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Outline

 Historical intro of the SRF LASA group

* Cavities, cryomodules and ancillaries

* Expertise on prototypes and ancillaries
e Series production (in-kind contribution)
* Future activities

 Photocathodes




Path towards INFN LASA SRF experties

* The First Superconducting Cyclotron in Europe in
the ‘80s, now at LNS, was realized at LASA

* TESLA and the TESLA Collaboration (90’s ...)

* TESLA, a TeV-scale electron-positron collider, was the first accelerator
based on SRF.

* As a funder of the collaboration, INFN LASA contributed to:
» bring SRF to be reliable and usable for acceleration application
» develop high brightness RF gun based on photocathodes

TESLA TECHNOLOGY
' COLLABORATION
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e European XFEL (from 2000’s ...)
e A 17.6 GeV SRF based accelerator feeding a X-Ray Free
Electron Laser.
This project has succesfully demonstrated the possibility
of application of SRF to large projects,

paving the way to further challenging accelerators (LCLS-
Il, SHINE, ESS, PIP-II, ILC, FCC-ee, CEPC, etc.)




SRF and Photocathode Expertise

e Superconducting RF cavities (and ancillaries) development

* Photocathodes for high brightness injectors development

SRF accelerating
components

Injector ® e
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RF Gun Diagnostics Accelerating Structures Collimator
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SRF Expertise

e Superconducting RF cavities (and ancillaries) development

SRF accelerating N
components

RF Gun Collimator
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Bunch
Laser + LOMPressor Compressor

5MeV 130 MeV 470 MeV 1 GeV Bypass Experiments
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By LASA SRF Group: expertise and experience in SRF

ro2era,
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Half Cell Parameters tpha ]

Cavity — Electromagnetic Design

o |

I ° Full parametric model in terms of 7 geometrical parameters == . == A \[ \
5 : : : : : T — D |
S °* We built a 2D parametric tool BuildCavity for the analysis of — j\k EL
> . . I - -
2 the cavity shape on the electromagnetic parameters based on —= -

= SUPERFISH =

2 * A multicell cavity is then built minimizing Field Flatness error, =:fiklerie = B EETE

3 compute B and TTF as well as final performances Oy
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=3 ° The 2D model constitutes the basis for further 3D B
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PIP-1I LB Cavity: Example of EM analyses

performed: Dipole HOM at 1678 MHz wed 0 sx T & Coven 1 et o
. . . . lovatl, former studen mine,
showing partial reflections in the FPC working at TJNAF on SNS cavities TEEF e .
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SOURCE
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Mice, December 10-11, 2001



D . . :
& Cavity — Mechanical Design

 The EM design is transferred to mechanical analysis (iterative loop) for estimating critical
parameters as:

e Ri di Mechanical Parameters INFN design
INg radius Cavity wall thickness (mm) 4.2
e Stiffness Stiffening ring radius (mm) 70
) o Internal volume (1) 69
* Tuning sensitivity EZEEM Cavity internal surface (m?) 1.8
L9 Stiffness (kN/mm) 1.7

* Vacuum sensitivity ' ' s

9,1373

Tuning sensitivity K; (kHz/mm) 205
Vacuum sensitivity Ky

- Kext ~ 21 kKN/mm (Hz/mbar) -
LFD coefficient K;

- Koy ~ 21 KN/mm (Hz/(MV/m)?) -

7,9969

* Lorentz Force Detuning (LFD) i

4,5756

3,4352

* PED, ASME compliance e

0,013895 Min

* Developed specific tool Mecavity

on
(o)
o
o
(O}
o
o)
£
()
>
(®)]
P
(@]
i
|
=
O
-
©
—
Q
Q
Q
(@]
<
=
L
<
o
=
©
=
£
(¢D)
(V]

.
o ) A
[ e
200 }?‘W‘""“"E A
. |

Dynamical analyses: natural modes




Cavity — Towards production -> Prototypes

* A key element of our expertise consists in the transfer of the
electromagnetic and mechanical design to production:

* Nb quality control (mech. prop., Ra, foreign inclusions, etc.)

* RF procedures from sheets to cavity

* Define production cycle to guarantee final length and frequency
* Define appropriate heat and surface treatment (BCP, EP, etc.)

* Mechanical and RF measurement and control plan

e Test of defined scheme on prototypes
e 2 K test for final acceptance

Before Tuning FF 65% |
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RRR measurements

Cavity — Nb studies and characterization

* Nb quality is critical for the final cavity performances:
* Mechanical properties (grain size, hardness, thickness, etc.)
e Chemical composition (elements and gas contents)
* RRR (Residual Resistance Ratio)
» Surface defects (scratches, marks, grease, etc.)
* Foreign materials (ECS — Eddy Current Scanning)
* Traceability (pressure vessel code)

fi'ig

LG Nb dics

Studies and tools developed:

* Treatment studies (BCP/EP) of EP set-up at LASA
defect evolution on Nb samples |
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* Final roughness (Ra) of Nb surface

* RRR measurements set-up

* Experience on FG and LG Nb
 EBW (Electron Beam Welding) studies

40 T T T 180 T T
% A  cool-down in vacuum
201 « B 1 16 e cool-down in vacuum and with N,
2004 o 1 == T=150°C (N, inlet, XFEL constrain) ||
1804 .‘ . 1« s A - T-55°C
160 s D ] "
—~ - —_ 4
O 1404 o E| A 9
=~ 1204 = F| ] < .
s N =
1004 A R ¢ 1
NI
80 Fo— ] 40 ]
-
6 * 1 20 ]
I T ] 0
250 500 750 1000 1250 1500 1750 2000

Pyron‘]:'eter' and gate valve {ime () 0 1000 2000 3000 4000 40000

time (s)



Cavity — Thermal and Surface treatments

* Once the mechanical production is complete, thermal and surface treatments play a crucial
role in the cavity preparation to reach the final performances.

* Thermal treatments for stress release, de-hydrogenation, performance improvement:
* Vacuum quality (RGA - Residual Gas Analysis), pressure and temperature control, RRR

* Surface treatments for proper finishing and cleaning of the inner surface exposed to RF:
e BCP (Buffered Chemical Polishing) and EP (Electro Polishing)

Annealing cycle

 Studies and tools developed:

* Depth profile and SEM/EDX for process optimization and quality
* Acid flow simulation and test bench for process improvement

0.3
oy ——untreated
3 Hydrogen
e
z —800°C
201

EDX g
0

* Temperature and thickness evolution during BCP/EP et e J o o0z 04 o0s 08 1

s | —( Depth profile on Nb samples ’_

wwwwwwww
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* Inner visual inspection set-up for surface finishing check
» X-ray fluorescence set-up for foreign materials analysis (non-destructive diag.)

