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INSF  TESLA Test Facility for e*e Linear Collider

INFN

~ LASA
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IASh From TTF1 to TTF2/FLASH C(NFR

laser driven ~beam bunch TTF1 photon beam
electron RF gun diagnostics compressor undulator diagnostics

.—[E]—I’I-I‘I | ]4&_[ ——

\
- Sc pre- superconducting accelerating modules
accelerator 120 MeV 250 MeV
4 MeV
16 MeV

sFLASH +
redesigned electron beamline

New layout TTF2/FLASH

| New RF gun | I
[
¥
(TIAN
T ]
Exchange of 3™ harmonic module -
ACC1T (M3™) (ACC39) LOLA
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INJE SASE: Self Amplifiesd Spontaneous Emission INFN

" LASA

 bunch interacts with ¢ _ _
undulator field o exponential gain @
: O P(z) = P, exp(z/Lgain)
* micro bunches develop =
* micro bunches emit =
coherently ~ N2 (N = 10°) 15

Electron source
and accelerator

Magnetic structure

undulator length, z

Key requirement:

Electron trap

* high peak currents of > 1 kA
* low emittance < M4pi ~ 1-2 ym
* low energy spread AE/E < 103

~//Light beam

Experiment

IASF - CP Seminar #7
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FEL asks for High Current and High Quality

Modulation of the electron bunches

GENESIS simulation of the TTF parameters
Sven Reiche (UCLA)

undulator
entrance

half-way
saturation

full
saturation

Carlo Pagani
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IAS! VUVFEL requirements at TTF @

from Proc. of EPAC 2002, 1798 (2002)

" 1stlasing of VUV-FEL at long wave

length A (32 nm acheived) does not
require the 3.9 GHz module

" Trying to lase at shorter A requires
higher peak current | = 2.5 kA

!

" 3.9 Ghz module required for

" driving the FEL instability

T s ST S T " getting radiation pulse with significant
€ (mm mrad)
energy

VUVFEL beam requirements for lasing at 25 and 6 nm
3rd Harmonic Module mini-Review. P. Piot. 11.08.2005
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3'd Harmonic System for TTF @I?N

TESLA-FEL 01-03 (2001)

Conceptual Design of the XFEL Photoinjector

M. Ferrario (INFN-LNF), K. Flottmann (DESY),
B. Grigoryan (YerPhl), T. Limberg (DESY),
Ph. Piot (DESY)

February 20, 2001

[14] Smith T. 1., “Intense low emittance linac beams for free-electron lasers”, proc linear
acc. conf.’84 SLAC report 303, pp. 421-425 (1986 );
Dowell D., et. al, “The BOEING photocathode accelerator magnetic compression and

energy recovery experiment”, Nuel. Instr. Meth. A375, pp. 108-111 (1996);
Piot Ph., Flottmann K. Limberg T., TESLA-FEL 01-06 (2001)

Carlo Pagani 9 IASF - CP Seminar #7
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Ilu.‘.aF Origin of the non linear Energy Distribution INFN

" LASA

= Electrons are gaining energy integrating the electric field while crossing the RF
accelerating cavity

® |n each point of the cavity the field vary sinusoidally vs time

= Because of the the non negligible bunch length the energy gain along the bunch is
not constant and not linearly distributed

= Bunch compression needed for high peak current is strongly affected

Standing Wave

TM,,, mode

IASF - CP Seminar #7
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Energy Distribution along the Bumch

INFN

" LASA
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IASh TTF/FLASH as in 2007 C(NFR

5 MeV 127 MeV 470 MeV 1 GeV
3.3mm ~250 um spike: 10 um 6.5 nm
65 A 2 kA
photon
beam-line
O rf gun laser O vertical deflecting rf @ bending magnet @ beam dump 4 toroid monitor
O rf gun Vv 3 GHz Kklystron % bunch 2 collimator
acceleratm electron beam
O e 'YV 1.8GHzklystron ~ BYg@ COMPressors diagnostics
D undulator 8%%(ggs%%§m

« initial bunch length restricted by  off crest acceleration in ACC1
collective effects and ACC2/3

* two stage bunch compression - requires good rf field stability

. IASF - CP Seminar #7
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I~ FLASH and XFEL with 34 Harmonic INFN

" LASA

FLASH linac with 3rd harmonic rf
4 MeV 130 MeV 380 MeV 1000 MeV

3.3mm ~250 um 10 um
65A 2.5kA
collimator
- undulator
bypass
XFEL injector linac booster linac main linac
(linac I) (linac ) (linac )

bunch bunch
compressor compressor

O rf gun laser
() rfgun
() accelerating module
electron beam diagnostics
() 3rd harmonic rf module
() vertical deflecting rf

V 1.3 GHz klystron

VvV 3.9 GHz Kklystron

Vv 3 GHz klystron

» bending magnet

@ beam dump

Carlo Pagani 13
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IASF

3'd Harmonic for high peak curreny

INFN

" LASA

The 3" harmonic module operating in decelerating phase in

conjunction with the ACC1 module provides linearization of the rf
acceleration field with time during the duration of the beam bunch.

