Superconcluctive Materials

Part 13
Materials for SRF- Thin films



Outline

« Motivation for thin films in SRF cavities

- How to realize a thin film coating?
- State of the art in Nb thin films (accelerators using thin film technology)
« Characteristics of Nb thin films

« R&D on Nb thin films
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Why thin films for SRF?

. Reduce material cost
Change the surface properties (bulk properties # surface properties)

Use materials with poor mechanical properties (but excellent SRF properties)

Motivation for thin fillms in SRF

& o N

Realize complex structures
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Reduce material cost

RF penetration inNbis limited by A (ess than 100 nm)

Not necessary more than 1 micron of Nb at the surface

RF

I ~1-2.mNb

~ 3 mm

Motivation for thin films in SKF

cuisamost 100 times cheaper than high pure Nb

ltis possible to increase the mechanical stahility of the cavities increasing wall thickness
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Change the surface properties

Surface: Low Rs RF
 ~1-2,.mNb

A

~3mm

Bulk: High thermal conductivity He

10000

]

Motivation for thin films in SKF

Cu presents high thermal conductivity -

I> SRF
cavities

K (W/m.K)
8

- resistance to quench

1 1 1 A1 L
0.0 20 4.0 6.0 8.0 10.0

REL [11D0I: 10.5170/CERN-1996-003.191
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Temperature distribution in Nb-Gu

02K—- | Nobuk

Temperature distribution simulation for an iron
hased defect imbedded in Nb or Cu —
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9.0090 9250 0S990
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Motivation for thin fillms in SRF

Gopper prevent Quench T e
due to thermo-magnetic breakdown 33K =t —_

BBBBBB
BBBBBBBBBBBBBBBB
RRRRRRRR

Joachim Tuckmantel Thermal effects in superconducting RF cavities: some new results from an improved program CERN-EF-RF-84-6. - 1984
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Change the surface properties

Surface: Low Rs RF
1 ~1-2.mNb

~3mm

Bulk: High thermal conductivity He

Motivation for thin films in SKF

Cu presents high thermal conductivity > resistance to quench
Nb surface resistance could be modulated
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Motivation for thin fillms in SRF

Rpcg (4.2K) [nQ2]

BGS resistance depends on mean free path
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Cristian Pira Superconductive Materials

Ry @ 42K
Nb bulk: ~900 n©

Nb films: ~400 nQ

Rycs @ 1.7K
Nb bulk: ~2.5 n®

Nb films: ~1.5nQ

Benvenuti C et al 1999 Physica C 316 153
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Change the surface properties

Surface: Low Rs RF
1 ~1-2.mNb

~3mm

Bulk: High thermal conductivity He

Motivation for thin films in SKF

Cu presents high thermal conductivity > resistance to quench
Nb surface resistance could be modulated

Safer handling for the chemical surface treatments
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Gu polishing VS Nb polishing

Nb Chemical Polishing Nb Electrochemical Polishing

BCP composition (1:1:1 or 1:1:2) EP hath composition (1:9) &
- HF - Hydrofluoric acid (49%) - HF - Hydrofluoric acid (49%) ’ @
« HNO;- Nitric acid (703 « H,S0,- Sulphoric acid (96°/3

« H4P0, - Phosphoric acid (8501

Motivation for thin fillms in SRF

Cu Chemical Polishing Cu Electrochemical Polishing
SUBUS composition EP bath composition (3:2)
- sulfamic acid (5g/1) « H,P0,- Phosphoric acid (8501
« hydrogen peroxide 329/d(50mi/1) « N-buthanol (993
« n-hutanol 999/d50miA)
« ammonium citrate (1g/1) oo
No HF for Gu polishing

No chemical post treatment on Nb film necessary
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Why thin films for SRF?
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Use materials with poor mechanical properties
(but excellent SRF properties)

A15 materials (NbsSn, V-Si, NbsGe, efc.) present high T. and High H,, but are very brittle: can not be
used as bulk materials for SRF cavities

Motivation for thin fillms in SRF

) H H H MoHg A £ A
Material | Te (9 (ps‘);:m) rr?ﬂ? rri.TC)z (F:T;:* (r(;T): (nm)* (n;)* mev) | P
(WAIT THE NEXT LECTURE) w7 e [ne | w o l
Nb 922 | 2 | 170 | 400 | 200 | 219 | 40 | 28 | 15 I
NbN 171 | 70 | 20 [15000| 230 | 214 [200-350 | <5 | 2.6 [
NbTi 4-13 |>11.000| 100-200 | 80-160 | 210-420 | 5,4
NbTIN 173 | 35 | 30 150-200 | <5 | 2.8 I
Nb,Sn 183 | 20 | 50 (30000 540 80100 | <5 | <5 I
Mo,Re 15 | 1030 | 30 | 3500 | 430 | 170 | 140 I
MgB, 39 |0110| 30 [3500 | 430 | 170 | 140 | 5 |2.3/7.2|Il-2gaps*
2HNbse, | 74 | 68 | 13 | 29| 420 | 95 |100-160] 8-10 Il- 2gaps**
15000
YBCOlcuprates | 93 10 100000/ 1400 | 1050 | 150 0,032 d-wave**
Ba K Fons, | 38 30 |>50000( 900 200 | 2 [10-20 |s/d wave™
‘@ OK C. Antoine (CEA Saclay), SRF Tutorials 2019