X-ray fluorescence system and Inner optical inspection
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= Cavity — Thermal and Surface treatments
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E-XFEL (3.9 GHz)
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EP on-line measurements (PIP-I1)
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Cavity — Final assembly before cold VT

* Final assembly operations are crucial to reach good final
performances of the cavity, done in Clean Room (ISO4-7):
* Final surface treatments: BCP/EP and heat treatments

e Cleaning and rinsing procedure, HPR (High Pressure Rinsing), e
UPW (Ultra Pure Water) system me

* Accessories assembly (antennas, flanges, etc.) 1 AR <

* Pumping to low pressure (10-1° mbar) with
SPSV (Slow pump/Slow vent), leak check and RGA

* RF Final check before delivery

., LASAHPR for 3.9 GHz (E-XFEL)
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Cavity — Cold VT at LASA

e Clean Room and UPW

e Ultra-Pure Water plant
e [SO4-7 clean room, HPR system
* Qualified Slow Pumping Slow Venting system

e Cryostat: ¢ 700 mm, 4.5 m length, losses~1W @ 2 K

* Residual magnetic field: < 8 mGauss (single shield)

* Single umetal external shield and, second cryogenic
shield (Cryoperm) installed

* Sub-cooling system:
* Cooling power: ~70 W @ 2 K
* Lowest temperature 1.5 K.
e Direct filling at 2 K

* RF capability: 500 to 3900 MHz

* Dedicated inserts with several diagnostics:
« 2" sound detectors for quench localization
e cryogenic photodiodes
* fast thermometry
e flux gate
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e X-ray counter and X-ray Nal spectrometer RIIeelsleRYel¥]4le

PIP I FGOO1 One Cell Vertical Test QvsE

= @10.1 MV/m /6@ 11L.9MV/m /6 @13.4 MV/m
3n/6 @ 9.7 MV/m 51/6 @ 12.0 MV/m =110, g=310° z=30

21/6 @mﬂwm r=160, q=250" z=330

Eacc [MV/m]
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Connection to SPSV

- — -

et et o S
;" ¥

Craning to test bunker

Cryostat insertion 3
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Cavity on insert with =X “9/
sensos and diagnostic 4
installed




Cavity ancillaries - Frequency tuners

Cavity Detuning: Aw = Wpr — A,

 Each SRF cavity must be equipped with a cryogenic tuning device, Cold o f (6B = pH*)dV

Tuner, to keep its resonant frequency as close as possible to the project |/ | (&E +uH")dv
value and thus compensate detuning.

Repulsive
magnetic
forces

Slater’s theorem: Attract
° Many pOSS|bIe detur“ng sources: detuning rises with the square of field eloctric

forces

* Lorentz forces on cavity walls shielding currents induced by electromagnetic |,_, , (1, L &y S
fields 4 fFWHM orentz Force detuning
* Microphonics and stochastic noise, strongly correlated to helium bath Required power rises with the square of detuning]
pressure fluctuations T
e Tuners control static frequency value (slow action, scale of second to A \(\ e

minutes) and suppress dynamic detuning (fast action, scale of [ / p

milliseconds). | : / \AT/

Detuning [Hz]

Seminario INFN Acceleratori — 10 Novembre 2023

N
* At INFN LASA we designed, developed and experimentally qualified Ny
tuners and their control systems in many international projects |
_BGEUO 400 600 800 1000 1200 1400 1600 1800 2000
Time [us]
INFN Blade Tuner for E-XFEL Main INFN Blade Tuner at S1-Global INFN Tuner for the ADS cryomodule INFN Tuner for the ILC cryomodule Piezoelectric actuators for

E-XFEL, DESY, Germany Linac Tuner KEK, Japan at IPN-Orsay, France at Fermilab, USA fast tuning, E-XFEL, DESY
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Cavity ancillaries - Magnetic shielding and compensation coils

We have design and experimentally qualified cryogenic magnetic shielding solutions for

different cavities, for cryomodule as well as for cryostats.

Magnetic shield on a 3.9 GHz
cavity mockup at Eu-XFEL

Magnetic shield on a 704.4 MHz .=
TRASCO cavity installed below
the helium vessel

"
—

Helholtz coils setup for
residual field compensation
during SC transition

LASA cryostat magnetic || f
shield being qualified |=</'

s




Cryomodules for SC cavities
Since TESLA we are collaborating to the R&D on cryomodule design, toward:

* High filling factor: maximize real estate gradient/cavity gradient

* Moderate cost per unit length with simple design, based
on reliable technologies and with low static heat losses

» Effective cold mass alighnment strategy with room
temperature alignment preserved at cold

Module 2 Module 3

*  Wire Position Monitors designed and demonstrated

* Effective, optimized and reproducible assembling procedures

As well as cryomodule production:

EUROTRANS / MYRRHA demonstrator module
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*  TESLA Test Facility at DESY
e  XFEL 3rd harmonic modules for the E-XFEL

Eurotrans
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From prototypes to series production

* Large projects requirements:

* Large number of components (cavities, cryomodule, ancillaries), massive number of high quality Nb sheets
* Process optimization (industrialization) for high reproducibility and reliability
* High production rate

* Laboratory resources:

* not able to manage large numbers in term of quality, man-power, optimized cost, scheduling respect,
infrastructures, etc.

* Criticalities, warnings (mainly for cavities):

* Optimization of components design: feasible for the production and for repairing action

Stable and feasible preparation process: no R&D during series production -> high risk of delays!