Near crest at bunch centers =0

A, _ wlz’% ( COS¢1.3\ 1

$5 9 1S ~180 deg (decelerating
mode) and s = - ct. The head

voltage [ V]
o

main rf plus
3rd harmonic

- 2 =0 of the bunch is at positive s -1 1
A W5, \ cOsQ J 9 " |
L3 3.9 3.9 and ¢, s must be positive too 180 -120 -60 ¢, 60 120 180
phase [deg]
— 002 Iineérisation
| 1.3GHz only > by adding
________________ g 0.01 3rd harmonic_~—"".
0z , | e | wirk 3rd o 0T rfalone |
) g /' ‘\.. harinonic ﬁ
,- S
‘f' —— ‘\ q.) -
of A V3=EVI9 N\
'l" ‘\‘ B
0.4 ‘.‘-' ‘.“ > -0.02
"" “ q)beam _47 q)beam (I)beam + 4‘7
02 ;" - c “.. phase [deg]
:" _-".. Bunch ..“ ., “‘ cpat - . . .
e Shifting ¢3 9 by 12°, a linear chirp is obtailed
U PR ALY - B . .
0 20 40 0 80 100 120 140 160 180 for a more efficient compression
Phase
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II\QQ,F The 39 Harmonic Module from Fermilab INFN

~ LASA

Proceedings of the 2003 Particle Accelerator Conference

DEVELOPMENT OF THE THIRD HARMONIC SC CAVITY AT FERMILAB

N. Solyak, I.Gonin, H. Edwards, M.Foley, T.Khabiboulline, D.Mitchell, J.Reid, L.Simmons,
Fermilab, P.O.Box500, Batavia, IL 60510, USA.

Proceedings of PAC09, Vancouver, BC, Canada TUSPFP058

CONSTRUCTION OF A 3.9 GHZ SUPERCONDUCTING RF CAVITY
MODULE AT FERMILAB*

H.Edwards, T.Arkan, M. Ge, E. Harms, A. Hocker, T. Khabiboulline, M. McGee, D. Mitchell, D.
Olis, N. Solyak, M. Foley, A. Rowe, Fermilab, Batavia, Illinois, 60510, U.S.A.

IASF - CP Seminar #7
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IASE Beam dynamics aspects INFN

« Motivation:
- single-pass FELs demand high brightness e- beam
-small emittance and high peak currents are needed: L, o« [~1/2 ¢>/6
- user also want radiation pulse with significant energy

 Design criteria for the x-ray FEL (VUV-FEL):

1. generate along e- bunch a
» charge-density reduced
» space charge effect mitigated 1 E e

2. accelerate to high enough energy
(SC force « 1/y?)
3. take care of the bunch compression
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phase Space — impaCt on the bunch COmpreSSion 3rd Harmonic Module mini-Review. P. Piot. 11.08.2005
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INSHE 3rd Harm. to Improve Beam Characteristics INFN

~ LASA

3.9 Ghz agc. Section

3rd Harmonic Module mini-Review. P. Piot. 11.08.2005

Energy distribution in the bunch before and after bunch compressor without (left)
and with (right) the 3" harmonic cavity, calculated for TTF photoinjector.

IASF - CP Seminar #7
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Case of TTF1: nonlinear compression INFN

" LASA

from PRL 88, 104802 (2001)
| ! | ! |

N — .‘-‘-..

1

- -
' ‘n-.‘\
T

1: longitudinal phase space
2. charge temporal distribution

*Pros:
- Sub-ps radiation pulses
- stable compression
- natural at TTF-1

eCons:

>

>

>

throw away a lot of charges
radiation pulse energy reduced

beam dynamics associated to head
and tail very different

hard to tune and diagnose the e- beam

3rd Harmonic Module mini-Review. P. Piot. 11.08.2005

Carlo Pagani
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IAS Beam dynamics aspects INFN

' 3rd harm
ri—gun cavity

| ACCI ‘ ACC 2 and 3 ACC 4.5. and 6 undulator

iy VI |

BC1 BC2 DL
d .
3 Harmonic on/off B. armonic on B.CZ.
T . 3 . . . v

3rd Harmonic Module mini-Review. P. Piot. 11.08.2005
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IASF

3.9 GHz Cavity General Parameters INFN

" LASA

Third harmonic cavity (3.9GHz) was proposed to compensate
nonlinear distortion of the longitudinal phase space due to

cosine-like voltage curvature of 1.3 GHz cauvities.

