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The INFN LNL
SRF R&D projects towards FCC -ee

PEP and Nb3Sn coatings R&D started in INFN LNL in 2021 within a CSN5 INFN experiment
INFN CSNS Experiment

iFAST AR \/ INFN LNL has a leadership role in the two main
' < " — alln European Projects  on Thin Film SRF R&D

SRF cavities

R&D for RD FCC A dedicated Project on R&D of interest of FCC has been financed in
.Efﬁ'e'.’ o INFN Conl Experiment the framework  of INFN Accelerators European Strategy Program
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R&D activity covers
all cavity production chain

Cavity Forming Surface Polishing SC film coating

Seamless Spinning Additive Manufacturing Plasma Electrolytic ~ Polishing Nb ;Sn on Cu coating Nb ,Sn target

INEN The INFN LNL &D projects towards FCC -ee cristian.pira @Inl.infn.it
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all cavity production chain
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Plasma Electrolytic  Polishing Nb ;Sn on Cu coating Nb ;Sn target
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Surface Polishing
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Surface Polishing

Cu substrate plays a

101 -— ;
1.3 GHz @ 1.85 K Nb-Cu bulk substrate fundamental r0|e |n SRF
s, y performances
s Nef
Electro Pol| shing -
Cs. : Roughness and defects
1070} K\ e, : reduction by surface
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& ™, %, treatments are mandatory @ for a
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| Plasma Electrolytic P olishing
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acc MV/m] IS a possible Game Changer

L. Vega Cid, TTC meeting 2022 (elaborated)
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P lasma Electrolytic P olishing

Same EP set -up

Electrochemistry + Plasma

Different | -V regime

Working Temperature ~ 80 °C

2,5 A
E
~
<
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; Advantages
£ 0,5
3 Green (/) Fast
0 100 200 300 400 500 Diluted water solutions, 10 time faster than EP
Voltage, V enviromentally friendly
Plasma
Workpiece/anode -
o Electrolytic

Electrolyte . .
Equal thickness removal yield

lowest roughness among

Polishing Less sensitive to the
cathode shape!
. AM compatible
S competitors o V .I
DC Power 4 4
N Efficient | M o ersatile
J. Wang et al., AMR, 2012
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P E P IS EffICIent Comparision  with EP and BCP in Nb

EP,Ra 0,75 um

Nb, Magnification  1000x ;
100 um Removal
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10[KV] SP=10 WD=18.0 x1.0k 50.0[um] HV 2022-06-29 10[KV] SP=10 WD=18.2 x1.0k 50.0[um] HV

2022-06-29

£ /A 100 min 120 min 20 min

Both micro and macro
| | roughness is improved
< i significantly

NbPEP
10[KV] SP=9 WD=18.2 x1.0k 50.0[um] HV 2022-06-29

10[KV] SP=9 WD=18.1 x1.0k 50.0[um] HV
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PEP scale up to 1.3 GHz
successfully done! (Aug 2024)

No internal cathode
SS bath works as a cathode

[ - Heat -shrink tubing use
to force internal polishing
and reduce working area

!

Process Parameters

>150 um removed

30 minutes! (EP A >12 hours)
N Voltage 300 V

™ Current 90 -190 A (0,06 V0,13 A/cm ?)
Surface area 1400 cm 2

SRF R&D projects towards FCC -ee cristian.pira @Inl.infn.it



PEP scale up to 1.3 GHz

Thickness / Cell Thickness p0| Nt ()f atte nti()n
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Top 1°° 1. Anisotropic  process:
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RF test validation on 1.3 GHz

1.3 GHz Nb on Cu Hydroformed Cavity

Hydroformed Nb/Cu cavity perf; t42K :
1o e S VT PRTOTIAR S Strong Q -slope possible cause:
.. |e C1l | :

. cinl| Severe surface roughness (orange peel skin)

6x10 :
- 3" o _400 MHz FCC -ee: target
: . . : scaled for 1.3 GHz
4x10°} [l 5 . :

S, 8
Saxio’

Courtesy of H. Araki (KEK)

2x10° [

©KEK
0 5 Z 6 3 0 12 4
Euoe IMV/m]

Sa l,2um Sa 15 nm
Sq 1,7 um Sg 20 nm
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RF test validation on 1.3 GHz