Long production cycle: from mechanical production to final steps some months -> risk of several defective
cavities and a long and expensive recovery process

High Quality Control (QA/QC plan) is a must: diagnostic of large number of parameters during all
production steps (failures mitigation)

Preventive maintenance on plants: mitigation of possible faults

20
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= European XFEL

XFEL

i

Experlmental
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European XFEL

\?’J

XFEL
I T A | — - ||—r--1

Italia in-kid ontribution:
* 1.3 GHz: 320 cavities, 42 cryomodules, QC 800 tuners
| © 3.9 GHz: 1 cryomodule, 20 cavities (blade tuners, He-tanks, magnetic shields)
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Injector L1 L2 L3
Vo, 136, =0.16 GV V,=0.65 GV V,= 1.85 GV V,=5.5t0 15 GV
D364, =20° O = 28° O =22° d=0° Ksaser/2= 3.9 —1.65
Vo,3.96H, = 25 MV Ksnses =94
Dy 561, "\190o s T T~ - 50 Modules ™ /'Q%M(W
duft \ A3 | iAa ] A5 A A6 -~ A25 QP
J 5 kW R. _ : LA
J._. \ 9 kW . .300 kW 56\~0.1 ’ . i
- Gun LH, Dogleg, BCO BCl1 BC2 Collimation .
13 GHz R, =-150to -30 R = -120 to -50 Ry =-80t0-20 R, =0 300 kW
6 MeV 130 MeV 600 MeV 2.4 GeV 6to17.5 GeV :
| 1 | 1 1 | 1 | |
o ) % 2 % % % %, %
Y % 2 % 0 0 0 0, D
% % % » %
-
() 1 xsbu2 — i L UC) 85
_— e L]

0.2 1 Photog Energy [keV] 10 20

linear accelerator XHEXP1
for electrons (10.5, 14.0, 17.5 GeV) 0. 4 n .4 nm 7 nm
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= European XFEL: 1.3 GHz series cavity

Purposes:

* 800 SC cavities, 3 Nb suppliers, 2 industries,
2 recipes (Final EP/ Flash BCP)

* Average usable E-XFEL gradient

Analysis VT @ 2 K vs. running

Inclusions
in Nb sheets

production quality

Comp. A

Mechanical defects
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al * 23.6 MV/m @ Q,=1x10%, X-Rays <1x102 mGy/min Comm) IR % %; ¥ M
= * Delivery rate about 8 CVs/week S "gs‘j; H -fﬁ iHﬁ * Jf *
4(_01 u}lS
Q 10 * Emax (1t test)
E . 5 M Eusable (1st test) Ez
8 HOW It wo rked: ’ B P A T S S A P AT
< B
= » Materials and vendors qualification (Nb) , productiondste 7
Z oo . . ) Dirty assembly operation (CR)
o » Definition of detailed production specs (2 recipes), N o
& PED 4.3 compliant (prototypes, TESLA experience) _® ; *;# ﬁﬁ% H# H
% * Cavity producers qualification (mechanical) ‘;E; H H ﬁ }
< e Technology transfer to industries “ﬁz S

e Grown and qualification of insfrastrucutes . - RI

R T Y YN Y Y Y Y NN Y Y Y S

S 0 N T T TR T T T Y 3
NN N NN N
....... ik Pt
SIS TR °*\¢°\°\w-’°’-,£o“¥ﬂ'o¢“\m°«°¢'b“ﬁ“\4"\°°\3#’4“0?13"
NG
&
5

* Qualification of the transferred technology
» Set-up of the «external» QA/QC at industries

 Series cavities production: continuos monitoring
of key parameters

* Prompt feedback of the running production quality
(analysis of VT vs. key parameters)

EBW (EZ)
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&35 ' X ‘
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120 °C baking system (EZ)

HPR cabinet (RI) |
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& European XFEL: 1.3 GHz series cavity results

Results:

* Accepted Cavities as Delivered: = 70% (over 800)

» After Additional Treatments (mainly HPR):
all cavities accepted

* Rejected Cavities (replaced by companies): 8 (1%) " Y O i
t g [ Goal XFEL:
* In total 3 years (2013-2015) = 48  Epe223.6MV/m

Cavities ready for the cold

10E+11
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Q,>1-10%
. . test at AMTF (DESY)
Cavity recovery history - — T OB |
0% : =] ! 0 10 20 30 10 50
-y Euce [MV/m]
B OK as received
zz ‘ = o Ist retr. T T T T
@ olla i1V 100% | o g . ]
g ::z 2\ L4 f: B S B 150
o —~ st + 2nd retr. =]
5 :Zz r- 5 a N1 80% [[] usable t | 1125
2 4 Zond h 1st+2nd + 3rd retr. \ |
£ o o — 100
3 100 3 ]
= 50 -~ Ist+2nd + 3rd + 4th + 5th retr. o 80% il 8
0-—%’ t ! ‘ o Al =
U IEnEIRRUNNARIEINURESS - - 188
sgfElegEssgieies et 40% |
g N || {50
a0 e o0 e \ 125
(7} HRI = s0 [ !
(] [ a0 0% L 7 . o 0
S| mez oroduction | \ N 0 10 20 30 40 50
8 at regime o g w0 Gradient (MV/m)
o -- - S T | REAREEULES z %8 -
50 50 E"é 0= o
"g“ i « 33 ¥ Final Performances
.Q g]u kL) ; ao -
gﬂ! 20 20 Emax - 33.0 i4-8 [MV/m]
2 10 R 10 -

0 o Lol . Eusable =29.8 5.1 [MV/m]
e B A Qq (23.6MV/m) = 1.4 £0.2 [100]
BB5255335824588 £33 a;lz 588255335824588 After 33.0£4.8 [MV/m] After 29.8 £5.1 [MV/m] (Egoal =23.6 [MV/m], Q,21-10%)

DESY Arrival Date Before 31.4% 6.8 [MV/m]  Before 27.7 7.2 [MV/m]
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& European XFEL: 3.9 GHz complete Cryomodule

Purposes:
e 10+10 Cavities, 1 Nb supplier, 1 industry, 1 recipe (BCP)
* 3.9 GHz E-XFEL gradient 15 MV/m @ Q,=1x10°

* Cavity ancillaries: Blade Tuners, magnetic shields,
He-tank, etc. j o

KEEL Injector
* Cryomodule: cold mass, thermal shielding, etc.

e ; o 8 e

How it worked:

* RF and mechanical design of cavity
* Recipe developed also in collaboration with industry
using three prototypes, PED 4.3 compliant

* Industry and LASA infrastructures adapted to 3.9 GHz .- PED Qualificatin
geometry (smaller) and qualified (BCP treatment, -
new HPR set-up, inner optical inspection system)

* QC at industry and at LASA -> QC improved

~a © N
ST

3 1.3 GHz gy

Production Cycle (3 acceptance levels)