3.9 GHz Cavity: Parameter List

Number of cavities 4
Active Length 0.346 m
Gradient 14 MV/m
Phase -179 deg
R/Q 750 Q
Epeak/ Eacc 2.26
Bpeak (Eacc=14 MV/m) 68 mT
Q_ext 9.5e+5
BBU limit for HOM, Q <l.et+5
Total energy 20 MeV
Beam current 9 mA
Forward Power 11.5 kW
Coupler power 45 kW
| B . B

Energy distribution in bunch
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IASE Frequency shift due to Lorentz forces

INFN

~ LASA

ANSYS

MAR 20 2002
Thi=d1 =10

I

‘\“‘—-.L |_

.378E-06 ' .100E-05 .163E-05 . 226E-05 88E-05
.691E-06 .132E-05 . 194E-05 . 257E-05 . 319e-05
wall deformation of half cell of 3-rd harmonic cavity, thickness 1.5mm

Displacement of the cell wall due to Lorentz force.
(wall thickness = 1.5 mm)

* HFSS simulation of half cell
-P= (ILL()HZ —&o E2)/4
— data exchange (HFSS-ANSYS)

« ANSYS simulation of stresses in half cell
— different wall thickness
— Yung modulus, Poisson's ratio

* Frequency shift due to Lorentz force
(Slater’s Theorem)

AF = F/(MV)f(eOIE2 —-u H >V

E...= 15MV/m

Wall Thikness AF
1.5mm | 200 Hz
2.8 mm | 90 Hz

Cavity bandwidth @ 4kHz =—> No Stiffening ring

N. Solyak

Carlo Pagani 22
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Extensive HFSS Calculation @ Fermilab INFN

HFSS 3D 9 cells cavity model with:

- 2 High Order Mode (HOM) couplers,
- matched Main coupler port,

- different type of beam pipe terminations,
- distributed and phased current sources.

Calculations in driven mode.

| E/H boundaries. Red/green lines for different
| beam polarization (x/y). Few modes have Q>105
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Monopole(left) and Dipole (right) passbands
for mid-cell of the 3rd harmonic cavity

3rd Harmonic Module mini-Review. T. Khabiboulline. 11.08.2005

Trapped modes in 5t dipole passband

Carlo Pagani
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Ny Qualification tests on Cu Cavity Prototypes INFN

" LASA

9 cells Cu cavity measurements with:

- 2 High Order Mode (HOM) couplers,

- Main coupler port with matched termination,

- Beam pipes with metal plates,

- Excitation and pick-up from different ports. Bead-
pull and S-parameter measurements for single
cavity and double cavity system.

Dipole modes with high Qext (single cavity)
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Il‘ﬁc 3.9 GHz RF Coupler Design: Parameters INFN

" LASA

3.9 GHz RF Coupler Main features =

J30mm/ @13mm coaxial line §

Standard copper waveguide c

Fix coupling -%

No DC biasing g

Cold window: DESY TTF3 cylindrical ©

ceramic S

Warm window: CPI 3.9 GHz WG c

window =

Two sets of bellows (flexibility)

All internal parts are copper plated = = '

EBO pminneP and 10 umpgute part of Ppeak 45 kW (I,=9mA) (processsing
0ax) at 80kW) Pulse =1.3 ms

All part are brazed

Pick-ups and glass window for Rep. rate = 5Hz N. Solyak

diagnostics

Good pumping performances

IASF - CP Seminar #7
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Il\ﬁﬂ 3.9 GHz RF Coupler Design: cut view INFN
In Collaboration with CPI Cold
. Bellows Window
Coax-to-WG - | section
transition  §E '
\ 80 K
N. Solyak

Carlo Pagani
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Don Mitchell
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II-‘.@F ACC39 Cryomodule designed at Fermilab INFN

~ LASA

Don Mitchell

IASF - CP Seminar #7

Carlo Pagani 28 Shenzhen, 23 December 2022


Coldmass_assembly_Mitchell-3.ppt

ACC39 Design derived from INFN Cry 2/3

INFN

" LASA

e =
e e

Cry 2

HeGRP

He feed
Pipe .

=~ J0K shield

SC cawty

4K shield

Module1,2& 3in TTF |

IASF - CP Seminar #7

Shenzhen, 23 December 2022
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3'd Harmonic Cavity String

INFN

L

Don Mitchell

Carlo Pagani
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Cavity String closeup

INFN

Don Mitchell

Carlo Pagani
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Magnetic Shield closeup

INFN

Carlo Pagani

33

IASF - CP Seminar #7
Shenzhen, 23 December 2022



IAS! ACC39 @ FLASH

INFN

" LASA
RF
RF Gun & Bunch - Bunch Stations
ompressor v ompressor v v
’— iﬂ Undulators
e | s | S | = |
3rd Diagnos-
Laser harmonic tics Accelerating Structures =
ypass i
5 MeV 130 MeV 470 MeV 1.2 GeV Expetments
Beam direction

Number of cavities 4
Cavity length 0.346 m

’ Design gradient 14 MV/m
Phase -179°
Cavity frequency (o©/27) 3.9 GHz

- R/Q (VI/QwU)) [5] 373Q

Epeak"/Eacc 226 Pe- Zhang
Byeak (Eaee™14MV/m) 68 mT
Loaded Q; 1.3x10°

Max dipole R/Q at /2w

50.20 Q/cm?, 4.831 GHz

Carlo Pagani 34
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INSHE ACC39 Module from Fermilab to FLASH INFN

Tested at CMTB/DESY  Fully Operational at
FLASH/DESY

IASF - CP Seminar #7

rl i
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I Oy Commissioning of Fermilab Contribution INFN