** 2D => orientation problems ?
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Why thin films for SRF?

. Reduce matenal cost
2. Change the surface properties (bulk properties = surface properties)

3. Use materials with poor mechanical properties (but excellent SRF properties)

Motivation for thin fillms in SRF

4. Realize complex structures
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Realize complex structures

% s s
g | 0.8¢ =
= SIS Multilayer s ¥

§ 2 ; ﬁ \
~  (WAITTHENEXT LECTURE T

3
x/?uo

Alex Gurevich, Appl. Phys. Lett. 88, 012511 (2006)
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Outline
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How to realize a thin fillm coating

Thin film applications

Some of the most utilized applications of thin film deposition processes include:
+ Single and multilayer films and coatings
* Nanolayered materials
*  Optical films for transmission and reflection
* Decorative films
*  Decorative and wear-resistant (decorative/functional) coatings
*  Permeation barriers for moisture and gases

+  Corrosion-resistant films

*  Electrically insulating layers for microelectronics

+  Coating of engine turbine blades

+  Coating of high strength steels to avoid hydrogen embrittlement
+  Diffusion barrier layers for semiconductor metallization

*  Magnetic films for recording media Spectrm of solar ristion

*  Transparent electrical conductors and antistatic coatings w R

».[nm]

. . - R . 400500 600 700 800 900
*  Wear and erosion-resistant (hard) coatings (tool coatings)

*  Dry film lubricants )
- - - - ARlayer — a4 . 2pm
» Composite and phase-dispersed films and coatings B —— ‘3 (
B ~ . p-CuGaSe, ——— ™ 2um
» Nanocomposite materials pHCuGa e,
nZnSe — " -Zn0
»  Thin-walled freestanding structures and foils metat T T

Cristian Pira Superconductive Materials

M BD Disc Structure

Base
Dampproof la

Active layer for blue light

Active layer for red light

13 Materials for SRF- Thin films

Recording surface




Thin film deposition techniques

Chemical Deposition - Plating/Electroplating
« Dip/Spin coating

« Ghemical Vapour Deposition

« Thermal CVD
« Plasma Enhanced CVD
« Atomic Layer Deposition (ALD)

How to realize a thin film coating

Phisical Deposition - Physical Vapour Deposition o) &
-+ Evaporation e
- Laser Ablation XX
+  Plasma Spray
- Sputtering
«  Cathodic Arc
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Thin film deposition techniques

Chemical Deposition - Plating/Electroplating
« Dip/Spin coating 5

« Ghemical Vapour Deposition

« Thermal CVD
« Plasma Enhanced CVD
« Atomic Layer Deposition (ALD)

How to realize a thin film coating

Phisical Deposition - Physical Vapour Deposition

- Evaporation
« Laser Ablation

- Sputtering

« (Cathodic Arc
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PVD deposition techniques =

Az

Suhstrma
Substrate Substrate Subatrmg % @ Plasma |M H
h{) . - s : aita )
S Physical vapor deposition processes ‘i?;z]%" mﬁ“?“ "a T e
§ (often just called thin film processes) | 7 % A g"é‘i.“ﬂa
S are atomistic deposition processes in T@ ks e o
S which matenial is vaporized from a solid Vaeuum evaporaton Sputiar doposfion —————— Gathodic Are
g or liquid source in the form of atoms or
§ molecules and transported in the form of Subsirate Subsirate Subeirate Substate
§ avapor through a \(lacu:lm o;)low F B . Fﬁ'&h . — 1 ':'u;.:\mf
ressure gaseous (or plasm o KT o
=3 pres .
environment to the substrate, where it ré‘ iz W lon gun
Filament Target Arc cathods Fllamem
condenses ) e @ (h)
on platin IBAD
Donald M. Mattox,
'y o Figure 1.1: PVD Processing Techniques: (a) Vacuum Evaporation, (b) and (c) Sputter Deposition
%ﬁiﬂ?ﬁfﬁﬁ}'ﬂﬂﬂ/ Vapor Deposition PYD) in a Plasma Environment, (d) Sputter Deposition in a Vacuum, (e) lon Plating in a Plasma

Environment with a Thermal Evaporation Source, (f) lon Plating with a Sputtering Source,
(g) lon Plating with an Arc Vaporization Source, and (h) lon Beam-Assisted Deposition (IBAD)
with a Thermal Evaporation Source and lon Bombardment from an lon Gun
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Plansee High Performance Materials, Youtube



Interface

The depositing film material may diffuse and react with the substrate to form a

“interfacial region”