Ettore Zanon S.p.A. \/ INFN Milano - LASA \/ DESY \

™
(o)
o
o
()
L
o]
£
()
>
@)
P
(@]
i
|
=
O
+—
©
—
Q
[}
O
O
<
P
L
<
o
=
©
=
£
(<}
(%)

Mechanical Fabrication

Treatments
« Bulk BCP
* 800 °C oven
* RF Field Flatness
* Final Etching
L

+
/ ‘ Naked Cavity ‘ \

(based on 1.3 GHz experience) I . RATALE
S‘inr.e thz.nnn nrzsu:l:\e;:r;;“::r He tank integrat\lﬂn
* Production shared between Industry and LASA pioishfopbilapdcdt | e g e )
(final steps in LASA clean room) m————— | ey |
* Cold VT (performance qualification) all done at LASA \__ 2ehase i weiing
Power Coupler integration
\ /\ / \[\ HT in AMTF _/|

27




European XFEL: 3.9 GHz cavity and cryomodule results &

Results:

* Accepted Cavities as Delivered: 85% of 20 overall

» After Additional Treatments (only HPR): all accepted
* Rejected Cavities: none

 Delivery rate: 2 cavs/3 weeks

Goal 3.9 GHz:
Eyoupie 2 15 MV/m
Q,21-10°

® @ 3HZ004 W W 3HZ008 @ @ 3HZ012 @ @ 3HZ016 e @

V V 3HZ005 © © 3HZ009 V V 3HZ013 ® & 3HZ017 V V 3HZ021
A A
(Sl

A A 3HZ006  * * 3HZ010 A A 3HZ014 * % 3HZ018

@ @® 3HZ007 ® @ 3HZ011 ® @ 3HZ015 ® @ 3HZ019 3HZ023
5 10 15 20 25
E,.. MV/m]
20 20 60 80 100 120
Bpauk [mT]
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"3.9 GHZ cavities

).+ 3 RF Curvature Linearization by AH1
.On LASA VT insert &
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INFN - LNS INFN — LNL&TO

INFN - M

e 3522 | MHz s —lllmmmnn 704,42 MHz s
~ T Timop <4bm> «38m> TIMB <« 56m> «TIm= <« [9m —>

'( Source RFQ
i —

75 keV 3.6 MeV

2000 MeV

w16 INStruments in
Constructionbudget

1020-
Reactor Sources

HE

Spallz:Eion Sourcga_§A_Rc _BNS_

SNST

10 ~ HFBRP ® NjsT ’ r~ 1 e o ¥ PR
LvR NRU @SAFARI-] Z'NRG'P K A ?rjwsstETERR-fRM-“ OPAL
%10 HOR EEPIT 7 KENSIBRRFF

Committed to deliver 22
_instruments by 2028

ZING-P

n/cm2-s
[y
o
=
1

CP-1
Berkeley 37-inch cyclotron

Effective thermal neutron flux

105 = Particle driven pulsed
350 mCi Ra-Be source @ Particle driven steady state O
A Pulsed react ( i .
. e Fission reactors Peak flux ~30-100 brighter
1 Chadwick
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 ; than the
Year Institute Laue-Langevin

(Updated from Neutron Scattering, K. Skold and D. L. Price,

Total cost: 1843 TEUIvS 55137

)

EUROPEAN
SPALLATION

SOURCE
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European Spallation Source

INFN - LNS

e—

-~ Flim> «46m> <«38m-> €I9Im3> <« Sm

(BCHD T

MEBT
-~ i

3.6 MeV

1020-
Reactor Sources Spallation Sources,
1015— M HFB:;Q ’ = aP o ‘SW?: —gi__ )
LvR NRU ‘SAFA'\FI{IEEEEZ;'\:TG_P KENS) d?QGI‘J%’%SINQETERR'fR'V"ﬁOPAC'-ARR
X-109, HOR WNR a

ZING-P

n/cm2-s
[y
o
=
1

2000 MeV

€/~

wmee] 6 [NStruments in

Construction budget'

Committed to deliver 22
_instruments by 2028

Effective thermal neutron flux

Berkeley 37-inch cyclotron

105 = Particle driven pulsed
350 mCi Ra-Be source @ Particle driven steady state O
A Pulsed t 4 .
e Fission reactors Peak flux ~30-100 brighter
1 B ChadWICIf 1 1 1 1 1 1 1 1
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 : than the
Year

Institute Laue-Langevin

(Updated from Neutron Scattering, K. Skold and D. L. Price,

Total cost: 1843 {MEuivs 5515

EUROPEAN
SPALLATION

SOURCE




\ 35221

F ° ® “24m-> <46m> <3Bm> € Im> < 56m > < 179m —> | evRosEan
ACCELERATOR [ ] Source High B [iEEREConingencying Target / g;ﬁlﬁlicngw”
— ° ° i I i b’ o 4
75 keV

3.6 MeV 90 MeV 220 MeV 570 MeV 2000 MeV/

OTIC
Ningxia

- J

REJECTED

Purposes:

* 36 (+2) SC cavities, 1 Nb suppliers, 1 industry, 1 recipe (BCP)
* ESS medium B (0.67) E,.. 2 16.7 MV/m @ Q2 5-10°

How it is working: | CS ts (DESY

SPECIAL
DIAGNOSTIC
RS vs. T, ETC.

VERTICAL TEST

B OK after 1t side scan
LASA

* Definition of Nb specs and QC
(inspection at Nb vendor, ECS at DESY)

* Optimization of the RF and mechanical design
* Definition of detailed production specs (1 recipe),

W OK after 2nd side scan

= OK after 2nd side scan and
further analysis

NOT QUALIFIED

NOK (defect height > 15um)

= NOK (thickness < 4.2 mm)
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PED sound engineering practice compliant . INDUSTRY INEN
4
(3 prOtOtypes ) - — | R | F < CAVITY PRODUCTION DATA > INFN | DATABASE:
= [ ——— | Quauy controL MANAGING
* Infrastructures adapted to 704.4 MHz larger geometry i
and qualified (BCP treatment, new HPR head geometry, . o . ;
new inner inspection system, EP treatment, e
tuning machine) :
* Definition of the QC plan -> QC improved for the - TN aroraan
interfaces between all partners Ey— ncomne NeoZ8
g RF AT CoLD RF CHECK —
(INFN_IndUStry_DESY_CEA_ESS) E’ Document and data management developed in the framework of brightness collaboration 11

