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IASF Eu-XFEL by-product of TESLA INFN

" LASA

The European XFEL has been the by-product of TESLA, the Superconducting
Linear Collider developped since 1990 by a large International Collaboration
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IASF The goals of the TESA Mission INFN
Basic goals on SRF Technology

. Increase gradient by a factor of 5: from 5 to 25 MV/m
- Push cavity performances close to the physical limit, understanding practical limits
- Set all the required quality control for reproducibility and industrial production

. Make possible pulsed operation: Lorentz force detuning
- Combine SRF and mechanical engineering in cavity design
- Develop efficient Modulators and Klystrons

- Develop new ancillaries: slow and fast tuners, couplers
. Reduce cost per MV by a factor 20: to make the LC feasible
- New cryomodule concept for cryolosses, cost and filling factor (for real estate gradient)

- All subsystems designed for large scale production
- Reliability and quality control as a general guideline

Basic goals on Machine Design
. Design a Linear Collider based on the Cold Linac peculiarities
. Maximize Luminosity and optimize cost for a given plug power
. Design and quote major subsystems: DR, Positron Source, BDS, etc.
. Put all together in a consistent TDR, including cost estimation

IASF - CP Seminar #5
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First Steps of the TESLA Game INFN

" LASA

Carlo Pagani

Major contributions from: CERN, Cornell, DESY, CEA-Saclay, INFN-LASA

9-cell, 1.3 GHz
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Eddy-current scanning system for niobium sheets Cleanroom handling of niobium cavities
LA xJ_M

Preparation Sequence

- Niobium sheets (RRR=300) are scanned by eddy-currents to detect avoid foreign
material inclusicns like tantalum and iron

- Industrial production of full nine-cell cavities:

S AR

HOW coupler

pOwEr coupler

TESLA cavity parameters

- Deep-drawing of subunits (half-cells, etc. ) from niobium sheets
R/Q 1036 W - Chemical preparation for welding, cleanroom preparation
- Electron-beam welding according to detailed specification
Epeak/Eacc 2.0

- 800 °C high temperature heat treatment to stress anneal the Nb
and to remove hydrogen from the Nb
Bpeak/Eacc 4.26 mT/(MV/m) - 1400 °C high temperature heat treatment with titanium getter layer

to increase the thermal conductivity (RRR=500)
Af/Al 315 kHz/mm - Cleanroom handling:
- Chemical etching to remove damage layer and titanium getter layer
Kiorents ~-1 Hz/(MV/m)?

- High pressure water rinsing as final treatment to avoid particle
contamination
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Cd TESLA cavity design and rules INFN

~ LASA

HOM coupler
pick up flange
flange
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HOM coupler |'.—I'J #
flange 115.4 mm power coupler

(rotated by 657) flange

- =
1061 mm
| e
1276 mm

type of accelerating structure standing wave
accelerating mode TMO © mode
fundamental frequency 1300 MHz
design gradient Eacc (TTF) 15 MV/m
design gradient Eacc (TESLA) 25 MV/m
unloaded quality factor Qg (TTF) >3 x10°
unloaded quality factor Qg (TESLA) > 5x10°
shunt impedance R/ Q 1036 Q2
E peak [/ Eacc 2.0
Bpeak [E acc 6 4.26 mT / (MV/m)
cavity bandwidth atQ, =3 x 10 430 Hz
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C TTF: a new infrastructure at DESY INFN

LASA
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diagnostics accelerator
250 120 16 4
MeV MeV MeV MeV
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Preparation of TESLA Cavities

INFN

" LASA
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ll‘ﬁ': The way to improve SRF Performances INEN

In parallel with the machine design, all major TESLA sub-components
have been conceived, designed and protopyped for TTF.

Most of the process has been performed in strict collabotration with
iIndustry.

Concerning SRF cavities, all the technology already mastered by industry
have been further improved with the help of Labs experience. All the
mechanical fabrication done in industry.

The acquisition of an EB Welding machine at DESY had the strong
opposition by the Director Biorn Wiik

The matured experience on the Niobium welding has been transferred
directly from Labs to industry

Clean room operation and special surface treatments were developped at
the DESY Iinfrastructure and promptly tranferred to Industry

IASF - CP Seminar #5
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INFN

¢ Rolling marks and defects are
visible on a niobium disk to be
used to print a cavity half-cell.

+ Surface analysis is then
required to identify the
inclusions

Carlo Pagani
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IAS! Learning curve with BCP @

BCP = Buffered Chemical Polishing
3 cavity productions from 4 European industries: Accel, Cerca, Dornier, Zanon

Cornell 3 35
o (a) (b) .
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+ Improved welding B Module performancein
+ Niobium quality control the TTF LINAC
0 : : ' 0 ' ' : ' '
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Production Series Module Number
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3'd cavity productionwith BCP

INFN

" LASA

Qo 10" -

10°

Eacc IMVIM]

» Still some field emission at high field
¢ Q-drop above 20 MV/m not cured yet ¢ AC55 B AC56
*» AC67 discarded (cold He leak) AC57 < AC58
X AC59 @ AC60
T 4l L 0 & B —m +AC61 -AC62
l; Rocn K Fa KEEIRTOE yg"i*—' x‘ ’ . | —AC63 ACo64
i ek &22' AC65 AC66
T < ’kA. X AC67 + AC68
‘@ N~ AC69 AC79
K-qm
TESLA original goal . n __‘
+
Vertical CW tests of naked cavitis
| 1 1 1 1 | |
0 10 20 30 40
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IAS Further Improvement with EP INFN

" LASA

EP (Electro-Polishing) developed at KEK by Kenji Saito (originally by Siemens)
Coordinated R&D effort: DESY, KEK, CERN, CEA-Saclay & INFN LASA

1011
- 9-cell EP cavities from 3 production 5
| EP at Nomura Plating (Japan) by KEK ®AC72ep
B AC73ep
1400 °C heat treatment
'."’ me o ACT76 ep
m ¢ . AC78 ep
B n g * o *
QO 1010 - [ | ] -Q .
[ AC76: just 800 °C annealing 1 "l
® TESLA 800 specs: ‘
35 MV/m @ Qg =5 x 10°
Vertical CW tests of naked cavitis
109 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
0] 10 20 30 40