" LASA

Proceedings of IPAC’10, Kyoto, Japan THPDO003

TEST AND COMMISSIONING OF THE THIRD HARMONIC RF SYSTEM
FOR FLASH

E. Vogel, C. Albrecht, N. Baboi, C. Behrens, T. Delfs, J. Eschke, C. Gerth, M.G. Hoffmann,
M. Hoffmann, M. Hiining, R. Jonas, J. Kahl, D. Kostin, G. Kreps, F. Ludwig, W. Maschmann,
C. Miiller, P. Nommensen, J. Rothenburg, H. Schlarb, C. Schmidt, J. Sekutowicz,
Deutsches Elektronen Synchrotron (DESY), Hamburg, Germany
H. Edwards, E.R. Harms, A. Hocker, T.N. Khabiboulline, Fermilab, Batavia, Illinois, USA
M. Kuhn, Hamburg University, Germany

IASF - CP Seminar #7
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IASE Phase Space Linearization Acheived @FN

beam direction

OTR-2 (& Quadrupole &
- Steerer &&

3.9 GHz oft 3.9 GHz on

IASF - CP Seminar #7
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IASF  INFN In-Kind Contribution to the E-XFEL INFR

" LASA

PHYSICAL REVIEW ACCELERATORS AND BEAMS 20, 042006 (2017)

Fabrication and vertical test experience of the European
X-ray Free Electron Laser 3.9 GHz superconducting cavities

P. Pierini, M. Bertucci, A. Bosotti, J. F. Chen C. G. Maiano,” P. Michelato,
L. Monaco, M. Moretti,* C. Paganl R. Paparella, and D. Sertore

INFN Sezione di Milano—Laboratorio LASA, Via Fratelli Cervi 201, 20090 Segrate (Mi), Italy

E. Vogel

Deutsches Elektronen-Synchrotron DESY, Notkestrafe 85, 22607 Hamburg, Germany
(Received 21 December 2016; published 27 April 2017)

IASF - CP Seminar #7
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Ay Same Scheme in the 3 major XFELS

INFN

" LASA

Injector L1 L2 L3 SASE1 & 2
1.3 GHz module 4 modules 12 modules 80 modules 3.-> >25keV
3.9 GHz 3" harm. (1 RF station) (3 RF stations) (20 RF stations)

SASE3

%ﬂ 0.26 -> 3 keV

Soft X-ray
Variable Gap Undulator

MDD  HED

XFEL
construction during 2009 — 2016
in operation since 2017

cw upgrade after 2025 (?, tbc)

0.2-5keV @ 1 MHz !
-t - EENI D
V=100 MV Vo=211 MV HL ) Vp=1446 MV Vo=2437 MV
I=12 A lx=12A @=-150 1;=80 A [5=1.0 kA SXU . .
|:f=1-°2 L2 mm Vb7 MY fﬁf’;smm ;0 i Exp. under construction since 2014
CMo1 CM02,03 cMo4 P-4 CM15 CM16 -1 CM35 Hall . . .
b \ s ) [ | - first lasing expected in 2021
GUN E=100 MeV E=250 MeV E=1.6 GeV HXU .
rsokey fas e iy HE 8 GeV upgrade until 2026
n Hard X-ray
Variable Gap Undulator
1-25keV @ 120 Hz
1-5keV@ | MHz
FEL-II (0.4-3 kel S H I h! E SARI
\;?DFKS\.U"H CMD:}LDCMM W cm?z-m o A cmcl:-i-a e cmzljﬁ , 7 FEL-| [3-15 keV) 1 1
" \ A — under construction since 2018
prcner 1 ey 2 ey 2 o s v\ ) to be commissioned in 2025
FEL-I11 {1D-25 ke¥]
- —— goal: cw and 8 GeV
Hans Weise @ FEL2021
Carlo Pagani 40 IASF - CP Seminar #7
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Due to alternating couplers requirement, for coupler kick compensation, and to the
position of the 2-phase pipe there are two dressed cavity configurations (left and right)

Blade tuner updated to the “slim” type, concept derived from ILC tuner work by INFN.
Lighter, cheaper, motor to the side.

Design of the Module is “Plug compatible” with XFEL modules

IASF - CP Seminar #7

Carlo Pagani 41 Shenzhen, 23 December 2022



O E-XFEL 39 Harmonic Module

* 10 3.9 GHz cavities produced and treated by the industry
* Naked cavities Vertical tested at LASA

* Integrated at the industry
Cavity after HQ tank

« Equipped with Power Coupler and assembled in the inebir 288 g “@éﬁ—

string at DESY and motor

—| ﬁ \\"‘f
» String moved into the cryomodule for final installation ﬁﬁ'ﬁ' '\' i

* Module in E-XFEL tunnel by end of September ‘15.
* First beam in E-XFEL Injector by the end of ‘15,

,Z, _— ' | P ‘--. : l
String of- cayMPowerC Iera r’}

s -._tro\I(og: fr:n;Cle?FFRoom @DESY. =

‘\'

“Test (¢

4.9 Gz cavities o8
XFEL Injector

CLwt es rg&! g ‘ <
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INFN

" LASA
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iy WP46 - Cavity Fabrication and Test INFN