* Management of all documentation
(INFN Alfresco based) and database
developed for analysis of key
production parameters

* Cold VT at LASA for «special» cavities j
(more diagnostics available) oo T RS

High Order Mode
1742.466 MHz

DB analysis



35221

F\ ° ° “24m-> «46m> €38m-> €Im> < S6m > \ < 175m — ) ROPEAN
=y ESS: 704.4 MHz series CaVIty results ot bt b~ et
75 keV 3.6 MeV 90 MeV 220 MeV

Results:

Cavities at CEA for string assembly (cryomodule): 34 (+1 spare)
Accepted Cavities as Delivered: 27
Recovered after Additional Treatments
* HPR: 3; EP: 3

Further 4 cavities produced (EP cycle):

2 at CEA for string assembly, 2 qualified (VT) : ’
Cavities in quarantine: 5 \ — NN

it o e e, Je{ e

Recovery strategy:

* HPR improved to better fit the cell shape
(new head), EP adapted to ESS shape for surface treatment: 4 j,11
-> performance improvement of poor cavities

* rotating BCP:
-> some performance improvement

34 cavities at CEA (string assembly)
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* Risk mitigation with 4 new cavities produced: VAT SR, L Lo Tl
-> all cavities overcome ESS goal (EP process)

C§>1.0E+10 g

, 85 e

W 2822 00004, o%e, e T
§.00E+10 .. () ’.,_/ ‘/// /",.—‘ ESS Ac_ceptance Gnc:al
o \\ 1/f1x ERP .1/2xERP ESS Reference Power (ERP) 7 2x ERP ; 001:657-:32//
1.0E+09 s . ;
L0009 0 4 8 12 16 20 24 28
0 4 8 2 16 20 24 28 acc [MV/m]

(MV/m) 33

acc
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Elliptical
= Elliptical 24 Cavities
Single Spoke 55250?[( 9 650 MHz -
Single Spoke SSR2 X 7 GSOaI\\/IIII-IIeS o
N\ SSR1 X2 35 Cavities :
N\ 16 Cavities
; - 8 Cavities

325 MHz

162.5 MHz

H- lon
source
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Elliptical
LB650
B=0.61*Qy=2.4x1010

Ia'A'AAAY
WAL




PIP-1l: INFN in-kind contribution

9 s 5or | Q| weer [p-011) =022 | p-047 01§03z

Pl INFN LASA firstly provided a novel RF design for the € RT =P ¢ 5 =———p>

Ml LB650 cavities, compatible with the Fermilab technical ; ——

- B o

‘B interfaces and performances specifications. Acc. Gradiont 6.9 MV/m

S L : Q 2.4 1010

I INFN-LASA contribution will cover the needs of LB650 RE rop rate 70 iz 1o CW

Bl section, and this includes: Beta 0.61

2 ] ] [ . 0

Al © 38 SC cavities required to equip 9 cryomodules with 2 Acceptance

< . . INFN Deliverable Components

= spares, delivered as ready for string assembly. Early Date

5 LB Jacketed Cavities (Batch 1 - Qty 4) and Mav-2025

PRl © Qualification via vertical cold-test provided by INFN Pre-Series (Qty 2) ’

2 through a qualified cold-testing infrastructure acting LB Jacketed Cavities (Batch 2 - Qty 4) Jun-2025

£

g as a subcontractor LB Jacketed Cavities (Batch 3 - Qty 4) Aug-2025

« Compliance to the PIP-ll System Engineering Plan LB Jacketed Cavities (Batch 4 - Qty 4) Oct-2025

LB Jacketed Cavities (Batch 5 - Qty 4) Dec-2025
LB Jacketed Cavities (Batch 6 - Qty 4) Feb-2026
LB Jacketed Cavities (Batch 7 - Qty 4) Apr-2026
LB Jacketed Cavities (Batch 8 - Qty 4) Jun-2026

LB Jacketed Cavities (Batch 9 - Qty 4) Aug-2026
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= PIP-11: LB650 cavity challenges

INFN LB650 for PIP-Il, cold cavit

g PIP-Il LB650 cavities are among the key scientifical challenges of the project: Bysometric 0.61
~N . _ Frequency 650 MHz
2 « an unprecedented quality factor is required for these resonators. Number of cells 5
= ] . ] Iris diameter 88 mm
o » Accelerating and High-Order Modes must be assessed so that neither Cell-to-cell coupling, k., 0.95 %
Z instabilities nor additional cryogenic losses are posing critical issues. Frequency separation 1m-411/5 0.57 MHz
= . o Eq. diameter - IC 389.8 mm
1 » PIP-Il operational scenario is an uncharted territory in terms of detuning Eq. diameter - EC 392.1 mm
o) control Wall angle — Inner-End cells 2°
o Effective length (10*L,) 704 mm
() . . . .
[  Requires deep understanding of Lorentz Force detuning, pressure  Optimum beta 3, 0.65
= sensitivity and mechanical leading parameters as rigidities, yield limits,  EpeaEacc @ Bopt 2.40
= stresses. Bpear/Eace @ Bopt 4.48 mT/(MV/m)
= R/Q @ B, 340 Q
12 » Detailed finite element analysis to ensure compliancy to ASME codes. G @By 1930
© Inner cells stiffening radius 90 mm
g e | .@Q@m- External cells stiffening radius 90 mm
(%)
| DR Wall thickness 4.2 mm
| | ast HOM in 37 tg:g:tag:::: stiffness 1.8 KN/mm
50 ! /
é | monopole passband frequency sensitivity ZU e 2
e T ™3 LFD coefficient 1.4 HZMVIm)?
& _‘-’"'f-. W =1. Z
‘ [ LD froquency S”‘Er-(D’“?Ji | I;exf at 40 kv m'tn X
and pressure coefficient | : ressure sensitivity
- / (red) as a function of | : Example of FEM meshing and k.. at 40 kN/mm -11 Hz/mbar
i ext?rgr;if gg;;ﬂé §3ITEESS -0 structural analyses on LB650 Maximum Pressure
o 1 || VM stress at 50 MPa 2 Lol