Eacc [MV/M]
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EP system at Rl

INFN
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EP system at Zanon

INFN

Courtesy EZ

Carlo Pagani
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Not Just Cavities: From Prototype to Cry 3

INFN

" LASA

o LI L]

Extensive FEA modeling (ANSYS™) fF
of the entire cryomodule

— Transient thermal analysis during My N
cooldown/warmup cycles,

— Coupled structural/thermal
simulations

— Full nonlinear material properties
Detailed sub-modeling of new
components and Laboratory tests

— Finger-welding tests at ZANON

— Cryogenic tests of the sliding
e : supports at INFN-LASA

W00 1R " T
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S Cryomodule Evolution in TTF-II @

ACC 5 ACC 4 ACC 3 ACC 2 ACC 1 RF gun

800 MeV 400 MeV 120 MeV 4 MeV

ACC 4 & ACC'S

ILC Acc. Workshop
16 August 2005
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10 MW Klystrons Developped by Industry

INFN

LASA

ITRP Visit to DESY, 51/6™ April 2004

TESLA

The LC cold option

MULTI BEAM KLYSTRON
One of the which ines the

of a klystron is the perveance defined as p = I/U%2,where U is

the klystron cathode voltage and | the current. For a perveance of 2.10A/V*? the efficiency is typically 45%, whereas

at0.5 10°AN32, i of 70% is i i This is due to the lower space charge forces witch enables

strong beam g and higher

The RF power of long pulse single beam klystrons is limited by the high voltage the gun can withstand. To limit the cathode
high voltage, the perveance of these conventional klystrons is closed to the maximum practical value of 2.10€AN32

To increase the current and then the power, the multi beam concept is to use several low perveance parallel beams.

These beams propagate in separated drift tubes and interact with the RF field of the common cavities they travel through.
The advantage of this solution is the lower voltage required and the higher efficiency compared to the single beam klystron.

MAIN DESIGN PARAMETERS

+7 low perveance beams 0.5 pPerv
« Long pulse gun design 1.5 ms

J 3 . 5.5 Alcm?at 10 MWp
* Multi-cathode diode gun (M type cathodes)
« 6 cavities interaction structure - TkVIimm at 120 kv
- confined flow

+ 2 output wave guides WR650
+ Same technology as conventional klystron

. beam convergence =9

. Toroidal multi-gap cavity
« fundamental mode

. tunable cavities
MEASURED PERFORMANCES 3 TUBES DELIVERED TO DESY
Cathode Voltage 114-116  kV
Beam Current 134-136 A
Perveance 3.335 pPerv
Output RF Peak Power 10 MW
Output RF Average Power 150 kw 500ps x 30 Hz Factory
Output RF Average Power 150 kw 1500ps x 10 Hz DESY
Efficiency 65 %
Drive RF Peak Power 140 w
Gain 485 dB
Electromagnet power 55 kw

o 0k sumpte

#y P

[Es
H

\ RF Drive Power ||
RE Output Power Am |

—— ]

i — 104KV, 116A, Mode A
(et s 3 ~a- 104KV, 1167, Mode B
| " Kiystron Current \ ~a 116KV, 136A, Mode A\
| = 116KV, 136A, Mode B

N} |
Kiystron Voltage 117KV o 50 100 150 200
& sy 5 M0 R T0 20 10m 2000 RF Drive Power / W
" 151401

RF Output power versus RF drive power
Mode A: VSWR = 1
Mode B : VSWR =1.2

gun arcing

»Gun design impi under prog to

occurrence

THALES

‘omvranicaions & Pover Indiris

E. Wright, A. Balkcum, H. Bohlen, M. Cattelino, L. Cox, M. Cusick, E. Eisen, K. Eppley’,

ITRP Visit to DESY, 5"/6™ April 2004

TESLA

The LC cold option

The VKL-8301
Multiple Beam Klystron

F. Friedlander, S. Lenci, J. Petillo’, A. Staprans, B. Stockwell and L. Zitelli
inications and Power Industries, Microwave Power Products Division
811 Hansen Way, M/S B-450, Palo Alto, CA 94303-0750

TSAIC, Suite 130, 20 Burlington Mall Rd. Burlington, MA 01503

Disadvantages
ey —————
o RF oy curent

over averagepaer 1)

MBK selection process Progress Report

t The o b it on March
The avatages and disadvasages of eoch MK clos st he
weigha o o spectlc dpicaton

Measured Performance
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i

There are 2 classes of MBK's*

Fandasmental Mode

Fundamental Mode (FM) MBK

Advaniages
+ Lorge imssstoncous Nanduish (T, .
A

i comengens
+ B ineracts with high f mosoerc feds

Higher Order Mode (HM) MBK
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Lo cathone lnading: b ares comvargence STRP & Fuabuste
FAMMB appeonch
Jor TESLAwontd
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Wi e e HM-MBK

STEP 2: Where do we wan tosperate?

Moype dispenser
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HMMBKs are s, becssse
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e of approvimately A4
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Revogizing 1k, the Best-cese csthie g or ¢ gives cxrron)
andfroquency cam e compused.

STEP S:Sckot

CPI recommends the HM-MBK approach.