Nb-Cu case

Abrupt

How to realize a thin film coating

Weak chemical reaction between atoms and substrate
Low deposition temperature
Surface contamination

Low nucleation density

Cristian Pira

Graded

By diffusion (solubility, temperature, time, contaminations)

Chemical reaction (oxygen-active metals on oxide
substrates)

By co-deposition or implantation of energetic ions of the
material
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Nucleation stages

I, ﬁ.inph: e 2. Migration Y. Collision and 4. MNucleauon
Q Ipacts or combination of
S recvaporatio 1 idual :
",..3 I 1on imndividual atoms
L - -
E - - g g - - - y g *
N .‘ -
~ - [ I ]
E . \- - = . .- e
QNQ o r’ o —* .w - -
"\; T . - - -
* = =
& -, -
_& -
8

8. Holes 7. Channels 6. Coalescence 5. Nuclei growth
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Phases of film growth: Nuclei growth

Nuclei grow by collecting adatoms which either impinge on the nuclei
or migrate over the surface

binding energy atom-atom < binding energy atom-surface
Layer by layer growth (Frank-van der Merwe)

How to realize a thin film coating

binding energy atom-atom > binding energy atom-surface
Island growth (Volmer-Weber)

binding energy atom-atom = binding energy atom-surface
Layer by layer + island growth (Stranski-Krastanov)
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Phases of film growth: Film growth

|s the evolution of the nucleation, where arriving atoms are deposited on the
previously deposited material

Usually exhibits a columnar morphology

How to realize a thin fillm coating

wppg il ;
B s e i et i e e

TiN on glass from Macleod’s book Nb on Cu (A. Sublet, CERN)
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How to realize a thin fillm coating

On growth and adhesion

Particle or

; Vapor flux
Vapor inclusion P
flux

\ /Large / 4\ Large
Small pinhole Film Sm Small pinhole
pin /

N
p‘"““éé 9 J, \L Pole \%/ pinhole = ;

Surface bump
Vapor

4

flux \\\\A Large p:inhofes pm;“e ) \ l / plsnrrf]‘;':a A
Qo'c .00
D S

Rough surface

Vapor Vapor flux
flux
RN ot &
—— s . <—Film
WZ K%WA WZ 7
A ¥ 7
) Zi%

Grooved or via surface Pinholes
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How to realize a thin fillm coating

Stress on thin films

Compressive stress ,
Tensile stress

P

_.. -‘_
} -—Film —"'{
e e
- e
Substrate

Stress relief by buckling Stress relief by cracking

Isotropic I| | Isotropic ‘ |
-—— stress ' T*— ‘ "
[ ﬂ 0 stress i‘ 0
Anisotropic - ‘ i i |
\ !l Anisotropic
stress —= “ stress —

“Worm tracks” Straight blisters “Mudflat” cracks Straight cracks

Donald M. Mattox, Handbook of Physical Vapor Deposition PVD) Processing

Cristian Pira Superconductive Materials I3 Materials for SRF- Thin films




How to reduce film stress? Temperature effect

Y HIGH MELTING LOW MELTING
T POINT (T POINT 4T
S MATERIALS MATERTALS
S

\|§

S

E TOTAL

N A ~ INTERNAL

S v REN STRESS

s = ‘\/

= 7 N

S

INTRINSIC OR S
GROWTH STRESS

THERMAL
STRESS

DEPOSITION TEMPERATURE IT/T i

J. A. Thornton and D. W. Hoffman, “Stress-related effects in thin films,” Thin Solid Films, 1989
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Temperature effect and Structure Zone Diagram (SZD)

- Based on the compilation of the

.b.Q [ ] [ ] [ ] [ ]

*§ experimental results, is a guideline for

S “predicting” the structure of deposited

s thinfilms .. ens

S 0.3 0.5

kS _ SUBSTRATE

s 1st proposed in 1969 by Movchan & TEMPERATURE (T/Tm)

£ Demchishin for films deposited by thermal o

. ONEI: ZONET: ZONEI : ZONE I

evaporation.
T, = T_ Homologous temperature

Ts/Tm
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How to reduce film stress? Pressure effect

LERQ STRESS PRESSURE

1S
S
Q
E 3m T ["'l]] T‘rﬁl"[ T T T
S CYLINDRICAL POST MAGNETRDNS
N NORMAL ANGLE OF INCIDENCE
S 200 - ARGON WORKING GAS ® i
=S COATING THICKNESS ~ 20004
~ g DEPOSITION RATE ~600A/min, /‘\
Q© EZ
N z ¥ o 4
5 =
§ o NICKEL .4 /
= . (MASS 59;2/ )
) Tt Ly T 7
S s ol I
S : / :
NS g & 10F CHROMIUM a
22 (MASS -52) |
£ ~~_ / ’ TANTALUM
g M ~e movvepenuml (MASS -181) 1
STAINLESS STEEL MASS 96 |
(MAS S~ 56)
0 ! A -
.___.,.—.-_.
A
a0 | PO L1 111l N B NS
0.2 04 060810 2 4 6 810 20 40