B ) » ® P a5 5 ) ¥
Ky [ENSrem |

Maximum Displacement e
VM stress at 50 MPa 2 mm




PIP-1l: LB650 cavity on-going activities

R&D towards high Q2 and preparation for transfer to industry

* Prototypes to develop proper surface treatments

« B61-EZ-001 jacketed and tested at FNAL | B W
« B61-EZ-002 jacketed and tested at LASA B61-EZ-002 - Naked vs. Jacketed VT
« B61S-EZ-001 single cell treated and tested at FNAL 18
«  B61S-EZ-002 treated, jacketed and tested at LASA |
« B61S-EZ-003 single cell to be processed

O Naked VT OJacketed VT
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 Develop diagnostic for process control ¢ Q’%O%%O P

« Analytical Field-Emission model | e T e

- Cavity transport boxes developed, prototypes built ] \

. Prepare LASA test station for high Q, measurements | @B | || " a0
« Lower residual magnetic field, Helmholtz coils 014a “fjﬁjj_
» Faster cool-down rate across SC transition ::zzf

Main procurements in view of the series production e ]
RRR300 Nb tender: 1st batch inspected in Oct. 23, delivery in one month than ECS
« Agreement with DESY in progress for Eddy current scanning and series cavity vertical tests

« Cavity manufacturing, treatment and preparation: CFT open, then selection and awarding




SRF Future activities

 Future activities on SRF cavities:

* PIP-ll series production:
* QC on material for cavity production

e continue R&D with prototypes (single and multicell) to improve process parameters for the series
production

 Work on the QC measurements and checks and definition of the “external” QC

* R&D towards European Strategy:
* HighQ/HighG cavity performances R&D in view of the EU Strategy (ILC Technical Network, muon collider)
e Tuner studies (muon collider)
 Staff exchange between Eu, Japan and US for SRF experience sharing (EAJADE)
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* BriXSinO:
* An ERL technology demonstrator that see our group involved for the SRF sections (Buncher and linac)
 Call HB2TF already funded and under construction at LASA for the BriXSinO injector

39




INFN High-Q / High-G R&D activities Sl

. . oy . . »HighQ -> power saving R SHINE
I R&D on High-Q/High-G cavities (ILC and muon collider): 5 HighG -» shorter machine 3
) .r . g
N * 1-cells 1.3 GHz: surface and thermal treatments development & qualification £ 109 e o AT IR
. T . E * &
JE e 9-cells 1.3 GHz: industrialization (9-cells) & me™ S
g * Cold frequency tuners ILC goal: E,_ =35 MV/m @ Q, 2 1-10%° y v el
2 : : .
pd ® FG and MG Nb ’ Accle(])erating Gr::iem(MV/u?)o
= .
= * Synergies: ”"3“‘""”’ E“{;‘““‘““” ”"ii‘““"'“) Two-step
| ° Heat treatmen Heat treatment Heat treatment 3
= * ITN (ILC Technology Network) & EAJADE S TS T
_8 EP-2 (10~20 pm) f§.§o.‘i‘;‘§‘ EP. | 'EP-2 (10~20 m) 3x100
o % 2 &
2 s
3 2 e o
2 - From the E-XFEL like baseline to current state-of-the art (e.g. Two-step and (120°, ) Lo 4o ——
> Mid-T baking) e
Eacc(MV/Im)

I'ZL % Cavity vertical cold-tests Mid-T . - o "% o w w
° o] + Qualification of surface treatments i BOUCEZ102 Mid T bake compared to P il
= #3 - Consistency between results from different labs and testing infrastructures i ##* T
@©
c + L & Ll 10t
£ e R

eran. e s >
(‘% o T [Sandardrecipe] | %

SR . fheal

Gx10°|| ®  120C 48 h baking (RO VT15)
4 200C 3 h baking (R8 VT22)

Cold Frequency Tuners

- %
Epce IMV/m]

-| * Design and development of prototypes
« Large scale production

New cryostat dedicated to R&D:

* Design specifically for R&D on TESLA type single- and multi-cell cavities

*  Much faster overall work cycle compared to main cryostat
* Optimized insert installation and removal process
* Liquid Helium inventory needed for a test down by almost 4 times
* Active B-field compensation by design

* Procurement in progress, detailed technical design soon released.

Helmholtz coils

for the new
cryostat (based
on PIP-II
experience)

Draft sketch of
R&D cryostat
and insert
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Activities for BriXSinO M

... BriXSinO aims at developing at INFN LASA laboratory a test-facility that would enable ~ BriXSinO.

addressing the physics and technology challenges posed by the ERL generation ...

BriXSinO Parameters

Beam Current Max 5mA
Bunch Charge 50 pC
ERL energy 45 MeV

Two-pass energy (5 uA) <80 MeV

BRER~ |
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Superconducting Linac
Conceptual design of a 3, 7-cells 1.3 GHz cavities
SC module for ERL and two-pass acceleration

Superconducting Booster
Conceptual design of a 3, two-cells 1.3 GHz
cavities Superconducting module

HB2TF — A 5mA 300 kV DC gun injector
with photocathode and bunchers
2023-2025 =




Photocathode Expertise

* Photocathodes for high brightness injectors development
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SA9ARA ‘

RF Gun Diagnostics Accelerating Structures Collimator
E‘A?l e —— Ya'm » Undulators
A"A
Bunch
Laser SrUpresser Compressor
RF Gun FLASH 5 MeV 130 MeV 470 MeV 1 GeV Bypass Experiments

o 315m >

water
cooling

buckilng

laser
beam

electron
beam
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Photocathodes for High Brightness Photoinjectors

* INFN LASA photocathode lab is providing high QE Cs,Te photocathodes since ‘90s (more than 150
photocathode produced) to different labs for high brightness RF electron gun operation, representlng

the state of the art in this field.