Modeling and Simulation
e of desn codes were wedbo ol
peformence of the VKL 3301 MEK
Eieciron Boaw Sowslation
CPPSXGUN 25D
Micelle 3D

Powsca 2D Thermosmechanical

3= MAFA D Ay 20
Macwell 3D

To the right are some example

3D RF cavity design
MAFIA

3D electron gun simulation

Operating parameters
[ MICHELLE

e rean

D and 3

s of our modeling and simulation results...
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ESLA

The LC cold option

THE TOSHIBA E3736 MULTI BEAM KLYSTRON
S. Miyake, A. Yano (Toshiba Electron Tubes & Devises Co., Ltd. , Japan)-r
S. Kazakov, A. Larionov, V. Teryaev (BINP, Russia)
Y. H. Chin (KEK, Japan)

A 10-MW, L-band multi beam klystron (MBK) for TESLA linear collider and
TESLA XFEL has been under development at Toshiba Electron Tubes &
Devices Co., Ltd. (TETD) in collaboration with KEK. The TESLA requires
pulsed klystrons capable of 10 MW output power at 1300 MHz with 1.5 ms
pulse length and a repletion rate of 10 pps. The MBK with 6 low-perveance
beams in parallel in the klystron enables us to operate at lower cathode

Table 1. Design Parameters of the E3736

Operating Frequency 1300 MHz
Peak Output Power 10 MW
Average Output Power 150 kW

voltage with higher efficiency. The design work has been accomplished and ~ Beam Voltage 115 kV
the fabrication is under way. We are going to start, conditioning and testing of  Beam Current 132 A
prototype #0 in the mid of April. The design parameters for the E3736 Efficiency >656 %
klystron are shown in Table 1. RF Pulse Duration 1.5:2.0 ms
Repetition Rate 10  pps
Saturation Gain 47 dB
¢ Number of Beams 6
[ Number of Cavities 6
Cathode Loading <2.1 Alem*
Solenoid Power <4 kW

Figure 2: The Simulation model and result of the output window.

9 |

)

Figure 3: The Simulation models and results of the
™ output and input cavities,

B

Figure 1: TOSHIBA E3736 KLYSTRON

Figure 6: Gun design of E3736

Figure 5: The Simulation model Figure 7: The cathode assembly
and result of the electron Gun  in the vacuum bell jar
using ANSYS code.

Figure 8 : The electron gun

TOSHIBA

'‘@® [ : 23 :

Carlo Pagani
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A RF Waveguide Components @ 1.3 GHz @

3 Stub Tuner (IHEP, Bejing, China) E and H Bends (Spinner)

Circulator (Ferrite)
Peak Power = 0.4 MW

N ﬁ el
Peak Power =11

IASF - CP Seminar #5
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INSHE Ancillaries: Coupler R&D at LAL-Orsay INFN

" LASA

Alternative Designs

TTF 1l Design

_

High Power Coupler Test Stand Clean room assembly

IASF - CP Seminar #5
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Ancillaries: Cavity Tuners

INFN

The Saclay Tunerin TTF

W, @

The INFN Blade-Tuner

| |

Carlo Pagani
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Ok RF Distribution: the TESLA RF Unit INFN

" LASA

1 klystron for 3 accelerating modules, 12 nine-cell cavities each

vector
modulator MBK Klystron

.Js\
7 LN
A I
44_4‘,.
WA b,
\\J/,

E g :I-C) circulator :I{)

Mechanical tuner

(frequency adj.)
@ stub tuner (phase & Qext) gg . .
Low and piezo-electric tuner
Level ial I (Lorentz force compensation)
coaxial coupler
RF 3 3 \
System — I N
-r- -99see - --
cavity#l — cavity #12 —
F3 | |
’ -
/ A
e pickup signal
vector sum KRN
< >JI_J 1 :‘;T}\
/,, <\
ADC g7 JI/-;{‘.-
\ D N accelerator module 1 of 3
vector
demodulator
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iy Pulse Transformer Modulator Layout INFN

" LASA

Capacitor Banks i}xﬁi IGBT Redundant Switch Bouncer Choke
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New QC tools in 4th Production

INFN

" LASA

ves 7 R

VTV VEVYV Vv
PN AAALALAL I

Bt i

ot e — b R —

« create the work description
(in EDMS).

» create the protocol template odin {0 EDMS
(in EDMS). J :

* open the Inbox.
* message to Zanon.

» read work description
sproduce accordingly cavit
fill out the template of protocol.

—— e — et ———

* check and release the
protocol.
» message to Zanon (in
EDMS).

 submit the protocol to release -life-cycle.

© V. Singer

Carlo Pagani
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e TESLA Technical Design Report: March 2001

INFN

LASA

TESLA

The Superconducting Electron-Positron
Linear Collider with an Integrated
X-Ray Laser Laboratory

Technical Design Report

Part | Executive Summary

DESY 2001 - o1 « ECFA 2001 - 209 March
TESLA Report 2001 - 23 « TESLA-FEL 2001 - 05 2001

Q

damping ring

¢

-
o
+

=

positron
preaccelerator

electron-positron collision
high energy physics experiments

positron source

aux. positron and
2nd electron source

damping ring

®

=1

linear accelerator

linear

x-ray laser

accelerator

electron sources
(HEP and x-ray laser)

33 km

As in the TDR

eam transfer
lines

HYV pulse
cables 2~

520 cm

(€125 cm—>|

<—210 cm*A

440 cm

Updated tunnel cross section

Carlo Pagani
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Industrial Stud

les for TESLA TDR & E-XFEL

INFN

LASA

Westerhorn _

DESY site ~ 33 km
-
g ] I_? = Auxiliary halls || iz B
I | =
Electron i ) = ) A . =
sources e- Damping Ring 3 e+ Source  PreLinac e+ Beam line ~\_e+ Damping Ring
S =
e B = s 1
- e~ Main LINAC Deliverye- 1P e+ Delivery &+ Main LINAC
1,131 5 : °
) e- Beam lines

= High energy physics detector &
‘: L Xray Free Electron Laser laboratory
Switchyard
schematic view
587 546 Machine budget distribution miel Lo
Million EURO
336
241 215
124 100 97
Main LINAC Main LINAC Tunnel & Machine XFEL Damping Machine HEP Beam Injection
Modules RF System Buildi Infi I Rings Auxiliary Delivery System
2| 2 3 4 5 [} 7 8 9
LN.F.N. Lab. LASA LN.F.N. Lab. LASA
Progetto TeslaS00 Progetto TeslaS00
Studio per la i i iale delle cavitd Studio per la produzione industriale dei 2500 criostati
TESLAS00 Project TESLAS00 Project
Study for industrial production of the superconducting cavities Study for industrial production of 2500 cryostats
#Subject
1Nb RRR 300
2 Cavity fabrication
3 Cavity fabrication
4 Cavity fabrication

EZBNON.,.