PRESSURE (mTorr)

J. A. Thornton and D. W. Hoffman, “Stress-related effects in thin films,” Thin Solid Films, 1989
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How to reduce film stress? Pressure effect

LERQ STRESS PRESSURE

1S
S X
S 1-10-3 mbar
Q
E 3m T [I'll]] TTﬁIIT[ L L T
Q CYLINDRICAL POST MAGNETRDNS
= NORMAL ANGLE OF INCIDENCE
S 200} ARGON WORKING GAS ° i
= COATING THICKNESS ~ 20004
e 3 DEPOSITION RATE ~600Aimin, /‘\
N £2,
. z ¥ o} . X
N : P 9-10-3 mbar
§ = NICKEL “/ /
= (MASS 59)?/ [
) s T Ly A 2 A S 1
S = ol l
S a
T Sz lwof CHROMIUM / o ! -
22 IMASS -52) 7/ |
g . ’ TANTALUM .
% “r \‘\:/ moLveoenuml (MASS -181) I 2-10-2 mbar
STAINLESS STEEL (MASS 961 |
(MAS - 56) ’
300} A 4
— o= —
A
a0 | PO L1 111l N B NS

0.2 0.4 060810 2 a4 6 8 10 20 40 _I _2
PRESSURE (mTorr) m ar

J. A. Thornton and D. W. Hoffman, “Stress-related effects in thin films,” Thin Solid Films, 1989
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Thorton Structure Zone Diagram

ZONE 1: characterized by a fine-grained structure of
textured and fibrous grains, pointing in the direction
of the ammiving vapor flux. The morphology is caused
by the low mobility of the adatoms that procuce a
continued nucleation of grain.

ZONE T: a dense fibrous structure with a smooth,
highly reflective surface. Diffusion is “remarkable”
but grain boundary diffusion is strongly limited
lonic bombardment of the growing film can move
the morphology from zone 1to zone T.

« ZONE 2: surface diffusion sets in, leacling to uniform

How to realize a thin film coating

.._.D6

columnar grains. :
. L 0.5 SUBSTRATE
« JONE 3: dense films with large grains, drive by bulk TEMPERATURE (T/T_)
diffusion and recrystallization. DRESSURE "

{mTorr)

J.A. Thornton and D.W. Hoffman, Thin Solid Films, vol. 171, no. 1, pp. 5-31, 1989
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Outline

« Motivation for thin films in SRF cavities

- How to realize a thin film coating?

- State of the art in Nb thin films (accelerators with thin film technology)

« (Characteristics of Nb thin films

« R&D on Nb thin films
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Nb film is a well known technology

n

+ 288 Nb/Cu cavities installed in LEP @ CERN f ‘ [y
+ 56 Nb/Cu cavities installed in ALP| @ LNL INFN 4—.,., 5 =
+ 16 Nb/Cu cavities installed in LHC @CERN
» 20 Nb/Cu cavities installed in HIE-ISOLDE @ GERN

State of the art in Nb thin films

= B
2000’s LHC: 400MHz 1-cell

« R&D in many different labs: CERN, INFN, JLAB, STFC, Comell,
IMP, ...

2010’s HIE-ISOLDE: 100MHz QWR
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Elliptical cavities @GERN - LEP2, LHG and 1,5 GHz R&D

SPUTTERING PARAMETERS (1,5 GHz) Cooling

« Sputter gas pressure of 1.5x10-3 mbar (Ar or Kn) OI%%

- Plasma current stabilized at 3A- DC 3|3 Ceramic insulator
» Sputter potential ~-360 V Magnet ||| RE Cavity

- Goating temperature is 150 °GC ~

* TthkI]GSS 15 l,lm Nb Cathode @\ Plasma

SPUTTERING PARAMETERS (1,5 GHz)

State of the art in Nb thin films

Dust-free valve

¢ RRR “5 * 01 Sputter gas = IFIII)’ %allllgg%
« Argon content: 435 + /0 ppm Main valve

« Grain size: 110 = 20 nm Pt v g
« Te: 9.51: 0.01K pumping

Courtesy of S. Calatroni (CERN)
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1.5 GHz Gavity Sputtering System @LNL

State of the art in Nb thin films
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1.5 GHz Gavity Sputtering System @LNL

State of the art in Nb thin films
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1.5 GHz Gavity Sputtering System @LNL

(7
S
S
S
N
S
S
IS
S
=
S
&

INFN @m@ Cristian Pira Superconductive Materials I3 Materials for SRF- Thin films 40



1.5 GHz Gavity Sputtering System @LNL
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S
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1.5 GHz Gavity Sputtering System @LNL
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S
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1.5 GHz Gavity Sputtering System @LNL

State of the art in Nb thin films
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LEP2 Performances

o : | - 1 Fight pre-series 4 cell cavities for LEP were built at CERN, the remaining

= | e e 264 were made by three European industrial suppliers

S I . Wt TeA2K

= " . _

I I 1 No thermal quench (contrary to bulk Nb)