" LASA

VT String Assembly

preparation

~Weld inspection
. ‘A‘..-‘Fﬁh\ S s RIS - -2 NS (S nes 03

S e R o g i

Summary of all vertical tests of 3.9 GHz cavities

1x 10

iCavity Tests

5x10°

. “"l.‘ ﬁ ﬂ ‘
I SPEC: 15 vam@m-“
Q 1><109 Jlesi—

abO Vv, f
5% 10° e ! ,
Dec iﬁ '
Cat;
L 1080 5 10 15
Eace(MV/m)
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XFEL 39 harmonic: cavites and Cryomodule

INFN

" LASA
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IASh E-XFEL in a nutshell C(NFR

1.3 GHz SRF linac with 17.5 GeV, 5 kA bunches for an
FEL operating in the 1-0.5 A regime

« 27000 e- bunches/s (0.6 ms flattop @ 10Hz, 2700 b/pulse)

« 1 klystron driving 4 8-cavity modules in vector sum mode

Beam quality (emittance at high currents) is the key

e« Three bunch compression stages at 130 MV, 600 MeV, S
2.4 GeV to raise the bunch current &
© 300kw X
1Modue A2 {_A3 | A4 | A5 r/_\%A@s: [ 24 g
ﬂIAHl - @
0.24 kW 5 kw =
300 kW 5
n.c.Gun LH, Dogleg, BCO BC1 BC2 Collimation 300 kw 2
1.3 GHz
6 MeV 130 MeV 600 MeV 2.4 GeV 6to17.5GeV
' 2 2 2\ g 2 2, EUEEEN
“ £ Zn %, % 0, T, %5 O
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|IV\QF 3"d Harmonic for Longitudinal Phase Space INFN

" LASA

m EXFEL needs longitudinal phase space manipulation before the
bunch compression stages

= A proper current profile along the bunch for lasing is thus obtained
by control of energy chirp, curvature, skewness in the longitudinal
phase space

Removing the RF curvature from the 1.3 GHz module caused by
the long bunch length at the injector

Compensating wake fields in the main linac, BC non linear
optics, space charge effects...

® How? Add a (third) harmonic voltage and properly set its amplitude
and phase relative to the main accelerating voltage

M. Dohlus, T. Limberg, “Bunch compression stability dependence on RF parameters”, 27t FEL Conference (2005) p. 253

IASF - CP Seminar #7
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Ay Phase space manipulation in a glance INFN

"~ LASA

Using only Al to chirp the beam (no AH1) At final compression stage  Large current spike
current spike but low charge for FEL!

lengitudinal phase space after ACC1 . . longitudinal phase space after BC2 longitudinal phase space after Collimator
Longitudinal phase space
13 34 1001 BE7] 3.336 OS50 __BE7__ciill__sided | 0.8333 06671 05003 03336 0.1668 0 -0.1666 0.8339 06671 05003 03336 07668 0 -07668
qz50¢ es00
Current along bunch wf ver
T 2 12 T N z ol
£ T 06 2000 5 Je000
E " g o
3 2 g
= = E 006
8 ok & 04 @
=) 18 = T80 & g 11500
z -1r . B 02 & 00z
| 2 £
5 5 Jrooe 5 {1000
B ol & 2
2 ] 3 0 @
5 i = & -0.02
z -3 S :
2 . Z 1500 5 -noa o0
2 2 5 -0z 8 -0
| /chirp+curvaturel : .
-4r -0.08
A s ; ‘ . ; >
-4 -3 == =1 o 1 2 8 & -250 -200 -150 -100 -50 a 50 -250 -200 -150 -100 -50 0 50 @)
longitudinal position s mm] longitudinal position s [u] longitudinal position s [um] =
After A1 (180 MeV) After AH1 (130 MeV) After BC2 (2.4 GeV) After L3+CL (17.5 GeV) o
longitudinal phase space after BC2 longitudinal phase space after Collimator LL
longitudinal phase space after ACC1 longitudinal phase space after ACC39 arrival time [fs] e e ] o
arrival time [ps] arrival time [ps]
1334 1001 6671 3338 0 -3336 -66.71 -100.1 -1334 1334 1001 BB.71 3336 0 3336 BB71 1001 1334 (V)]
1334 1001 G671 3336 U303 0671 1001 1334 13M 1001 667 333 D G036 BET A0m 135
e e | g 1800 e {1600 f—
= z
£ 8 = &3 Q1600 = %, 1600 E
= g 2 002 - —_
B s | = " |
g ; E 1400 3 - 1400 ()]
B 5 | 5 =
H 1 £ o 1200 o
= o w | .
= = o 1000 = -0.02 1000 :
B 0 5 dom 5 REL
2 = 2 -0.04
= 5 02 5
EJ I H o = -eon
£ @ o -0.06 o i
@ 2 a0 2 R
E . 5 5410 A E ) 400
2 . fe00 008 S : REL
B
05 , , . . . . \ . . | | .
. . , . b | . , . 40 -0 -0 -0 0 10 20 a 40 40 a0 10 0 10 20 an 4n
- 3 2 2 3 4 " 3 2 2 3 4 longitudinal position s [u] longitudinal position s [ur]

-1 0 1
longitudtinal position s [mm]

-1 a 1
longitudinal position s [mi]

At final compression stage Beam flattened for good

Off crest operation AH1 removes curvature atts
FEL emission

creates chirp+curvature and prepares for BC good current profile
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Il‘ﬁc What is in the AH1 module?