E.ZBANON...

Original

Copy N

Avtleferung, Lagerhaltung, Verpackung, Versand
US-Ralnigury, Beizn

EbSchveissen

100 - Awinistration

500 - Eingangskerteelte, Ausgangshantrolle, 08

00 - Wartung, (estandnattong, E-Versorgung

r

BABCOCK NOELL

Superconducting RF Cavity
Technology and Industrialization

(A Sattelite Workshop at IPAC-2010)

Overview on industrial studies for superconducting linacs (TESLA, XFEL,CARE), status dec.05, D.Proch

5 Cavity processing
6Module assembly |
7 Cavity processing
8Module assembly II
9Input coupler
10EP
11Improvement of components

12 Squid scanner

main issues

500 to of Nb sheet production

20000 cavities, welding

1000 cavities, welding

20000 cavities, hydroforming

20000 cavities, VT test, 1400°C, BCP
Assembly of 20000 cavities

Substitute BCP by EP, 1000 cavities
Improvements to study 6, 1000 cavities
improvement to TTF3 design, 1000 couplers
Industrial aspects of EP

Reliability aspects of critical components

Principle layout, prototype

design

fabrication cost

X X X X X X X X X X X X

Contract Status

X DESY finished

X DESY finished

X DESY finished

X DESY finished

X DESY finished

X DESY finished

X XFEL in preparation

X XFEL started

X XFEL in preparation

X CARE in preparation
CARE in preparation
CARE finished

Carlo Pagani
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Cavity Fabrication Industrial Studies INFN

" LASA

Production Plan for 20,000 cavities

LN.F.N. Lab. LASA
®
® Progetto TeslaS00
LE;E \L?rg‘ E = Studio per la produzione industriale delle cavita superconduttive
TESLAS500 Project
[= m m mﬁm Study for industrial production of the superconducting cavities
= (U1 [0
i
= [0 M
-]
L/ L]
i <
L3
® 2 »
Kostenstellenplan,
200 - Anlieferung, Lagerhaltung, Verpackung, Versand
300 - US-Reinigung, Beizen = i
00 - EB-Scheissen mgl&
e o B ™
500 - Eingangskontralle, Avegangskontrolle, 0S
600 - Wartung, Instandhaltung, E-Versarqung [m] S.p.A.
mna Mminiednatinn
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Ok TTF2 as XFEL Injector Prototype INFN

" LASA
e-beam
<
ACC5  ACC4 BC3 ACC3 ACC2 B2 Acct  RF-GUN
T PR T AT
J { L
500 MeV

beam position quadrupole
He gas return pipe monitor package

module length 12.2 m

= _%j 44l 9 4 ek

input coupler

oS! =
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Ay Outstanding Results with module #5

INFN

LASA

6 cavities exceed 30 MV/m

1 cavity shows field emission at high field

1 cavity is quenching at 25 MV/m

5 Hz Test limited to demonstrate 25 MV/m module

Cavity tests:

B \ertical (CW)
(555 Horizontal (10HZ)
B Module 5 (1Hz)
BEZZE Module 5 (5HZz)
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Nsh TESLA/XFEL Milestones (INFR

125 m

July 1990 — 1° International TESLA Workshop @ Cornell
University

February 1992 — 1° TESLA Collaboration Board Meeting @
DESY

March 1993 - “A Proposal to Construct and Test Prototype frastructure i )
Superconducting RF Structures for Linear Colliders” @ DESY in Hall 3 = ®eom —

March 1995 -TESLA Test Facility Linac Design Report
SASE FEL included in TESLA — TTF 2
May 1996 — first beam at TTF1 |
March 2001 — TESLA Technical Design Report with XFEL
First SASE-FEL Saturation at TTF \ .
July 2002 — from the German Science Council: Two
independent projects: TESLA X-FEL and TESLA LC

February 2003 —TESLA X-FEL proposed as an European
Facility, 50% funding from Germany

June 2004 — TTF II: First beam accelerated
August 2004 — TESLA Technology chosen for ILC
June 2007 — European XFEL Project Starts

45 m

EER——le
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Ay TTF: 10 years of experience @

Taking into account all data from 1995 > Emax
90 - ° FE start

80
E [MV/m] y E = 1/2 E i . °
surf acc Su 9_%

70

@6 06

60

50 -

40

30

20 4 %8

10

0

1/1/1995 1/1/1997 1/1/1999 1/1/2001 1/1/2003 1/1/2005
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IASF European XFEL Cavity Production - 1 INFN

" LASA

At the end of the long prequalification process (TTF, FLASH, ILC,...)
Ettore Zanon, EZ & Research Instruments, RI

were contracted at the end 2010 to produce each

* 8 Cavities for infrastructure rump/up and qualification
4 Dummy CVs (DCV), 4 Reference CVs (RCV)

e 280 XFEL type series cavities (first 8 are PCV)
12 ILC HiGrade cavities

° Additional 120 cavities allocated end 2012 to each companiy

Nb & NbTi supplied by DESY

* Production precisely following detailed specifications which also include the
exact definition of infrastructure to be used (build to print)

* Final treatment after main EP: final EP for Rl /flash BCP for EZ

IASF - CP Seminar #5

Carlo Pagani 36 Shenzhen, 30 September 2022



IASF

European XFEL Cavity Production - 2 INFN

" LASA

No performance guaranty by the vendors, i.e. the risk of
unexpected low gradient or field emission is taken over by
XFEL/DESY (responsibility for re-treatment).

Goal: average usable XFEL gradient 23.6 MV/m at Qu=1x10'°, X-
Rays <1x10?mGy/min

First series cavities (PCV) to be delivered end 2012 — begin 2013
All cavities to be delivered till end 2014 — begin 2015

Delivery rate: about 8 CVs/week (4/each vendor)

Supervision of the CV production: DESY & INFN/LASA

Carlo Pagani
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"c)" Treatments as from Experience on Prototype @

j | Prior surface treatment.