8 PR LSy b s ]

= | * Trvem 1 ]

:§ I e Pl /; - Higher performances compare to hulk Nh

=3 107 I~ — g . . . . x

4 3 E 3 Nb bulk cavities performance in the ejefities were limited by the poor Nb
i . thermal conductivity (RRR of 40)
| 4
|

s VN Unexpected advantage

G. Arnolds-Mayer et al. 1988 Proc. of the 3rd Workshop on RF Superconductivity
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State of the art in Nb thin films

Almost insensitive to the Earth’s magnetic field

107
- Bulk Nb: 100 na/Gauss %0900 0 6 g4
Bo | 90 o Nb coated cavity
TEEAET S ey, .
. - .
« Nb films: 1 n/Gauss s
10° E+:+i+ Pt pngn Nb sheet cavity
g T+
i Ho* 2% gapyH
cheaper cryostats |

Not necessary complex magnetic 0t Lo
shielding of the cavities

Eu [H‘L"fm]

C. Benvenuti et al. | Physica B 197 (1994)
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Almost insensitive to the Earth’s magnetic field

« Bulk Nb: 100 nQ/Gauss

Coatings on oxide-free copper ( a) Coatings on oxide-free copper (b)
I Coatings on oxidized copper Coatings on oxidized copper
—h— — 8
™~ bl ND bulk Nb
— 100 d e - " : 10 ¢
O e = .
—a—a —~ —ig — i
n ~1 L
n ;| (D o t%i B I
« Nb films: 1 no/Gauss 2 —- . S .
o ¢ 2 . e
= — B
m I |__| —.%
10 ¢ - —8 = 1r ey
: —Hg > Re
g e .
. ¥

cheaper cryostats e e T
Not necessary complex magnetic
shielding of the cavities R,=(Re+R:H,)H,,

C. Benvenuti et al., Physica C 316 (1999) 153-188
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LHG cavities: from substrate fabrication to
installation in the tunnel
b o i = {i | ! y

e

LHC Point 4, ~ 100 m deep shaft = LHC tunnel Courtesy of A. Sublet (CERN
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Hfirst coating
A& s=cond c-::a'jrg_

;
n

[ |
[ |
]
[
N
[
| e e

Qo [109)

A

F RS9 REEEEEIIIRERZE

Distribution of cavity quality QO at a gradient
of Eacc =5 MV/m and a bath temperature of 4.5 K

m Thath =45 K
O Thath=25K
35
3 9]
10 o o o
o ———" - 25 ]
AT a ‘© 2 o0
A -
mc "'6.“ : Iﬁ. n
ot
—_— 1 0,5
(=]
«] 0
® Thath =4.5 K || 0 2 4 6 3 10 12 14 16
A Thath=25K || Eace [MV/M]
ESPEC
0.1 S —— Highest gradients Eacc and quality factors QO at the highest
gradients achieved at bath temperatures of 4.5 Kand 2.5 K

0 2 4 6 8 10 12 14 16

Eacc [MV/m]
S. Bauer et al., “Production of Nb/Cu sputtered superconducting cavities for LHC,” 1999
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LHG cavities coating setup

- Cavity as UHV chamber (10-° mbar base vacuum)
« Cavity = anode, grounded

« Nb cylindrical cathodes tubes

- movable electromagnet inside, liquid cooled

- DG-magnetron sputtering, 6 kW, 1.10 mbar Kr

- Cavity bake-out (bake-out tent) to 180°C
- Coating 7 steps for the 7 different electromagnet positions
1 > Duration = Th 20" at low temperature (150°C)

» > Nblayer thickness ~ 2 mm

State of the art in Nb thin films

LHC cavity coating setup

L) — 8

Before and after coating views from cavity main aperture A. Sublet. Thinfilms Workshop 2018
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R&D on 1,5 GHz - State of the art for Nb-Gu cavities

Cooling
OUL ﬁlN
},
|
1.5 GHz Nb/Cu cavities, sputtered Kr @ 1.7 K (Q,=295/R,) Ceramic insulator
é 1E12 Magnet RECovity
S N-doped bulk Nb & p
E - Ope u Nb Cathode asma
§
S % i
't LT -‘,[ &Nl Epgmggy e g Dust-free valve | ~<_|
;E 1E11 heor Emy Sputter gas R = 5 %%%gg%
S
S
S
=
X

— : R = B

< 2k G L

M~ ) '@ : Q.i RGA Main valve
: . ® -

. ¥r @ .*. I.'....... Diaphragm .

