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LNL Surface Treatments
and Superconductivity Service

Chemistry lab
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Thin film SRF cavities R&D @LNL

Continuous development to maximize the performance
of superconducting cavities: reducing cryogenic consumption
and increasing the accelerating field

Inversely proportional to

oc 1/Rs q cryogenic consumption

An example: Future Circular Collider @CERN /

LHC cavities - Q(Eacc) @ 4.5 K

o 1010

Quality Factor

Accelerating Gradient Eacc

Higher means possibility to reduce number of
cavities and for LINAC the facility length

Course Introduction cristian.pira@unipd.it
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Different projects, one main goal:
Nb.Sn on Cu

Energy saving is mandatory for the next generation accelerators..
..Ccryogenics is one of the larger energy cost in modern SRF accelerators
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Move from bulk Nb @2K to Nb;Sh @4.5 K
reduces cryogenic power by a factor of 3
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Nb.Snh on Cu: Multiple challenges

» Al5 are Brittle materials

» Complicate Phase Diagram
» Substrate preparation

» Low melting point substrate
» Interface diffusion

» Target Production

» Necessity of Test RF properties
on simple geometry

> ...
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INFN SRF R&D Supported by

Collaboration-Projects on Accelerators:
SRF cavities

AMARA R&D for
INFN CSN5 Experiment FCC-ee

INFN Accelerators European
Strategy Program

ot Q2B S

Collaboration-Projects on Quantum Applications:

NQSTI (SIRAM'S =
National Quantum Science
and Technology Institute

Partners:
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All the production chain must be
developed and optimized

Post Treatments SC property evaluation

Cavity Formin Surface Polishin SC il ti
y g & im coating Protective layer by ALD RF test
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Cavity forming

IFAST
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Seamless Spinning =

1222-2022

(OT@]

ANNI

in collaboration with

Forming technology adopted to produce 1.3 GHz
and 6 GHz elliptical seamless Cu R&D substrates

| —E

PRIMARY GOAL: S §
High internal surface quality

OPTIMIZED PRODUCTION PROTOCOL:
» CNC machine

» Reduced Annealing Temperature (400 °C, previous 500 °C)
» New intermediate Deep Drawing Step

Course Introduction cristian.pira@unipd.it
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in collaboration with

Additive Manufacturing

" PADOVA

AM can open to a new way to design RF cavities

Cavity Forming

GOAL: Prove the possibility to polish properly the
surface and get SRF state of the art performances

.....

COPPER

6 GHz seamless copper cavities via
Additive Manufacturing

» Density 99.9% -
» High quality surface after Vibrotumbling + EP Y
Ra < 400 nm \

L —

» Production of new optimized prototypes ongoing

2 prototypes produced using TRUMPF
TruPrint 5000

Despite the lower surface quality, Cu can
be manufactured with low inclination
angles

AM Cavity cutted after VB + EP of the cell

80() i Course Introduction cristian.pira@unipd.it 15



12222022

Surface polishing

P SRF cavities
i ) MARA R&D for
INFN CSN5 Experiment FCC-ee

INFN Accelerators European
Strategy Program

Course Introduction cristian.pira@unipd.it
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Plasma Electrolytic Polishing PEP

Mechanism
2,5 1
E o]
< %
:‘i: 1;5 T J ﬁ,”\j;/\
2 ' °
< 14
45 05 g pEp ARCING
= U0 A Surface Polishing
3] Advantages
0 100 200 300 400 500
Voltage, V @ .
Green Fast -
k‘ﬂ
Same EP set-up Diluted water solutions, The fastest |
Different regime enviromentally friendly non-destructive ¢

Plasma
Electrolytic

Polishing Less sensitive to the
cathode shape!
AM compatible
Versatility il
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Electrolyte

Equal thickness removal yield
lowest roughness among
. oc Power competitors

|~ Efficiency

Cathode
-

Y
ald

J. Wang et al., AMR, 2012




Plasma Electrolytic Polishing PEP
Results

N

Qp R Sa m p | es HZB Helmholtz 3;- :

Zentrum Berlin

' Nb QPR polishing optimizaztion on-going

1xENb 3xﬁCu

Solution Patentees
by INFN

— Full Cu QPR ready for coating
PEP 30 min

Ra=1.5 um

Surface Polishing

Nb planar samples

ot bt WS B R ] L -

Cu Photocatodes
L) , &

¢

Untreated BCP EP
< . 5min_ 20 min:

No internal cathode!