The third harmonic system (AH1) is functionally like a standard main XFEL
module, but contains 8 cavities at

3.9 GHz (3 times the frequency, therefore 1/3 of the size)

IN-KIND Contribution to XFEL by INFN (50%: Cavities and module) and
DESY (50%: Couplers, RF and infrastructure)

« Joint: installation, technical commissioning and initial operation

P. Pierini, SRF2017, Lanzhou
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IASF

Cavity production and testing

INFN

~ LASA
3 prototypes and 2 batches of 10 cavities procured by INFN
« Mechanical production & BCP treatment at Vendor
« Preparation to test and VT at INFN-LASA
10" . . — 10W 107 ' ' e B
1% batch (X3M1) : 274 hatch (X3M2) =
//// :"!“"“*" B F ok * *x % oy g é
. : N
* b . : c
m&ﬁ‘r;‘ﬁ}{i ;2 '—l- H mE lll-/‘ N INE 5 fl.
1 15 i, AMAAAMA AAAAAA A A AA A, gl 5
/lem MV/m ‘ / Al 8
g 10° 70 o e ™ 0w & 10} /o o 1 100W e
// r\gooml\ljlnval Qlia;gc,\eﬂlt\llon - — 3 // '\g%ml\llln\?l Qia‘rgc'\anlt\llon ~ _ U),
/ with 8 cavities  with 8 cavities ~ / with 8 cavities  with 8 cavities/ c
// P // - S_'f
@ 3HZ004 A 3HZ007 | 3HZ010 * 3HZ013 @ 3HZ014 A 3HZ017 < 3HZ020 * 3HZ023 [l
| 3HZ005 v 3HZ008 * 3HZ011 3HZ015 v 3HZ018 * 3HZ021
¢ 3HZ006 > 3HZ009 x 3HZ012 ¢ 3HZ016 > 3HZ019 *x 3HZ022
10° — ' ' ' 10° e ' ' '
0 5 10 15 20 25 0 5 10 15 20 25
E, ., [MV/m] E, ., [MV/m]
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I~ VT Qualification summary

INFN

| EWvml | Q10

P. Pierini, SRF2017, Lanzhou

First Batch 20.4+1.1 2.39140.29
Second Batch 19.9+2.4 2.77+0.65
20.1%+1.9 2.5810.45
Rgcs: as expected from the 2 scaling R,: Follows JLAB scaling R,=5.3+1.89 (f[GHz]) [nQ2]
.................... 1M+
100 - 100¢ E
90+ <10 mGinVT
(SIS |
| I | [ T | or ; ¢
g : J ) \ l T ‘ | l )» J T 60
T 80f e e ———
0 o 50f ;
] l ] w t * § R =29:241nQ
70+ ] 30} ¢ [
: . & * s ()
Recs=85 = 1910 I 20 LR .
60r ] 10}
.................... Y N R 2
4567 8 91011121314151617181920212223 456789 1011121:_31415151718192021222
Cavity No. Cavity No.
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Il\ﬁﬂ Behavior at high field (NN

All cavities quench at around 20-22 MV/m

+» Dissipated power on the cavity in the 20-100 W range

« Thermal equilibrium model with field dependent BCS reproduces the slope of Qg vs E,..
curves at different T

» Thermal breakdown around 20 MV/m seems the limiting mechanism of 3.9 GHz structures

with BCP _
Heat transfer can be linearized =

1E+10 3HZ015 @2K assuming weak quasi-particle overheating &
N~

(Typ—To < Tp) g

& 7Y YR I~ 2

e b I 1 - O.’Tb th H e
w‘ﬁ. Tap — Thath = R < o0 Ry(H,Tgp) 2

O 1E+09 % 5,0 c £
(D)

—_—Q0 ex : a

ZZ it Overheating o = _RsoBe (l L4 +i> o

T a=o1s parameter 2u5Tpaen \Y Kk hi

1E+08 0 5 20 25 A. Gurevich, “Reduction of Dissipative Nonlinear...”, arXiv:1408.4467 (2014)

10 15
Eacc (MV/m) ) ]
J.T. Maniscalco et al., “The importance...”, JAP 121, 043910 (2017)
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IASF

Validation test in AMTF (March 2015)

INFN

" LASA
No module test prior to installation!
Horizontal test for the cavity package qualification
» Cold Tuning System & Coupler assembly
Open loop operation at 20 MV/m
» Quench at 24 MV/m,10 Hz, 1.3 ms
e VT: 21 MV/m (quasi CW) S
R:::g:m Eacce| 2063 M o e :.
Pv:: n;s k: Gtrans= [TSTEST0" ,. /I 2 Iﬁ:L
Phomi=[T000° " w  Ghomi= [ZITENT B"!"""sh.'o ....... S I Fg:jg gF (/)“
,...:i'ﬁr;:l, Q — Q
ﬁ%}g%& - ,’r';‘!.‘;,m ebIRE so00” "' ""10006 15000 18147 r':‘lrcv_;gwgl-