- 4 .*-‘. .....Q. Main Pump

G::: . Differential

bulk Nb pumping

* Y High Q at low field

1E9 C. Benvenuti et al., Physica C, Vol 351(4), April 2001, pp. 421-428
y T y T T T ' T T 1

0 5 10 15 20 s Strong Q-slope still present

E_ [MV/m]

acc
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Increasing complexity:
Quarter Wave Resonator

State of the art in Nb thin films

Cristian Pira Superconductive Materials 13 Materials for SRF- Thin films



AlPI @ lNl 160 MHz QWR

A more complex geometry than
elliptical cavities

gt
S
S
D
<
S
]
s
~
&

INFN % e Cristian Pira Superconductive Materials I3 Materials for SRF- Thin films 52



QWRin ALPl @ LNL INFN

* 1988: development of Pb/Cu QWRs (established technology at the time)

. thQ/ZCI a U-shaped linac with Pb/Cu mid-3 QWRs; R&D of low-[3 full Nb and high-[3
u

* 1998: first high-3 and 3 lower-[3 cryostats installed

« 1998-2004: mid-} QWRs with Nb/Cu technology (same Cu-base); 2"¢ high-3 QWR,
At full-Nb QWR; development and construction of PIAVE full Nb QWRs and SRFQs;

' e 2006-2008: liquid-N cooled coupler improve stability of lower-3 full Nb QWRs;
I Nb/Cu on new Cu-bases in test cryostat CR15

* 2016-2018: upgrades of PIAVE SRFQs to improve field and phase stability |
e 2019-2021: 2 additional high-3 Nb/Cu resonators |

Bu
= —---@--

G. Bisoffi — Long-term SRF Experience at INFN-Legnaro, TTC Meeting — Vancouver 2019
Cristian Pira Superconductive Materials I3 Materials for SRF- Thin films
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The early ALPI with mid- Pb/Cu QWRs

Cavity Performance Improvements

T

o Coaxisl 150MHz Baast Resulls 22 Apr.08 E
e G Thpered Best Results 12Apr.69 i
.’ | Besl RAesults First Pleting 15Feb. 00 -

E.-2.3:2.7MV/m
Bo=0.11

0.1 10

1
Ea [MVim]

State of the art in Nb thin films

Reliable operation

Cheaper than full Nb, mechanically stable, not susceptible
to quench, ideal for complicated geometries

1992: ALPI during first assembly Limited performance, and some degradation of E,

Cristian Pira Superconductive Materials I3 Materials for SRF- Thin fillms



State of the art in Nb thin films

First 80 MHz low-g full Nb cavity in 1993

(Cl?hlble wal| thin Nb puter conclu
Wi

ongma mechanica dampe

1.OE+10

1LOE+09 |-

¢o CETYS
N P00y Geo
I °°°°°¢o‘,° 0.-..... ‘ A ™
Q I ©900.000 00 gare S50 Co0000 .I..:'“A.A:ﬁ'--
0000 60000 °
L °.
oo

1.0E+08

1.0E+07

Ié:)tor equipped

3 4 5 6 7 8
Ea (MV/m)

Off-line Q-curves: 6:8 MV/mat7W

Cristian Pira

9 10 11 12

G. Bisoffi — Long-term SRF Experience at INFN-Legnaro, TTC Meeting — Vancouver 2019

Superconductive Materials

First 160 MHz high-b Nb/Gu cavity in 1993 i
(geometry optimized for sputtering, capacitive coupler

R&D on full-Nb and Nb/Cu QWRS

Cathode

Ground

far from the shortmg plate)
LE+10
N
RALY
1.E+09 L
: . amagy W
i s, Ve, o
1 08 _: ¢ CR20-1 I I te
: | ® CR20-2 I I
[ = CR20-3 I I
1E+07 | 4 CR20-4|, : :'
o 1 2 3 4 5 6 7 8 9 10 11 12
Off-line Q-curves: 6:8 MV/mat7W Ea [MVim]

Higher mechanical stability

Less sensitive to microphonic effects

13 Materials for SRF- Thin films




The next step: apply Nb/Gu to mid-g QWRs...

n.8 160 MHz, Nb/Cu, B, 0,13 Bu

Ea [MV/m|
6 B Nb/Cu 2006

B Removed Pb/Cu

Bul

... on a non-Nb/Cu- 2
optimized geometry and
Cu-brazed joints (smaller !

radii on end pkate and
beam-ports, beam coupler

State of the art in Nb thin films

) > - SN D DD DN A NN AN
&> X ‘
hole in high-H region) & & & & & & & & & & iy

G. Bisoffi — Long-term SRF Experience at INFN-Legnaro, TTC Meeting — Vancouver 2019
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State of the art in Nb thin films

ALPI V. from 20 to 48 MV

r cmccc P

50

45 4
40 |
35

B Nb/Cu high beta

2 Nb/Cu medium beta
[ Pb/Cu medium beta

1 Nb, low beta

Bul 30
25

MV

-00086006-—--0--

Cristian Pira

G. Bisoffi —
Superconductive Materials

Long
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ALPI QWR - Effect of the substrate

High g QWRs (-0.13,160 MHz) Medium g QWRs (p-0.13,160 MHz)

Drilled by a billet of OFHC Cu, 99.95¢/grade Brazed joints (especially the ones in the outer resonator surface)
No brazed joints, beam ports jointed by indium gaskets Flat shorting plate
Rounded shorting plate ‘ = S Beam ports shape