T I — 70 pm removed in 10 minutes
150 um removed in ~5h 150 um removed in ~ 40 min 30 A (100 sz 9 13 GHZ ~ 300 A)

1222-2022
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12222022

SC Coatings

MMM, RED for
eSS/ FCC-ee

INFN Accelerators European
Strategy Program

IFAST

Course Introduction cristian.pira@unipd.it
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Nb.Sn coatings: target production

Single target configuration easiest to scale onto elliptical geometry
Nb<Sn cylindrical target are not commercially available

LNL Strategy for Nb;Sn
cylindrical target production
for 6 GHz cavities

Proof of concept
_I I ‘ I ] SC coatings
_ | NbzSn thickness
_ | related to dipping time
i
_ | J5

Raw Nb Dipping in Nb;Sn | Possible tin content
target liquid Sn cylindrical | modulation
tarQEt b 10 20

Thickness? (um?2)

30
Time (h)

1222-2022 ‘:J . . . . . .
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Nb.Sn coatings

Sputtering parameter optimization

Nb,Sn deposited via DCMS from 4” planar Single target configuration easiest to scale
stoichiometric target in Ar atmosphere ‘ onto elliptical geometry

Tc clear trends V|5|ble on Sapphire S
— 18 T T T T T T 17 + | .
N~ g '
= 47 A 750 Oc Sapphlre substrate ] S16f i i
8 Coating temperature 630°C ] S 15t : -
S 16 | Tcoat A  2e-02 mbar 4 Sl a 2 : ]
] L i !
E 15 [ 4 3e-03 mbar i 4GE-)J 13 g : g A :_> SC transition b
Q L R = 12+ i not observed i
Q 14 |+ . A 4 9O '
c @ “A S 1lr a i .
— |
8 13 __ Pressure __ © 1: : Copper substrate : :
— 12 _ A 2e-02 mbar i
8 L \‘*\\ | 8 ¢ 3e-03mbar : -
‘= 11 | - 7k ’I 1 um N.b bUflfer S s s St s e s o SC coatings
b 10 [+ Power ] 0 20 40 60 80 100 120 140 160 180 200 220 240
5 Power (W)
[ e 1]  NbSnTcstucks at 14 K on Cu
In the same run different substrates are coated 8 | \ —
in the same conditions 7 i & ]
" 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
0 20 40 60 80 100 120 140 160 180 200 220 240 Interface effect
Power (W)
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Sputtering parameter optimization

Nb.Sn coatings 7

Signal amplitude (a.u.)

I ' I I I I ' I ' J ' I .

Coating pressure 2e-02 mbar : : | % Sapphire + 1 | Nb3Sn

Coating temperature 600 °C : : ,/i

| Half annealing | 1 | f4’1 3 i Cu+ 1 1 Nb,Sn N

L e H
? ? 5 ? ? - | T=166K ]
: : o T.=13K : ‘ : :
SC coatings
i i i i N R R

1222-2022

14 16 18 20 22 |
Temperature (K)

Course Introduction cristian.pira@unipd.it 22



Nb.Sn coatings 7

Yy
® ° ° ° ‘ S—s
Sputterlng parameter optlmlzatlon
gy T ! ) e A Saophi b.S
S Coating pressure 2e-02 mbar : : | % apphire +1 1L NbsSn \‘
L | coating temperature 600°C : : fj X
g Hglf anneéling . Cu+ 1 Nb,Sn L |
> ; é i % Sapphire H )
= | ; 5 3 T=166K _
Q. § : ? : 3
- : : i H Cu+1pNb+1pNbSn
s
© | | 1
C ; ; : Cu+Nb :
.20 | | | (1)
v | ! E . T.=14K
: : Lu : :
z : . T.=13K
: : f l J SC coatings
| e i
A T T T S S SR S p
6 8 10 12 14 16 18 20 22 '

Temperature (K)
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Sputtering parameter optimization

b.Sn coatings

Signal amplitude (a.u.)