. ‘ EP 110-140 pm (main EP), ethanol
o e | e v rinse, outside BCP, 800°C

o annealing, tuning

by BCP 20um

IR Flash | Final surface treatment - two
. M Eprerall Wew— alternative options

S | 1. Final EP of 40 ym, ethanol rinse,
- -~ high pressure water rinsing (HPR)
E =] == and 120°C bake

: i) | [T 2. Final BCP of 10 ym (BCP Flash),
o 8 Tl Beer HPR and 120°C bake.

pressure water rinse

EP 110pm

Standard high

pressure waler nnse

Assembly of
accessofies

Flange assembly -}

= = Integration of the helium tank,
— assembly of HOM, pick up and high
T Q antennas before vertical RF test
Carlo Pagani 38 IASF - CP Seminar #5
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e-Documentation in EDMS - Data Bank

INFN

" LASA

Fabrication — “Q00000e3s: EDMS

Inspection sheet

Inspection sheets for QM Fabrication structure.
documentation Subassembly parts related.
Procedure related

Cavity-DB

Statistical analysis

e All XFEL SC cavity documents (specifications, inspection sheets, meeting

minutes, PED data etc.) recorded in EDMS

e EZ and RI have access to documents and data (to relevant only)

Carlo Pagani
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PED Activities and TUEV Control C(NFR

Test piece (TP) is composed by 2 cell with helium vessel, without end groups,
representing all pressure bearing parts and welds. It is built using exactly the
same manufacturing methods and welding parameters that will be later used for

Carlo Pagani
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Good performance of reference cavities

INFN

" LASA

8 RCVs: acceptance test successful

4x10" ; | | | | 15 | | | |
XFEL reference cavities Q (E_ ) 1XFEL reference cavities X-ray(E_ )
10_: o O ]
3x10 5 roallii ., /r‘.*
s 7 — .4
] N Ship = £10 4
el T e e E I
] \.\N\‘\ \5 < ‘* 6]
] X £
o .
(@4 —a— CAV00001 _§ 10-2 | XFEL design value
—e— CAV00002 3 /
o1 | —*—CAV00003 g
10 e CAV00004 * @ —a— CAV00001 /
] — e CAV00500 XFEL design value £ 10-3 : e— CAV00002
—e— CAV00502 & —a— CAV00003 /
CAV00503 —v— CAV00004
] —*— CAV00506 —e— CAV00502 /
0 5 10 5 20 25 30 35 40 5 10 15 20 25 30 35 40
E._. [MV/m] E._. [MV/m]
D.Reschke, A.Sulimov, D.Kostin
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Il‘ﬁ': Major Infrastructures at EZ & RI INFN

" LASA

2 EBW (Electron Beam Welding) plants, equipped with cryo-pumps
* ISO 7 and ISO 4 Clean Rooms with cleaning and rinsing facility

« UPW (Ultra Pure Water - 18 MQ-cm) production system (>3000 I/h)
 HPR (High Pressure Rinsing — 100 bar) apparatus — ’
« 800 °C and 120 °C ovens operating with High Vacuum.

« Cavity Tuning Machine, CTM, provided by DESY

* RF tests set up (for HalfCell, DumbBells and EndGroups), provided by
DESY

« US (Ultra Sonic) cleaning baths

« Complete chemical processing plants (EP, BCP or both)

« Cavity internal visual inspection systems

IASF - CP Seminar #5
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INFN

;"“'—-

(Es;,g;m “o R

Machine for warm cavity
tuning TM (tuning machine)

Provided with CE
certification according EU
regulations

Eqmpmentfor RF measurement of half
cells, dumb bells and end groups

Carlo Pagani
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IAFF  CTM cavity tuning machine and HAZEMEMA @

DESY developed, build and delivered to both companies a cavity
tuning machine CTM and equipment for RF measurement on half
cells, dumb-bells and end groups HAZEMEMA

- \
|| B | . ! il
e /
£ A
RN o ]
|
.

\

< gand T 4
CTM and HAZEMEMA installed at RI CTM in installation at EZ

IASF - CP Seminar #5
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IAS" Cavity Infrastructure Layout at EZ INFN
<
ﬁe:ﬁ ’

-

Building layout: clean rooms ISO10, ISO7, I1SO4,
US and BCP treatment, 120°C baking, 800°C
oven, EBW, tuning machine etc.

Carlo Pagani 45 IASF - CP Seminar #5
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Examples of EZ Infrastructure courtesyof £2)

INFN

" LASA

New EBW machine

New oven for 800°C
treatment

Borescope for
optical inspection

Carlo Pagani
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Examples of EZ Infrastructure courtesyof £2)

INFN

" LASA

e US cleaning and BCP in ISO 10 clean
room

¢ ISO 4 installed in the new building

e The UPW (Ultra Pure Water)
production system

Carlo Pagani
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IL"I

Deep Defect Analysis Capability @ Labs -1

INFN

" LASA

Topographical defects at the welding seams

0.1 -
-0 .

Quench at 16,2 MV/m
on equator

.

N T

;f‘, / H
" SEM. Quench¥
| rol;:;:at"i?nﬁ‘*‘ A Y
NN

~

Optical inspection by high
resolution camera (S. Aderhold)

Carlo Pagani
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IASE Deep Defect Analysis Capability @ Labs - 2 @I?N

Etching pits: EBSD with strain maps via grain reference orientation deviation (GROD)

Pits away from the
weld, with grain
boundary triple
junctions

"™
QGROD.