1.3 GHz Nb on Cu Hydroformed Cavity

Solution adoptedt o prevent etching on
upper cut -off and high polishing rate
zone in the lower cut -Off:

2 Sacrificial Cu Anodes
atthe end of cut -offs

INEN The | SRF R&D projects towards FCC -ee cristian.pira @Inl.infn.it
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RF test validation on 1.3 GHz |
1.3 GHz Nb on Cu Hydroformed Cavity
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RF test validation on 1.3 GHz

1.3 GHz Nb on Cu Hydroformed Cavity

INFN The INFN LNL

RF R&D projects towards FCC

-ee

Timeline:

A Hydroformed cavity @ KEK

production
(Clc, C1d, November 2024)

A PEP treatment INFN

(May 2025)

A Coating Nb @

(June -July 2025)

A RF Test ©KEK

(July -August 2025)

cristian.pira @Inl.infn.it
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Scalingto 400 MHz?

Mandatory decrease Current and Power

Explore different parameters
A Working at lower voltage (200 V or less)

A Working at higher Temperature (promote current reduction )
Explore different set -ups
A Half immersion + rotation

A Jet -PEP

1.3 GHz Cu Tube 400 MHz (Estimate)

1300 cm 2 2350 cm 2 10000 cm 2
300 V » 300V » 300V

130-90 A 180-150 A 800 -600 A
(0.1-0.07 A/ cm?) (0.08-0.06 A/ cm?)  (0.08-0.06 A/ cm ?)

C. Pira, SRF 2021

39 V27 kW 54 V45 kW 240 V180 kW

Half 6 GHz Untreated Half 6 GHz lEI' nlhed
15
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SC film

INFN The INFN LNL

coating

towards FCC -ee

cristian.pira @Inl.infn.it
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Other Option

The INFN LNL

for FCC SRF System

Full 4.5 K with A15
Materials A Nb ,Sn

Extremely ambitious

for very high
operational savings

cristian.pira @Inl.infn.it
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Nb ,Sn on Cu: Multiple challenges

a A15 are Brittle materials
a Complicated Phase Diagram

a Low melting point substrate

a Interface diffusion
@FAST . _
a Coating Parameters

& Substrate preparation

SRF cavities
R&D for

s O TArget Production/Magnetron Design

Strategy Program

a Trapped Flux

S, |
A" unnmg

INFN The INFN LNL ee



Nb ,Sn on Cu: Multiple challenges

a A15 are Brittle materials
a Complicated Phase Diagram

a Low melting point substrate

a Interface diffusion
@FAST . _
a Coating Parameters

& Substrate preparation

SRF cavities
R&D for
FCC-ee
INFN Acceler:

== A Target Production  Magnetron Design

a Trapped Flux

Y o T

A .
o Tuning
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Nb ,Sn target production

LNL Strategy for Nb  ;Sn
cylindrical target production

Single target  configuration ~ easiest to scale
Nb ;Sn cylindrical target are not commercially available

via dipping

Thickness? (um?)
u [o)]
o o
o o
o (=}

4000

30001

2000

Raw Nb Dipping in II\_IbaS_n | 1000}
target liquid Sn cylindrica of | —
target ° w0 P Tmem

INEN e s ie - SRE R&D projects towards FCC -ee
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onto elliptical geometry

: Nb ;Sn thickness
| related to dipping time
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Nb ,Sn target production via dipping

{ Water cooled section

Nb process chamber }

‘—{ Outer chamber ‘

Upper inductive heating coil ‘

Lower inductive heating coil

w

New Inductive Dipping System commissioned and almost ready:
Inductors power supply upgrade necessary to meet the target performances (T>1100 °C)

End of 2025 first results on 6 GHz cavities expected

INFN The INFN LNL

D projects towards FCC -ee cristian.pira @Inl.infn.it
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Nb ,Sn on Cu: Multiple challenges

a A15 are Brittle materials
a Complicated Phase Diagram
& Low melting point substrate

@ a Interface diffusion
aCoating Parameters

SRF cavities d SUbStrate pre paratlon

R&D for
FCC-ee
INFN Acceler

sswen A Target Production/Magnetron Design

s a Trapped Flux

A 2 o o adh

a Tuning
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N — ——— e -

Low cathode Power O 250 mW/ cm?
+

|
|

Deposition Pressure: 2 x 1072 mbar
+

Deposition Temperature: 600 °C T 650 °C
+

No post Annealing
+
Nb buffer layer O30 pm

Te > 17 K + gz2meV + DENSE COATING

The INFN LNL ' -ee

DCMS Nb ,Sn recipe

I
l

(2.47 +0.27) meV

Courtesy of T. Proslier and I. Curci (E

cristian.pira @Inl.infn.it
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DCMS Nb .Sn RF results