Cdating pressure ?_e-OZ nﬁbar ; | % Sapphire + 1 1 Nb,Sn |
Coating temperature 600 °C : : ; p
| Half annealing | : - Cu+ 1 it Nb,Sn .

T,=16.6K

i ’ Cu+1pNb+1pNbsSn
Cu/Nb30pum

T.=165K

TC:1§K .
: A very thick Nb layer enhance Tc
close to Nb;Sn nominal values
6 8 10 12 14 16 18 20 22 T.=17.310.25K |

Temperature (K) on Cu+50 um BL @T4.,=600 °C

Barrier or accommodation effect?

Course Introduction cristian.pira@unipd.it 24



______

> RF Measurements
| Material Characterization

SRF cavities
R&D for
FCC-ee

INFN CSN1 Experiment

Course Introduction cristian.pira@unipd.it
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Testing Facilities @LNL

4 B =4 - »6 GHzRF test
| . (possibly QWR and 1.3 GHz too)

» Tc inductive and resisitive measurement
» SEM, EDS, XRD characterization

RF measurements

Course Introduction cristian.pira@unipd.it 26




SRF for
Quantum Applications

and Technology Institute INFN CSN5 Experiment

Course Introduction cristian.pira@unipd.it
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Quantum Computing

3D Architecture to enhance Coherence Time

Improve cavities Q-value &
» Study different materials (Nb and Al)
» Surface Treatments

8 8§ _
Lo2=543 =
QO JJ-based qubit - = %s 2= =
4 1 ° —_ D
107 [] Bosonic-encoded qubit CaVltV 2428 § sc
. ocpc S£¢ ET
X Error-corrected qubit = % ‘- e Le gg
103} . g « € L,g Lé /'cﬁcu
= 2 VRS "
107~ 2 5 88 340 A¢ 3
@ [ z E < - L
- £ 5 g g% ¢!
@ 10 5 = 2 s & t X
g"or 8§35 & = ! & /
- 3 AW R = 2
k] E & - ) ¢ Vo * 2 - / Gatemon
3 ' = ‘ & v/ € g E ¢ (semiconductor)
g ¢ E 2 §
. H N w c =
ot & o £ & =
g e 3 = 3 ‘
o ¢ e, S H B Gatemon
20 x
10 /\t «@ T, E QUblt (graphene)
<
1073 | 1 1 I 1 1 | 1 | 1
2000 2004 2008 2012 2016
Year

M. Kjaergaard et al., Annu. Rev. Condens. Matter Phys., vol. 11, fasc. 1, mar. 2020

12222022
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Quantum Sensing
Axion Haloscopes

» The axion haloscope was designed to

. . Coupling Constant Dark Mattt?rAxion Volume
scope microwave photon signals Comversion Power Density Cavity
from the axions in our galactic halo \ ; 0.0, Qualty
. P — 2 _aBZw VC axc Factor
» The sighal power can be enhanced ay-y g“””ma | \0 Q.+ 0.
by the resonance effect that occurs | T
. Axion Mass Magnetic Resonant Axion Quality
when the axion mass matches the Field  Frequency Factor (109
natural frequency of the detection
SySte m D. Kim et al. JCAP03(2020)066

Magnetic Field (B)

Q factor of Cu haloscope limited
by anomalous skin effect

toimprove Q

\ SRF in High Magnetic Field
(Mixed State)

Course Introduction cristian.pira@unipd.it 29
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Quantum Sensing
NbTi Hybrid Haloscope

T T T T T T T T T T T T T T T T T T T T T T T T T

—=— 42K ]

—+—50K | » Qo » Q simulation > limited by Cu cones
TE+6 3 e 15 mK oo ] > Qoneti > 20 * Qo @15 MK, 2T

—+— 75K | » Qo nbTi 10 * Qo ey @ 4K, 5T

—<+—8,0K |

—e— Cu bulk

> Qo NbT|>QOCuupt09T@4K

Qo
A

1E+5 4

1E+4 4 I

T T T T T T T T T T T T T T T T T

o 1 2 3 4 5 o6 7 8 9 10 1 12
Magnetic field (T)

Next Step: Nb;Sn
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DC power
supply

--RF coaxial
[-—cables
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Heather

NbTi
RF cavity




Conclusion

Today: bulk & doped Nb Future ?

