSYOM)

Ib---
.na L

ISO 7 27.5
Water cleaning

The clean room inauguration
- May 13th 2014




Assembly process inside the
clean room

1" """" “uw ==

'rmi Il

L
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Cryomodule Interfaces ) S

Disciplines: beam optics, RF, cryogenics, vacuum, electrical, cooling
Test stands
Control command (Control Box, PLC, LLRF, MPS, EPICS)

Quality Assurance
Data-logging Cryogenic distribution
ES&H Control system
Conventional Facility :
Survey Beam it
Logistics (Transport, storage) Diagnostic

Z s00 ll)?b .pi fum 3 ’——

E B \: Optics

E . f“/' N Vacuum

¢ A e AR Radio-Frequency

Longitudinal position [m]



RF power test stations at CEA
Saclay

704 MHz Modulator HT
RF Plateform 110 kv .
, Coupler Conditioning
Klystron:
704 MHz Manual
1 MW switch
Pilot | Switch RF E .
S o >
S5 4+ "q'_;
Y
Circulator + g il ‘f
‘ Security box load _
Security box

water |/ > |
‘, 14
I C/C

waveguides C/C C/ C
C/C
ESS Cryomodule
(ECCTD+ pre-series)
Supratech £ _ :
. =) :
Cryogenic system |t § & S
S=5«x
(2R’
Security box
Fast acquisition (RF signals, electron pick-up,
arc detector by photomultipliers) |
+ slow acquisitions (vacuum...)

—— Signals for fast interlock
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Test Stand @ Uppsala (FREIA) ki

Control System &
Interlock Cryogenics

Spoke & Elliptical
cavity package

Tetrode Cold Gas

SRF cavity : Power Station Heater 39




Validation of Elliptical Medium-[3
Technology Demonstrator
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Step 1: Elliptical cavities

geg;f;;feta Step 2: M-Elliptical Cavity Cryomodule Technology Demonstrator
@ LASA @ Saclay

/jumper

-,

e o~
He exchanger o)

@ Lund

Diphasic
pipe
Jamming jack
Instrumentation (x9)
ports Vacuum

safety valve

Helium

tank
He valve (x2)

Spaceframe

Rupture disk

7.7X105 7.5X10°

T 1.22% N
t
[ Gom  [EECEE 196.6 Cold/warm

Hanging
system

374 394

2.55 2.36

Eeak (MV/m) 42.6 40 Trap door ) b susporting jack
BPeak/Eacc( 4.95 4.79 (x8) (x3)

mT/MV/m)

Coupler Transition
v F (x2)
Magnetic

shield

Door knob

Vacuum valve Vacuum vessel

(x2)
M-ECCTD = 3 CEA cavities + 1 LASA cavity



Process and Instrumentation Diagram

SERIES Medium Beta Elliptical Cryomodule

T A . . e
R e :

8V relie
HP. ?
TS supply, 40 K, 195 bara
T a
Hesupply, 4.5 K, 3.0 bar
He return, VLPIYapor low pre

Cryogenic Distribution Line LpR]svre

Valve Box n R e Instrumentation function
Operating Modes under definition - * Monitoring

Ly o  Control
= | * [Interlock

Jumper
connection Vacuum |
barrier

Cryomodule

CV01

=, o -

-0

Version 20160701 NE



Cryogenic operating modes

FULL CRYOGENIC DISTRIBUTION LINE+

Warm-up Warm-up CRYOMODULES +
4.5K - 300K i8] 2K - 45K
-5.2
- Warm-up Warm-up RF ON
80K - 300K 4.5K- 80K [[9]
Realgg for
System Stand-by Stand-by Stand by Nominal
stopped | |[0] CryoM Ready 80K 45K (3] 2K + RF | (6]

Cool-Down
45K - 2K

\ Cool-Down
80K - 4.5K
Cool-Down
300 - 4.5K

X CM Warm-up
‘ /_\ 45K - 300K {3,
>2* CryoM Ready il it%?d-by 3%]
N A \xdv CM Cool-Down U
300K - 4.5K
>4 SINGLE CRYOMODULE
Purging + (M Insulation (DS Insulation Singular modes
Purificati Beam vacuum
urificationf(5.1] [5.2] vacuum  |[S,3] vacuum  f[s 4]
Leak on beam Leak on CM Leak on CDS Cavity Quench Cold Comp. Failure
pipe Insulating vacuum Insulating vacuum avity uenc 300mbar = 3.2 K| 5
[A1] 9 [A2] 9 [A3] [A4] [A5] Abnormal modes

Acknowledgment : N Elias
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Control integration

SAVE AND RESTORE

= HUMAN MACHINE INTERFACE ARCHIVING @
Q
e g
: i - £ ;
o
5 J | :
SE EPICS —
o OTHER MACHINE
s E % CONTROL NETWORK < St
=z /
- LLRF
28 | crRromopbuLE RF uTCA
G | CONTROLBOX CONTROL BOX RF System
23 | (picsioc) ice woioe J
\
pu
CRYOMODULE
» AND VALVE BOX
g PLC CONTROLLER e =
N
ot e e e o e e e bl
1 % 5 . it & 1 : 1 :
1 | | |
TIIAHEE ENHIEE: : I
®2 5 ¢ £ 3 gLl e -{ e 3 el
8 ° - - -
am— :[ \/:[ I I I l-—\|\ \ \:[ I I } I_]_ \ l_ —\
1 | ) e ] ) o
o0 £ ] | | l ] |
= g g g =l 2 &, &
o fs § 1§ 25| 5. H § 83 3, ' i
SR I HE Bady bl
F = | w
(@] <§S x I !i gz ;v :ggl K é s g !; 32 2 !; ) 3 : 3 g o «
g Ky - 3 ' 3 |
= | | |
w [ | [
S— - -_— ) - - ./ ./ == = =
Cryogenics Sys. Insul. vac Water cooling Slow Tuning Sys. _ Fast Tuning Sys. Beamvac. Insul. vac. RF interlock Sys.
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Superconducting linac o)

MEDIUM-f HIGH-B

B 0.67 0.86 Elliptical cavity
#CM 9 21 Cryomodules ECCTD
Cav. /CM 2 2 Proton Beam
# Cav. 36 84
_ - 70% of the phisical length of the linac
SRR ] & 17 - 95 % of the proton acceleration

q4



Elliptical (704 MHz) RF System Layout

« One cavity per klystron
» 4 klystrons per modulator
« 16 klystrons per tunnel penetration
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\‘ - Racks and Controls Modulator

///
WR1150 Distribution '

4.’5 Cells of 8 klystrons for Medium Beta
10,5 Cells of 8 klystrons (IOTs) for High Beta




Thank you for your attention!
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Extra slides N b
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The Spokes Cryomodule

R
* Double spoke cavity (3-gaps), 352.2 MHz, $=0.50
* Goal: Eacc =9 MV/m [Bp= 62 mT ; Ep = 39 MV/m]
* 4.2 mm (nominal) Niobium thickness

* Ceramic disk, 100 mm diameter
* 400 kW peak power (335 kW nominal)
* Antenna & window water cooling

* Titanium Helium tank and stiffeners
* Lorentz detuning coeff. : ~-5.5 Hz/(MV/m)?
* Tuning sentivity Af/Az = 130 kHz/mm

* Quter conductor cooled with SHe

Antenna

-

Alignment tie rods

2-phase manifold Cold Tuning

Power coupler
antenna cooling 49

C-W transition Power coupler

Outerconductor
double wall cooling