Max lattice

Curvature i |
2 5°/mm orientation

-Pits in weld HAZ are near areas of
remaining cold work (high dislocation
Z111: Pit in heat affected zone HAZ of  density)
weld, enclosing region of strain, all -Pits away from the weld, in fine grain
within one grain (R. Croocs) area tend to be centered on grain
boundary triple junctions

Carlo Pagani IASF - CP Seminar #5
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Ok Deep Defect Analysis Capability @ Labs - 3 INFN
Dangerous surface defects generated by bad HPR (Hihg Pressure Water rinsing)
Auger spectrums indicates very Light
high prsnce oxygen. microscope
R R  Oxide layer image
S & with
thickness:
>114 nm (spot)
32.5nm
(blue)
195 nm
(red)
8 13 nm
outside ring
| o —
oo SEM image g
m i of the black f“"\(“ ;
a spots a2
g EDAX
e indicates
S carbon
Carto Pagan 0 IASF - CP Seminar #5
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IASF 1.3 GHz E-XFEL cavities «as received INFN

" LASA

R
E o | |y ) = >,

B S8 T s SDe I
bttt R B bttt R i
S ﬁZiﬁ+++i++£+++;+ﬁ++++ﬁif iﬁﬂﬂfﬁiﬁﬂﬁﬁ ++@+++%

0.5 - RI 0.5 A Ez

0 ||||||||||||||||||||||||||||||| 0 ||||||||||||||||||||||||||||||||
T P D T T D DI RS DA & i"» oA »200000& e »“‘,N?‘:»W\,» N o 4’»‘%"\3’@«2@5’
9 O
WY I TR E P PRI PR EP TR P e dx P SO P s o vy 5
Production date oy Production date &
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" LASA

iy As Recelved Maximum Gradient INFN

20 I 5 ' ¥ S T T T T T T T
o/ L
& ° 100% 1120
80% r 41100
e BD
4 80
3 O BD+FE || 60% 3
* “ PWR 2 =
S > 41 60 S
© PWR+FE 40%
41 40
+ other
0, L
0.0t . . . . ] 0% 0
20 25 30 35 40 45 0 10 20 30 40 50
Maximum gradient (MV/m) Gradient (MV/m)
W BD Max
Average MV/m 314
"I BD+FE RMS MV/m 6.8
B PWR Median (50%) MV/m 32.5
[ PWR+FE Yield 220 MV/m 92%
B other Yield =26 MV/m 85%
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As Received Usable Gradien

INFN

23.6 MV/m
- T | T ]
Include operations spec 100% | N ; B 20
* Q,21x10% : B :
80% 1100
» FE threshold (X-ray) B Max I m
[] Usable []
i 1 180
o 60% [ : \ é
= \ {60 &
40% | I L ] ]
| ‘x 1 40
ol ]
0% L= Fl—a:i: I |\.\ sl 0
- 0 10 20 30 40 50
51% Gradient (MV/m)
M Qo Max Usable
B BD Average MV/m 314 27.7
B FE RMS MV/m 6.8 7.2
Median (50%) MV/m 32.5 28.7
Yield 220 MV/m 92% 86%
Yield 226 MV/m 85% 66%
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As Recelved Usable Gradient

INFN

Include operations spec
¢ Q= 1x10%0
¢ FE threshold (X-ray)

H Qo

100[ —
O FE ]
80 ] BD |
[] Qo
@ 60
9;
(] —
e

20t LY
| = ,
0 10 20 30 40 50
Usable gradient (MV/m)
Max Usable
Average MV/m 314 27.7
RMS MV/m 6.8 7.2
Median (50%) MV/m 32.5 28.7
Yield =20 MV/m 92% 86%
Yield =26 MV/m 85% 66%

Carlo Pagani
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Final performance: Eacc

INFN

e
0
K)’ Total after 313 retreatments performed on 237 of the 831 cavities ~ LASA
Emax Eusable
100 -coooonanane 100 90 - 100
90 - 90 30 90
80 I After Retreatmnent i 80 70 1 W After Retreatmnent 80
»n 70 [_JAs Received L 70 " [JAs Received 20
= 2 60 -
.g €0 L 60 A'fs“ 60
O O 50 - 9
S 50 - 50 E*é 50 5
§4o a0 £8% 0>
2 g 30 4
20 - 20 20 20
10 - 10 10 - 10
0 X'%XX%QQK!#@ UL L L L L T T~ O 0 QY‘Q%QY%Q@M “““““““““ 0
0 5 10 15 20 25 30 35 40 45 50 0 s 10 15 20 25 30 35 40 45 50
Eace (MV/m) E... (MV/m)
Before: Before:
Emax31.4+6.8 [MV/m] E usable 27.7 £ 7.2 [MV/m]
(RI): E max 33.0 £ 6.5 [MV/m]) (RI): E usable 29.0 £ 7.3 [MV/m])
(EZ): E max 29.8 £ 6.6 [MV/m]) (EZ): E usable 26.4 £ 6.6 [MV/m])
After: After:
Emax33.0+4.8 [MV/m] E usable 29.8 £ 5.1 [MV/m]
(RI): E max 34.7 £ 4.4 [MV/m]) (RI): E usable 31.2 £ 5.2 [MV/m])
(EZ): E max 31.5 £ 4.9 [MV/m)]) (EZ): E usable 28.6 + 4.8 [MV/m])
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Final performance: Qo

Total after 313 retreatments performed on 237 of the 831 cavities

INFN

Number of Cavities

120

100 |

80 -+

60 -

40 -

20 -

Q0 @ 4 MV/m

I After Retreatmnent
[As Received

0.3

Before:

Q0 @ 4 MV/m 2.15 + 0.32 [1-1019]
(RI): Q0 @ 4 MV/m 2.11 +0.32 [1:10%9])
(E2): Q0 @ 4 MV/m 2.18 + 0.32 [1-10%])

After:
Q0@ 4 MV/m 2.23 £ 0.34 [1-1019]
(R1): Q0 @ 4 MV/m 2.21 + 0.34 [1-10%°])
(EZ): Q0 @ 4 MV/m 2.26 + 0.33 [1-10%9])

100

160 -

140 4

120 4

60 -

Number of Cavities
0
o

I
o

N
o
!