* DESY (FLASH, PITZ, REGAE)

* E-XFEL

APEX (LBNL)

FAST (FNAL)

e LBNL for the LCLS Il commissioning (SLAC)

 We have also produced preparation systems
for DESY Hamburg and FNAL and Gun transfer systems

\9%%'3& '\9@ w@\’w@%@% '»@vm&% '»@b '»é\ ﬁSp% '\9&

25

L ¢

L 7Y » * +

"L e s

+

QE [%]

10

4
® QE[%]=107142 ®
Zi "
Pr 2
5 i . L
v L s
, 6
v / L 4
o | T T 7 7 o T ad 2
Lo

Cathode

Sverige | Einlanay

orth
Unit

Exi"i. ingd

Mothilafascios - Te

Filmin Cs,Te

INFN LASA photocathode system:
*p ~ 1071 mbar (deposition chamber, suitcase, gun transfer system)
*R&D is always running to satisfy coming user/facility requests
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F [ J o [ )
= Photocathodes Production: How it works
* System:

* Preparation chamber (base pressure 10-1° mbar) Pf?parat/on Chamber
* Transport box «suitcase» (base pressure 101° mbar)
* Transfer chamber to RF Gun (base pressure 1019 mbar)

* Carrier to hold and exchange plugs

* Diagnostic for growing and characterization:
Hg-Xe lamp: filters (239 nm + 436 nm), main A = 254 nm
Reflectivity (power meter) and QE (picoammeter)
Microbalance for thickness measurement
RGA for vacuum quality control

* Masking system: 5 mm (changeable) e \ MR Shutter

* Mo plugs shapes: compatible with all systems
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_— Cathode suitcase
INFN Mo plugs
Cathode carrier
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= Photocathode: Requirements and Performances

CW operation — 1 MHz

™ * High QE (at the reference at the laser wavelength) ~
o Phase O-I CszTe Satlsf ies wnth Margm LCLS-Il Needs  # &=
i 5 .~ @BerkeleyLab

> * Average QE (%) @ 254 nm (all films): 11.7 £ 3.9 el T
o 0208 - = A?E:s—Cs_recamomuo AV 9 10% JH, —— Nominal operations, 100 pC, 0.1 mA
o Bouf O S e

o ] . . . o : - z ¢ . ! E 0 J
= » Spatial uniform QE of the photoemissive film S e T \ SR
> . . EBI:-:) i ) ) ‘ ] gm W :
S +  >95% over the whole photoemissive area o RN 1 o ‘MH' IH } y’ WHH [ b w
= 3 wonge 1 i ™ i o gLl il \
— * Low dark current during operation ' T e
| g op N o .1 The major QE degradation mechanism for
= . . . Lo = st APEX - CasTe Cathods (407.1) 1Cs,Te is oxidation. (A. di Bona, et al. JAP 80,1996).
o * Negligible (plug optical surface polishing mandatory) L) R 7 ] Exposure to Oxygen (Langmuirs)
+ ok 20PC-1MHz 0 2 4 6 8
e ° ° ° : ] e [L““f"] ‘ g 18] ty/e=402.145.85 hours
ko * Long operative lifetime SUESETS cathodes by S,
. INFN Milano LASA 2 - e cE e
3 * Improved from 4 months to 4 years * No signs of either ion back. & 2| oA ity
= bombardment or of laser E 10 et < x>

L] L] . . d

= ° Reproducible growing process R
= @ ter fes il RF ON Time (hours)
o » Stable responses at laser wavelength : In LCLS-II cathodes will be replaced when the QE drops to 0.5%.
E (m u Itiwavelenghts diagnostic) ﬂ A Using the results for Cs,Te, a cathode will last for ~ 2 months.
&
% European

Extracted charge: 32.2 C

Roughness estimation of cathode 676.1

1452 days of operation

T T T T T T l 24 20 T T T T 35
60 m QE Jo2 18 m QE l__. 30
50 T T O cw QE after production (07-Jun-2013) _ 20 g 161 | O cw QE after production / | Q
40 T 4 : :]]g 8’ 14 T / 425 GEJ’
gof 11 J et T [ ot
W 30 412 104+ +
° + ; J_/ 0 é & s T /[ 1153
2 : Ve ; e / 1te
2L o jo ¢ CL I _/ 18
1048 Ej L P w44 = 4 -/ i g £
L 1, 2 LE
] [] u n | | - «I
O 0 0 T T T T 0
01.11.2018 01.05.2019 01.11.2019 01.05.2020 01.11.2020 01.05.2021 01.11.2021 01.09.15 01.09.16 01.09.17 01.09.18 01.09.19
QE and integrated charge for cathode #105.2, cw QE measured by Hg- QE and integrated charge for cathode #680.1, cw QE measured by

lamp at 254 nm after production June 2013 at LASA.. Hg-lamp @ 254 nm after production September 2015 at DESY
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ACCELERATOR

Photocathode Production: the Multiwavelenghts diagnostic

* Since 2009, we introduced a new diagnostic system mainly used for
the production phase called “multiwavelenghts diagnostic” obtaining: gL - =

Optimization of the deposition recipe - ; - i
* Better control on final spectral responses (no Cs excess -> lower “low energy” threshold) _™| Mﬁj) g
* Improved control of the Te deposition thickness 5. (jZ/K Cs excess | & |
* Spectral responses of produced cathodes very similar and reproducible -
* Higher final QE (at 254 nm) | ’ e

30 35 40 45 50 55 6. 20 3.0 4 0 5‘0 6.0
Photon Energy (eV) Photon Energy (eV)

* Less consumption of the sources

* Diagnostic (i and R) at all As during production

. . R decrese vs. Te deposition | (I e

i and R duirng flim growt B y , ‘ Hg-Xe lamp e

— pguman ammm | : o2 | | T
T Prep. chamber -

Seminario INFN Acceleratori — 10 Novembre 2023

o viewport
§ ’c/6 f p
pegt 40 89"
“ %’p%ooh
o e e d
o ’
vo oo - :
&
. e » /nc/dentpOWer
5,985,900
o 3
o ¥ Rvs. Te and Cs deposition
nnnn e o 6 8 10
.......... ] hotocurrent @ As Te thickness (nm)
A 113.2 (5nm)
4 149.1 (10nm)
Idown —¥ A 146.1 (15nm)
i ® Photocurrent (nA) —_
3
® Reflected Power (nW) EE
. £
c
h 10
3 5 3
E 30 § 1E401 Tk f\w ~ 8
H g o5 ® ;
s o & B sl IVN o
g H o= Remote
2 05 o oo
= g g cloororert T
R w0 / controller
c | sccoosabor” L - 4 o BT e
Cs dep. 1 : x :, = - o
1E-02 ) e > % . ¥ - E ’ - = = - v )
st 20 Leos ] ] -ﬁ Te dep. 0 10 20 30 40 50 60 70 80 90 100
—=-QE @ 239 —=-QE @254 —=—QE @297 N
01 gyt 0 oac@in  —e-are s «Qs@aos—‘ Evaporated Cs Thickness (nm)
50 L 150 200 250 = QE @436 ~=stop deposition
Te dep. Cs dep. 1€

L =
Deposition Time (min) 0 10 20 30 40 50 60 70 80

Evaporated Cs thickness (nm)




~“2  HOLDER

Photocatodes: thermal emittance

Cs,Te Thermal emittance measurement:

*Time-of-flight (TOF) spectrometer (low energy electrons, <5 eV):
* UHV p-metal chamber (p ~ 1-1071° mbar)
* UV viewport [5° + 80°]
* MCPs detector (1850 V)
* Nd:glass laser (A = 1055nm), UV: 4th 264nm, 5" 211nm, 0.5 ps
* Resolution: AE/E = 15meV @ 1.9eV (25meV @ 0.4eV), At = 2ns

*LASA TOF design, characterization, calibration
*Simulations and perturbations reduction:
* Contact potential (gold-plated, V,,,.)