State of the art in Nb thin films

/’ /
) C g
- A I.. N <
[ A °p bl T - N
[ - L N [ / A ’0,
1.E+08 [ ¢ CR1041 @ CR10-2
F @ CR20-2 i + CR10-3 = CR104

[| = CR20-3 ® Average Q at7W
[ - 1.E+07 ' '
1E+O7 | A CR20 4 1 1 1 1 1 1 1 1 1
0 2 4 6 8
0 1 2 3 4 5 6 7 8 9 10 11 12 Ea [MV/m]
Ea [MV/m]

A. Porcellato, Nb Sputtered Cu QWR, Thin Films Workshop LNL 2006
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Nb/Gu sputtering advantages

Mechanical stahility (mechanical vibrations are not an issue)

Frequency not affected by changes He bath Dp (<0.01Hz/mban)

Reduced over-coupling (smaller amplifier, coupler do not need cooling, rf lines have reduced size and limited rf dissipation)
High thermal stahility (less prone to hot spots, coniitioning easier)

Stiffness (in case of loss of isolation vacuum leak)

Absence of Q-disease (less demand on cryogenic system cooling velocity and reliability)

Insensitivity to small magnetic fields o magnetic shielding

High Q of the N.C. cavity (easier coupling in N.C state)
Ahsence of In vacuum joints (vacuum leaks less probable)

Price (hoth material and construction)

State of the art in Nb thin films

The lower performance of Nb/Cu cavities at high fields, due to the more pronounced Q-slope of Nb/Cu resonators, is not anissue in
OWRs as it is in b>0.5 cavities, because beam dynamic constraints require to limit the accelerating gradient in the low b section of
linacs to values well reachable by Nb sputtered resonators

A. Porcellato, Nb Sputtered Cu QWR, Thin Films Workshop LNL 2006
Cristian Pira Superconductive Materials I3 Materials for SRF- Thin fillms




ALPI QWR - Substrate preparation

« Electropolishing (20..m, 2 hours)

« Rinsing (water, ultrasonic water, HPR)

» Chemical polishing (10..m, 4 min, SUBUS)
« Passivation (sulphamic acid)

« Rinsing (water, ultrasonic water, HPR)

« Drying (ethanol, nitrogen)

State of the art in Nb thin films

A. Porcellato, Nb Sputtered Cu QWR, Thin Films Workshop LNL 2006

Cristian Pira Superconductive Materials 13 Materials for SRF- Thin films



‘.Sfafe of the art in Nb f/7/_71 films

Cristian Pira

] L

vl

L
Parameters g im : ék
Argon pressure: 0.2 mbar | 10l
Substrate T: 300-500C Tilif ]
Film characteristics IHHR R i
Thickness: 1-2 microns M L

RRR: 9-20

A. Porcellato, Nb Sputtered Cu QWR, Thin Films Workshop

Superconductive Materials

13 Materials for SRF- Thin films
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HIE-ISOLDE @ GERN

Superconducting linear accelerator for energy upgrade of
ISOLDE radioactive ion beam facility

L
®
®
oy

State of the art in Nb thin films

0.9m

el | .
- e 4
/ 7 —_—

Cryomodule clean room assembly 4 CryomOduleS in HIE-ISODLE Linac

Courtesy of A. Sublet (CERN
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HIE-ISOLDE @ GERN

Same sputtering configuration asin ALPI
Clean room assembly improvement

e

Cavity in UHV chamber (10-8 mbar base vacuum)
3D-forged Cu cavity substrate, hiased at-80 V

Nb cylindrical cathode used on both sides, not cooled
DC-hias diodle sputtering, 8 kW, Ar 0.2 mbar

Coating at high temperature (300 > 620C)

Done in 15 run/cool-down cycles (4 days)

Nb layer thickness ranging from 1.5 mm to 12 mm

State of the art in Nb thin films

‘q & Courtesy of A. Sublet (CERN)
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State of the art in Nb thin films

HIE-ISOLDE film characteristics

2 ym

| . ulﬂ

h_ T

—e—Q4.8 Inner thickness

14

12

[
o

HAADF TEM -15 layers

T — M - Q$ . Nb

co

[o)]
[

o

N

Nb thickness on Cu [um]

o

100 200 300 400 500 600 700
¢, ¢ Distance from cavity edge [mm]

-

Ru?grﬁ_________________'

=

= Influence of “multilayered” Nb film/dislocations/morphology on the RF performances?