Q0 @ 23.6 MV/m

I After Retreatmnent
[JAs Received

Before:

Q0 @ 23.6 MV/m 1.31 £ 0.26 [1-101°]
(RI): Q0 @ 23.6 MV/m 1.29 + 0.24 [1-10%])
(E2): Q0 @ 23.6 MV/m 1.34 + 0.28 [1-10%9])

After:
Q0 @ 23.6 MV/m 1.37 + 0.25 [1-101°]
(RI): Q0 @ 23.6 MV/m 1.34 £ 0.22 [1-1019))
(E2): Q0 @ 23.6 MV/m 1.41 + 0.26 [1-10%°])

100

Carlo Pagani
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E-XFEL experience on cavity production rate INFN

~ LASA
400 10

5 W cavities 9
L 350
a M cav/week .
2 300
go) 7
- 250 =
(]
2 ° 9
@ 200 5 3
o >
7)) 4 (O
@ 150 &)
It
S 3
@ 100
O 2
S 50 .
@)
=

0 IIIIIII I|I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII O

. JU T v
2013 2014 2015
EZ cavity production udated on May 6", 2015
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Vertical TEST Infrastructure at DESY

INFN

Multiple vertical tests started in Feb 2013 (IFJ-Pan & DESY)
2 independent cryostats and RF stations for six 4-cavity inserts
Parallel commissioning of inserts + vertical tests on serles cavities

New software for vertical tests
no Second Sound, no T-Mapping at AMTF

Carlo Pagani
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INFN

XFEL cavities: verticat test rate

Average:
~ 40 tests / month

[ Retests
B As received

S]S8) |BOIMSA JO JOqWINN

G10zZ Jdy
G10Z Jep
G1L0Z qe4
G10zZ uer
¥10Z 28@
102 AON
7102 O
10z deg
10z Bny
L0z Inf

10z unp
102 Aep
102 Jdy
102 Jen
102 qe4
102 uer
£L0Z 28Q
€102 AON
£L0Z PO
€10z des
€10z Bny
€10z Ine

€10z unp
€10z Aey
€102 Jdy
€102 Jen
€102 9o+
€102 uer

Test date (# delivery date)
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ILI’I

Effect of HPR after transportation: E_..

INFN

~ LASA

Gradient (after) [MV/m]

50
78 tests
40 i ® ° ,/
.. ’
® e » ®
° P £ 0:
30 . ° .~‘.~ .-.‘: 7
° oo ..ox' o
20 ° o .,” @ ®
(4 R
.’/
*%e¢ o
10+ ,'0' |

0 £ [ | ] |
0 10 20 30 40

Gradient (before) [MV/m]

retreatment, low Q 4
retreatment, quench 6
retreatment, FE D
T
2

0

retreatment, other
retreatment, leak

50

Count

[ Before

Before = as received

50

Total:
~150 retreatments

14+
[ After

12+
10+
8l
6t
4!
2]
0

0 10 20 30 40

Gradient (MV/m)
Before After

Tests 78 78
Gave (MV/m) 18.5 26.1
Grus (MV/m) 6.3 6.7
yield @ 20MV/m 40% 82%
yield @ 26MV/m 12% 54%
yield @ 28MV/m 8% 47%
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ILI’I

Effect of HPR after transportation: Q,

INFN

8)]
o

N
o

Gradient (after) [MV/m]

Y
o

w
o

N
o

78 tests
.'. ,/’,
=] ’
@ ,/
<] L 2 vl
e ..o A 1 0: ,.
® L ® ,’
* vy o &°
® o0 o ¢
° »® o",’,o
- o, o
® 9 ”,’ o ol
.’/
*%e¢ o
,/,.' o

10 20 30 40

Gradient

retreatment,
retreatment,
retreatment,
retreatment,
retreatment,

(before) [MV/m]

low Q 4
quench 6
rE D
7
2

0

other
leak

50

Count

Before = as received

50

Total:
~150 retreatments

14 i Before
[ After

12+
10+
8l
6t
4!
2]
0

0 10 30 40

Gradient (MV/m)
Before After

Tests 78 78
Gave (MV/m) 18.5 26.1
Grus (MV/m) 6.3 6.7
yield @ 20MV/m 40% 82%
yield @ 26MV/m 12% 54%
yield @ 28MV/m 8% 47%
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Ay EP vs BCP: average E_.. and Q, /mounth

INFN

LASA

10 - @ Emax (1st test)
5 | M Eusable (1st test)

"

Production date

31 April 2015

3.5

€ Q0 @ 4 MV/m (1st test)
31 B Q0 @ 23.6 MV/m (1st test)

NI IRIRIITINTIENe
2 g e

Q, [110%]

Production date

45 35
20 Q0 @ 4 MV/m (1st test)
3 - B Q0 @ 23.6 MV/m (1st test)
35
— 30 25
S 25 9 ? % }
= : i
= 20 -, .
A + ) Final EP
w 15 + i + j + %
1
10 - @ Emax (1st test)
5 | M Eusable (1st test) 0.5
0 ; —— ————— 01— ‘ ‘ ‘ B ‘
I R R R R I R IV G U VO A R I I R N I N
NN NNENNNNNNNNNSNNNENNNNN NN NN I I R R VA AV A AV VIO IV N I R I N
ARG INGUInIRun MU IvIndnduengugn NN PN N NN NN N NN NN NN NN NN
vQ‘ éb*\o(‘ S v"%‘v& & eéoq& F& @’b& v@ @I?\\QQ S vo%‘_)q,Q & eo‘geff F& ®é$$ ‘?Q«&;\\Qo \&v"%%eg Oéeéo"}' & @,5\ @&3\0«\ & @"%@Q 0(}%6\0'2’0 & @é ‘?Q'\
Production date Production date
. IASF - CP Seminar #5
Carlo Pagani 63

Shenzhen, 30 September 2022



E-XFEL: Usable Installed Voltage

INFN

LASA
20 S -]
T R ArsGev - i i i i R ]
? 10f: .
wl .
=
= 5L ]
n.'_f ]
E
=
=
I_uﬁ'
A2 A3 A4 AS AG AT A8 A9 ATD ATT A12 A13 A4 A1S A18 AT A8 A19 A20 AZ21 A22 A23 AZ24 AZS5 A2E
1 Cs2 cCs3 -S4 CS5H CS6 CSsT S8 Cs9
BC1 BC2
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Ch XFEL definition of usable gradient INFN