* Space charge (J < 50mA/cm?)
* Magnetic shield: 8mG max -> poisson simulation e new external shield installation

Nd:glass
laser

ANALYSER
NOSE

filters  pyro

» First measurments with this technique of the

Cs,Te thermal emittance (4*" and 5" harmonics)
4th harmonic (A = 264 nm) 5th harmonic (A = 211 nm)
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for 1 mm rms spot radius for 1 mm rms spot radius

TRAMM (TRAnsverse Momentum Measurement):
*Thermal emittance measurement system in the deposition

chamber during the film growth:
* From transverse momentum to position displacement
* Fast response during growth process
* Further improvement of recipe deposition
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* sensitive to visible light to relax requests on lasers.

* smaller thermal emittances €;;,= 0.3 mm mrad to improve machine performances

e collaboration with DESY-PITZ
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* Photocathode tested in PITZ RF gun

Response time

time [ps]

The “Green” Photocathodes (INFN — DESY)

 CW machine operation requires photocathode:

* Requires XUHV (= 101! mbar) since more sensitive than Cs,Te

* New LASA deposition system for “green” films (DESY-PITZ collaboration)

thin & thick films studies

European

XFEL

o
S

0.1 A

«——QF (%)

1.05ev

Thick 4#1.22 eV

Reflectivity (%) —*

N2

Thin

1.87 eV —e— QF KCsSb 137.3 (Sb = 5 nm)
—s—RKCs5b 137.2 (b= 10 nm)
RKCsSb 137.3 (Sb =5 nm)

2.29 eV——0QF KCsSb137.2(Sb = 10 nm) |

wu
=]

&
=]

w
S
Reflectivity (%)

)
=]

=
15}

<}

350
e KCsSE 123.1
300 :
_ =@ KCsSb 112.1
<5 250 | —g—kcssh 147.1
E 200 | emlumcs2Te 672.2
3150 | —e—Mc
<<
& 100
50
0
0 20

a0
Gun SP (MV/m)

80

T T
2 2.5 3 3.5 4
Photon energy (eV)

#123.1 QE@2.4 eV
~8% (At INFN)
~4% (In PITZ loadlock)

~5.6% (In PITZ gun)

4.5

® #147.1@5150m, 19 Mv/m [l IR #147.1 @257 nm, 19 MV/m
0.6 um.rad/mm 1 um.rad/mm
120

230 Py @

== 0
260 270 280 290 300 310 320 330 180 190 200 210 220 230 240 250

2D distribution of photoemission transverse momentum



Photocathodes future activities

e Continue with R&D and test in RF guns of “green” photocathodes
* New compounds
* Different growing processes (T, thickness, etc.)
e Sequential vs. co-deposition

* Continue R&D and RF guns operation of Cs,Te photocathodes
* R&D
e Sequential vs. co-deposition
e Deposition on graphene layers
e TRAMM in the production system
e Stress test photocathodes (DC gun at LASA)
* Operation at 100 MHz
e HB?TF activity on new DC Gun:
* Transfer system and suitcase realization
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* Design of Photocathode insertion into the DC Gun
e DC gun vacuum chamber
* DC gun vacuum system
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Thanks for your attention!

If you need more info or if you want to collaborate with us, here our
contacts (daniele.sertore@mi.infn.it; laura.monaco@mi.infn.it)

™M
I
o
~N
[
{ O
9
£
)
>
o
P
o
i
|
=
o
o+
©
S
Q
[}
Q
O
<<
=
L
=
o
=
©
=
£
T}
n



mailto:daniele.sertore@mi.infn.it
mailto:Laura.Monaco@mi.infn.it

	Overview on accelerator activities of the�INFN Milano LASA SRF Group��Laura Monaco�on behalf of LASA SRF group
	Outline
	Path towards INFN LASA SRF experties 
	Diapositiva numero 4
	Diapositiva numero 5
	Diapositiva numero 6
	LASA SRF Group: expertise and experience in SRF
	Cavity – Electromagnetic Design
	Cavity – Mechanical Design
	Cavity – Towards production -> Prototypes
	Cavity – Nb studies and characterization
	Cavity – Thermal and Surface treatments
	Cavity – Thermal and Surface treatments
	Cavity – Final assembly before cold VT
	Diapositiva numero 15
	Diapositiva numero 16
	Diapositiva numero 17
	Diapositiva numero 18
	Diapositiva numero 19
	Diapositiva numero 20
	Diapositiva numero 21
	Diapositiva numero 22
	Diapositiva numero 23
	Diapositiva numero 24
	Diapositiva numero 25
	European-XFEL 3.9 GHz Module
	Diapositiva numero 27
	Diapositiva numero 28
	Diapositiva numero 29
	Diapositiva numero 30
	Diapositiva numero 31
	Diapositiva numero 32
	Diapositiva numero 33
	PIP-II LB650 MHz
	Diapositiva numero 35
	Diapositiva numero 36
	Diapositiva numero 37
	Diapositiva numero 38
	Diapositiva numero 39
	Diapositiva numero 40
	Diapositiva numero 41
	Diapositiva numero 42
	PHOTOCATHODES
	Diapositiva numero 44
	Diapositiva numero 45
	Diapositiva numero 46
	Photocathode Production: the Multiwavelenghts diagnostic
	Photocatodes: thermal emittance
	The “Green” Photocathodes (INFN – DESY)
	Photocathodes future activities
	Diapositiva numero 51