RepRate= 5[ 1000 |w:
Power stable sience= 5[ 000 | mn

wainc 700 [
ManC 70k [
wanC 4k R
HOM 1 =

' | Homz
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Final Preparation stages in tunnel

> "
J
Assembly WG distribution %
Injector String Integration g
Dec 10: Start cooldown ;
Dec 15, Cryo OK- cavity pre-tuning
Dec 16, calibration: AH1 Ready

Shenzhen, 23 December 2022



S

RF Distribution layout

INFN

LASA

Vector Sum
¢ 8 cavities

1 Pulsed Klystron (Max. 80 kW)

Klystron up to 60 kW

VM amplitude vs LLRF setpoint Kiystron power meter vs LLRF setpoint

Fixed coupler

3-stub tuners for QL
adjustment cavity
phasing

Directional

Coupler 1

Directional
Coupler 2

Low Level RF
drive signal N

|:| >
N N I N

R

90 kW
Isolator

]

Waveguide

Switch

|
| O

Transistor
Amplifier

Klystron
VA-908K2

N 60.2dB|N N ‘59.8 dB
20dB

splitter only to limiter

LLRF HLRF

49.8dB[N N[50.0 dB
splitter only to LLRF

LLRF HLRF

Waveguide
Twist

Directional
Coupler C1

—— —{9 Absorber

- 1 Short-Circuit

12 kW
Isolator

£ —

3-Stub
Tuner

Cavity 1:

40.0dB|N N[39.5dB

Directional
Coupler C3

12 kW
Isolator

S =

3-Stub
Tuner

Cavity 3:

40.3dB|N N[39.9d8B

Directional
Coupler C5

12 kW
Isolator

L] -

3-Stub
Tuner

Cavity 5:

39.5dB[N N[39.3dB

Directional
Coupler C7

12 kW

12 kW
Isolator

=

3-Stub
Tuner

Isolator

40.1dB[N N[39.4dB

Directional
Coupler C2

12 kW
Isolator

=

3-Stub
Tuner

Cavity 2:

Directional Coupler
at cavity

39.6dB[N N[39.8dB

Directional
Coupler C4

12 kW
Isolator

I

3-Stub
Tuner

Cavity 4:

3-Stub
Tuner

39.8dB[N N[39.8dB

Directional
Coupler C6

Side |

12 kW
Isolator

e =

3-Stub
Tuner

Cavity 6:

-
==
-
[ caviey 7
=
==
s

Cavity
Coupler Port

39.6dB[N N[39.5dB

Directional
Coupler C8

12 kW
Isolator

| b -

3-Stub
Tuner

|—>Cavity 8:

39.7dB[N N[40dB

3HZ010

3HZ012

3HZ008

3HZ004

3HZ005

3HZ013

3HZ007

3HZO011

P. Pierini, SRF2017, Lanzhou
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IAS First operation at nominal gradient on Day 1 INFN
18 December 2015 “"[.z,j;',i‘," I
« Operation with no beam =
« First rough calibration (LLRF)
«Assume P, =P}, /10 <
« Nominal pulse structure 4 5
+Fill: 750 us/FlatTop: 650 us A e ———————— | E
» Gradient well above nominal o " s
40 MV of VS voltage : %
«First quench > 45 MV ::4 N l‘ﬁw/f &g
« Cavity phasing missing and Q, = a&f@‘r = X
values not yet tuned IR b =
. LLRF in EB mode <
SR TR M "I rEA >
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Beam Based calibration: Cavity Phases

INFN

Eace (MVim]

Field decay from cavities
T T T

7
H ; —1
P ISR SO IO S P e oo 5
a—— —
———-8\ _
R i R N
4l k:‘\ B —5
NN -
3 \h\\ —7
) -
w::
Y AR T N Y
' 1 16 K]
tne [s] 10
QL value
10
eeeeeeeeeeee
9.2e+06 f4etf
8 6.1e+06
5.2e+06
S SO NS SO VOO SO SOOI SN N5 L
||||||
5 2e+E B 5406 7 De+06
.3 5er8 6.4e+06
2

0

Cavity transient, QLC'determination and

phase calibratjon

haseswrt C1 (LLRF)
H
0.0
40 45.9
0.1
471
® 13
20 -18.2
589
-12.1
n
¢ 20
a
40
160° |
3
-30
2 3 4 B 3 7 ]
CaY

Boam Voltage {au)
&

o0

+ b
W aJ\
TINT R
nmﬁlf(’“.‘/':{ﬁ“ ‘]\_
{ )"l:\ .

ol & "‘,4 LY o v o b 4
B'eam |"n%:|:1ced cavity g‘r‘a'dien‘tlfpi‘énges ] Tune W|th
kY, M A
RN o 3-stub tuners
RN N o WG Spacers
e

"' After operation of a few stub tuners

January 2016, on beam
« Beam transients
« Phase Calibrations
Preliminary to :
» Phase Tuning
« Q_ tuning
Large initial cavity phase spread
« WG assembled in tunnel, no cal.