" LASA

. Minimum of the following Qo T G
gradient values: -

. MAX (i.e. quench)

. Qo =107

. X-ray 1 (top) threshold

. X-ray 2 (bottom) threshold

‘_ Gmax

1 1 I 1 L] 1 Ly
20 22 24 26'!28 B0 32 B4
i 1 1

Gx-ray1

\ 1 1 I | 1 L] 1 )
20 22 24 26''28 B0 32 4
i 1 1

- In this example, usable X-rayz =
gradient is limited by FE (X- l :
ray1) to ~27 MV/m —— Gx—ray2
- max gradient is ~34 MV/m o2l ' :
C 7 ormdent vim)
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Il‘ﬁc Some consideration on the series production INFN

Industry, once trained, is doing as well as the lab behind
Results obtained are very close to those available more
than 13 years ago, the time of the ITRP

» Results depend on the technology applied

» The complete cycle in Industry improves the yield, but not
dramatically

The possibility of a second treatment is still mandatory
to improve the yield

+ HPR is usually sufficient, flash BCP can be required, EP Is
excluded (HT installed)

» Second treatment is improving the yield, both for high field and
field emission

Carlo Pagani IASF - CP Seminar #5
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IASF

Reference for CW after LCLS || @I?N

After XFEL, EZ & Rl produced all the 1.3 GHz cavities for LCLS II,
including final treatment and Nitrogen doping

All the cryomodules, modified for CW, are now produced in
China by Wuxi, originally with IHEP supervision

DOE sbuscribed the high nominal value for the cavity Qo (as

promissed by the succesfull application of the nitrogen doping)
but doubled the cryoplant: just in case

Costing of XFEL was succesfully based on industrial studies
performed by experienced companies

New large Projects should consider a very similar approach

Cavity packadge, criomodule and ancillaries are going together

Carlo Pagani

IASF - CP Seminar #5

67 Shenzhen, 30 September 2022



IASF - CP Seminar #5
Shenzhen, 30 September 2022

for

Thank you

. Carlo Pagani



	Slide 1
	Slide 2: Contents
	Slide 3: Contents
	Slide 4: Eu-XFEL by-product of TESLA
	Slide 5: The goals of the TESA Mission
	Slide 6: First Steps of the TESLA Game
	Slide 7: TESLA cavity design and rules
	Slide 8: TTF: a new infrastructure at DESY
	Slide 9: Preparation of TESLA Cavities
	Slide 10: Contents
	Slide 11: The way to improve SRF Performances
	Slide 12: Eddy Current Scanner for Nb Sheets
	Slide 13: Learning curve with BCP
	Slide 14: 3rd cavity production with BCP
	Slide 15: Further Improvement with EP 
	Slide 16: EP at DESY from the KEK Experience
	Slide 17: EP system at RI
	Slide 18: EP system at Zanon
	Slide 19: Not Just Cavities: From Prototype to Cry 3
	Slide 20: Cryomodule Evolution in TTF-II
	Slide 21: 10 MW Klystrons Developped by Industry
	Slide 22: RF Waveguide Components @ 1.3 GHz
	Slide 23: Ancillaries: Coupler R&D at LAL-Orsay
	Slide 24: Ancillaries: Cavity Tuners
	Slide 25: RF Distribution: the TESLA RF Unit
	Slide 26: Pulse Transformer Modulator Layout
	Slide 27: New QC tools in 4th Production  
	Slide 28: TESLA Technical Design Report: March 2001
	Slide 29: Industrial Studies for TESLA TDR & E-XFEL
	Slide 30: Cavity Fabrication Industrial Studies
	Slide 31: TTF2 as XFEL Injector Prototype
	Slide 32: Outstanding Results with module # 5
	Slide 33: TESLA/XFEL Milestones
	Slide 34: TTF: 10 years of experience
	Slide 35: Contents
	Slide 36: European XFEL Cavity Production - 1
	Slide 37: European XFEL Cavity Production - 2
	Slide 38: Treatments as from Experience on Prototype 
	Slide 39: e-Documentation in EDMS - Data Bank
	Slide 40: PED Activities and TUEV Control
	Slide 41: Good performance of reference cavities
	Slide 42: Major Infrastructures at EZ & RI
	Slide 43: Special Equipments installed in Industry
	Slide 44: CTM cavity tuning machine and HAZEMEMA
	Slide 45: Cavity Infrastructure Layout at EZ
	Slide 46: Examples of EZ Infrastructure (courtesy of EZ)
	Slide 47: Examples of EZ Infrastructure (courtesy of EZ)
	Slide 48: Deep Defect Analysis Capability @ Labs - 1
	Slide 49: Deep Defect Analysis Capability @ Labs - 2
	Slide 50: Deep Defect Analysis Capability @ Labs - 3
	Slide 51: Contents
	Slide 52: 1.3 GHz E-XFEL cavities «as received»
	Slide 53: As Received Maximum Gradient
	Slide 54: As Received Usable Gradien
	Slide 55: As Received Usable Gradient
	Slide 56: Final performance: Eacc Total after 313 retreatments performed on 237 of the 831 cavities
	Slide 57: Final performance: Q0 Total after 313 retreatments performed on 237 of the 831 cavities
	Slide 58: E-XFEL experience on cavity production rate
	Slide 59: Vertical TEST Infrastructure at DESY
	Slide 60: XFEL cavities: verticat test rate
	Slide 61: Effect of HPR after transportation: Eacc
	Slide 62: Effect of HPR after transportation: Q0
	Slide 63: EP vs BCP: average Eacc and Q0 /mounth 
	Slide 64: E-XFEL: Usable Installed Voltage
	Slide 65: XFEL definition of usable gradient
	Slide 66: Some consideration on the series production
	Slide 67: Reference for CW after LCLS II
	Slide 68