Performance on a Nb QPR @4.2 K

' LHC cavitiesQvs E 45K
Equivalent to state of the art Q acc @

Vapor Tin Diffusion  upto 40 mT G=216 Q ,N%
= W DCMS INFN Sl Id ‘ Nb
82301 | @ DCMS INFN Fast cooldown ] : on
% @ VTD Cornell™ corrected by 12 n()/® 1 \-.. ) e
.§ 200:— 1 s oyl ) *2cell
S _
[
= 150'- ] LHE
A | o\doxﬂ“ n j i \ = LHC19 |
I \NGO ] 10 1 v 01
100} ?‘.\5\" o : s |co1.2
Tc=17.2K . w 0l L) ‘ _ = NCO2
1 A\ ] = NCO3
Rsof25 nm @ 45K, 20 mT <ol o cot® K3 |down ] ~ .,
Quench>70 mT @4.5K ;: @ \neN gast €0° : 2 Eagc (er%) 12
Cooldown procedure dependents —_—
i 9
(sign of flux trapping) Peak RF field on sample (m)  Eduivalent t&_()) aqQ Og 9 .hlo E?—ISCMV/m @4.5K
Strong Q -slope at50 mT times better than
Courtesy of 5. Keckert and O. kugeler - HZB ... Already meets FCC  -ee specifications

() Keckert S.et al., Surface resistance characterization of Nb3Sn using the HZB quadrupole resonator, SRF2017
@ Keckert S.et al.,Keckert S. et al. Mitigation of parasitic losses in the quadrupole resonator enabling direct measurements of low residuakssiS&icsamples. AIP Adv. 11, 2021
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Nb ,Sn Path to Final Prototype

Rectangula r Magnetron Set -Up Coating System ready (June 2025) w

Nb ;Sn on bulk Nb to validate coating
performances on 1.3 GHz Elliptical Cavities

(End of 2025) N

Develop Nb thick barrier/accommodation layer
on 1.3 GHz Elliptical Cavities (2025 -2026)
(proof of concept on 6 GHz cavities already done)

Nb ;Sn on Cu with thick Nb coating V

on 1.3 GHz Elliptical Cavities (2026 -2028)

. Sasm,.
In parallel: L7 S-S s

a 1.3 GHz Vacuum system:  ready a Study on alternative buffer layer

a Magnetron source: installation phase a Study on flux trapping

acilities
HZB Helmholtz
Z

entrum Berlin

a Study on tunability

INEN The INFN LNL projects towards FCC -ee cristian.pira @Inl.infn.it 25




Conclusion

aPEP and Nb ,Sn films are possible game changer technologies

for SRF accelerating cavities

& Big steps forward in the last two years with transition from planar to 3D samples

& Waiting PEP RF validation on 1.3 GHz cavities
a Very promising results from first RF test on Nb

o End of 2025  we expect to have the  first tests

39N

of Nb ;Sn availableon 1.3 GHz

cavities. In 2028 Nb  ;Sn optimized prototypes are expected

II}IEN The INFN LNL orojects towards FCC -ee cristian.pira @Inl.infn.it
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INFN cristian.pira @Inlinfn.it
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Sample production

Tight -feedback driven standardized process:
deposition > characterization > parameter adjustment

4 different substrates:

A Sapphire for reference (no coating -substrat e interactions)
A Cu

A Cu + Nb buffer layer (NbBL ) of variable thickness

A Bulk Nb

sapphire copper (Cu) Cu + NbBL-1 Cu + NbBL-10+ bulk Nb
10 mn)/'
AN Sy =
—> € >
10 mm 20 mm

cristian.pira @Inl.infn.it

| Sample holder
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Coating Temperature

softening of 6 GHz cavity flanges
observed at T>650 °C

T limited by weakening
pointof Cuat T <650 C

T>930 °C to avoid Nb -Sn spurious phases

INFN The INFN LNL 0j -ee cristian.pira @Inl.infn.it
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