AH1 Beam Induced Voltage vs SP Phase
T T

'

P. Pierini, SRF2017, Lanzhou

100 150 200 %0 00 350 400
SP Phase
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IASF

Q, tuning & Phase alignment

INFN

1 February 2016, AH1 moved 1 ms after the beam
» Allow injector commissioning while aligning cavity phases

Individual maps of all 3-stub tuner positions

{EMOA] keMot2 soMct3)

Q,-Phase region

QL tuning & Rbase alignment

Case of design in range of tuner

IramAder SpAce RAMOtE k=MOIZ reMctd)

Q,-Phase region
Case of design outside range of tuner
&

WG spacers installed on 3 cavities

deta Frase fegl

P. Pierini, SRF2017, Lanzhou
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II\VQE Started regular operation in injector

INFN

" LASA

10 February 2016

« Q, aligned well within the 10% requirement
» Phases within 15°

16 February 2016
» Back on beam

1t AH1 Q| values
SN RS N S S <Q=326e406> |
S
L N S U S R
: : x :
e e D * ... W EERRERRIRE O Do
1' ; 3 3 ; G 7 ;

Cavity #

» Moved to -180°(wrt on-crest), calibration with beam energy

P. Pierini, SRF2017, Lanzhou

Carlo Pagani 61

IASF - CP Seminar #7
Shenzhen, 23 December 2022



Il\ua,.': Quench Gradients (VT vs Module) INFN
RF based calibration in tunnel initially did not correlate too well
with VT quench gradients
30
. VT
RF Calibration Due to Iarge
25 - mmm Beam Calibration uncertainties N WG
distribution details 3
_ 201 <
£ g
%15 AN A8 A8 NN Good agreement 5
: after beam based 7
“ 101 calibrations =
: . o
° Cl C2 C3 C4 C5 C6 c7 Cc8
Cavity



HOM performance

INFN

Cavity QO is 2E9 (VT measure)
Qtis 1E10 (VT calib)

Cav
C1
C2
Cc3
(of:]
C5
C6
C7
C8

QH1

7.29E+09
1.14E+12
8.70E+10
1.91E+09
3.18E+11
8.32E+11
1.36E+11
4.50E+11

QH2

5.64E+11
5.72E+10
1.33E+11
6.29E+11
2.68E+11
5.05E+11
6.28E+10

N/A

Thermal sinking is sufficient
for stability (at 1% d.f.)

C1 HOM1 suboptimal tuning

C4 HOM1 detuned (cavity QO)
However, stable thermal behavior
at 1.3 ms, 10 Hz operation up to
SP in excess of 40 MV

P. Pierini, SRF2017, Lanzhou
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Beam Based Calibration of Module voltage @

Needed variation of AH1 SP [MV]

RF calibration did not give sufficient consistency in A1/AH1
correlation. BB calibration using dispersive section.

Correlation of A1/AH1 SP for fixed energy Correlation of A1/AH1 SP for fixed energy
: - : ; - 1 ' . ' r . @
L] AH1 [MV]=1.000 A1 [MV] e
AH1 [MV]=0.865 A1 [MV] o 1 o A1 [MV]=1.000 AH1 [MV] ... AUUAH1 calibration check: X pos in spectrometel
A1 [MV]=1.156 AH1 [MV] =08 ® 1 E
e & s g,
- 5
o | < o ® g 0z S
) <o o
* s . 5
® '§ 05 ® @ =
] ©
> % =188, -
v o AH118.74 ~
® | _§ :
o @
3L ‘4 4 = [ 8
i po n of A1 SP [MV] LL
@
- 2 K 0 1 2 3 - 08 06 04 02 0 02 04 06 n
Imposed variation of A1 SP [MV] Imposed variation of A1 SP [MV] E‘
=
2
o
o

Al1l/AH1 need to be in good relative calibration (phase and
amplitude) to control the beam with Sum Voltage Controls
» Improved consistency in VT/XTIN quench fields
« Important to check after RF calibrations are done

Carlo Pagani
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Ay RF Curvature linearization by AH1 INFN
Beam image on screen in the spectrometer beamline
< AH1 off O
AH1 on >
Beam image on screen in the
spectrometer beamline, switching on _
the Transverse Deflecting Structure =
& AH1 off S
AH1on - S
Vector Sum Control of the sum RF field ‘Ef’
of the two modules allows to set the B
beam shape parameters (e.g. chirp, o

curvature, skewness) for proper
matching to the downstream
compression stages

Y (i.e. t or s along bunch)

Carlo Pagani
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IIV‘-QF Summary of 3.9 GHz Module Experience INFN

"~ LASA

RF commissioning and operation of the 3.9 GHz module in the tunnel was
a success

» Achieved performances above nominal during the early injector commissioning stages in
December 2015, with the AH1 pulse shifted in time from the beam

Module in regular operation with beam since January 2016 in the Injector
run and ready for operation at the start of the XFEL commissioning phase
In January 2017

First XFEL lasing at 9 A on May 4t 2017 (then 2 and 1.5 A reached in
summer): final confirmation of proper third harmonic system performance

» (and of course of many other important systems...)

Since then, AH1 is a crucial part of the European XFEL user facility
reliably operating in Hamburg

Carlo Pagani IASF - CP Seminar #7
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