: . Protection, low
Native oxide / \ RF side secondary emission
Unstable upon d’/ yield
annealing

ST HighTc SC

High purity Niobium S-1-S multilayers

Optimized only for
thermal conduction

Niobium or...not

Structure, high
thermal conductivity

Native oxide (Copper ?)

Not optimized% Immmss=——  External layer, optimized
thermal transfer Helium side for thermal transfer

Vision of the future for SRF

12222022 75 g
INFN O Course Introduction cristian.pira@unipd.it
-~ LNL ANNI A

Courtesy of C. Antoine
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Course Contents

« Basics of cryogenics

« Phenomenological description of SC properties

 Principal theories (London, GL, BCS) Visit to LNLU INFN

Low T and High T superconductors

Superconductive Radio Frequency (SRF)

Material preparations for Magnets and RF applications

Principal Applications of SC .
> International expert guests

Hlpped Lectires

Course Introduction cristian.pira@unipd.it
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Applications of Superconductors

Superconducting Magnetic Coils Superconductors for Power Transmission:

Superconducting Cables and Tapes ([Z)aesiliz,STransformers and Current-Limiting

Superconducting Permanent Magnets .
P J J « Resonators for Particle Accelerators

Nuclear Magnetic Resonance . . i
9 e Resonators and Filters for Communications

Magnetic Resonance Imaging Technology Superconducting Detectors
Particle Accelerators « Superconducting Quantum Interference Devices
(SQUID)

Nuclear Fusion

Energy Storage Devices « Superconductors in Microelectronics

Motors and Generators  Voltage Standards

Magnetic Separation  Digital Electronics Based on Josephson Junction

Levitated Trains * Quantum computing

Course Introduction cristian.pira@unipd.it
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Comunications

e For communications the Mood!le of the course will be used

* Please, stay tuned!

brett | SCP9DBTET8 - SUPERCONDUCTING MATERIALS 2020.2021 » & siarn @) -

1 PADOVA

= Home / I miei corsi / AA 2020 - 2021 / Corsi di laurea magistrale / SC1174 - SCIENZA DEI MATERIALI / 2020-5C1174-0002Z-2020-SCP9087678-N0 0 -

SCP9087678 - SUPERCONDUCTING MATERIALS 2020-2021 - PROF. CRISTIAN PIRA

Y= Annunci
@ | Pagina dellofferta Formativa

Spazio libero

Nascosta agli studenti

LESSON 1 - Monday 01/03/2021, 10.30

COURSE INTRODUCTION
INTRODUCTION TO CRYOGENICS

Zoom PW: SCM

o LESSON 01 - Monday 01/03/2021

® 01 - intreauction to Cryogenics

AVVISO / NOTICE

Course Introduction cristian.pira@unipd.it 37




Lectures & Exam

Flipped Lectures
Student lectures on SC applications (free topic)

Oral exam
Student lectures are part of the exam

Course Introduction cristian.pira@unipd.it
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Bibliog ra phy (more at the end of each lesson)

« Lesson Slides (available on Moodle)

« W. Buckel, R. Kleiner, "Superconductivity - Fundamentals and Applications", Wiley

« K. Fossheim, A. Sudbg, "Superconductivity - Physics and applications”, Wiley

« CERN Accelerating School (CAS): Course on Superconductivity for Accelerators (2013)
https://cds.cern.ch/record/1507630

« CERN Accelerator School on SC and Cryogenics for Accelerators and Detectors (2004)
https://cds.cern.ch/record/503603

INFN ?{?2; Course Introduction cristian.pira@unipd.it
-~ LNL
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