A. Sublet (CERN), Thinfilms Workshop, LNL 2018
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HIE ISOLDE R&D @LNL

Helicoidal magnetic configuration

State of the art in Nb thin films
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HIE ISOLDE R&D @LNL

Helicoidal magnetic configuration

Sample position

S = 4

.s e

S 7, ; m m

S 1] * 0 . * o mm m;

= > _ 4% )

N £ 2 9 | =

v = ¢

S = .t b/ 1 |

<) 9 * +¢

= — ] ¢ 1

o 15 |

My < I

Q () Il

.s% 1 = 0 s |

S : 20 -10 0 10 20
1 |
1 |
| 20 |

# Good thickness uniformity

R&D stopped due to difficulties in the handling
of the chemical polishing

(HIE ISOLDE QWR larger than ALPI QWR)
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HIE-ISOLDE QWR Performances

Beax [MT]
0 10 20 30 40 50 60

o "'I"'I"'II"1I"'!|"II"II"rI"I'I"!'|'1'I'1'I'I'I'r'I'!"l'l"l1"I1"Ir"|!‘"|I"'II"'I"'I"'!"'|'"II'"II"'II"'!I"Il"II

State of the art in Nb thin films

10 jﬁ*"ﬁﬂ{ﬁgqloﬁéﬂ%}toﬁ.(ﬁag..g i 3 :

A XLL23
O XLL2.4
O XLL2.5

[ (e xLi2.1 e xLH11 [ xtAz2.1
| | moxu22 | m oxtH12 | m oxuH22

A XLH13
O XLH1.4
O XLH1.5

A XLH23
O XLH2.4
O XLH2.5

108 ==

1

T T

A T I I ...I.-.-l-.-.....-.-.........-. e

Cristian Pira

1

2

3 4

Superconductive Materials

E... IMV/m]

Courtesy of W. Venturini (CERN)
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State of the art of Nb-Gu films around 2 K

140 e
20

L%

R, [nQ]

1.3GHz (*) g 0® ®

20__ E'I"]F[EI‘IE?]O " o o°°

7Y T XY 1

%20 40 60 80 '1'60'15(')'1' 40160180

peak [mT] Courtesy of W. Venturini (CERN)

- : :
N 4 | A |
N | _
E - A DCMS i
N | 400MHz —
S 80F :
oy - A i
=~ = _
E 60 | QPRECR A HIE-ISOLDE QSS2  —]
& - 400MHz | q| 100MHz :
S i
e — A S=Silkss —
19 A O
40 sl LcellDems, g —
B 1.5GHz, i TESLAbulkNb o |
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HIE-ISOLDE QWR Seamless Design

peak [mT (r\ }\ Outer conductor

0) 10 20 30 40 50 60

0

Q

QP3.2
QS1.1
Qs2.3
Qs3.1
Qs4.1
Qs5.2
QS7.2 L
QS8.1

QS11.1

Racetrack shape
for vertical-
steering
correction
QS12.1
QS14.1
QS15.1 . .
Conical inner conductor

State of the art in Nb thin films

: QS16.1
: : : : : Qs20.1
H : O e e ( QsS19.1
Vertical tests AP A Pt : ast7.2
L T S R e O PR - s : . @ 95 mm
H e I . : : 22.1 decreases peak
COOI down In o'E' '¢" ':r" QS23.1 maanetic field

Maximum possible
thickness of 22 mm
due to mechanical

/ constrains

earth field e | ; & QsSt

. or e : : : QSSs2.1
108 AT TN T TR B CA MO S L AT I M I S S S BN R AR S MR ;“omi”a'

[MV/m]

aCC Circular beam

@ 85 mm for podr‘l sh’;pekto

ini o) on ¢ / reduce leakage

Courtesy of W. Venturini (CERN) ptimization of RIQ .
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Motivation through the seamless design

) P

State of the art in Nb thin films

- longitudinal fracture along the weld
- Source of chemicals trap/release
oxidation/contamination > peel-off Courtesyof A Sublet (CERN
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OWR Main Lesson learned:
the substrate is important!

State of the art in Nb thin films
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Outline

« Motivation for thin films in SRF cavities

- How to realize a thin film coating?

- State of the art in Nb thin films (accelerators using thin film technology)

- Gharacteristics of Nb films

« R&D on Nb films

Cristian Pira Superconductive Materials I3 Materials for SRF- Thin fillms



O-slope problem

Unsolved problem since 1990s

Q |\
\Z
%
S % Several theory proposed
§ \\#é . .
s 1o¢ N Depinning of trapped flux
A N
> & Low HC1
S —_— | bulk N :
8 -—-\-\:._.‘L._PEEPEL?S____.__ _ Early vortex penetration due to
S 0 N roughness
. Grain boundaries
R Bad thermal contact at the interface
10°; 0 20 0 0 & wym Not intrinsic problem of the films

Substrate is important
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Characteristics of Nb films

10"

1010 -

Effect of Polishing

1.3 GHz @ 1.85 K Nb-Cu bulk substrate CE&R y
“aprtieee ), \\_/
Electro Polis;, . .
C ’ o
4
Q/’”b
N
Oy.
\ //&6/}’
L (o4
-..'. r
S Maci.fi;,‘gd'- ., :'..
":::’ . + BM1.1
1 - BM1.2
« BM1.3|]
1 2 3 4 5 6 7 8 9 10 11 12 13

E_ [MV/m]
acc

L. Vega Cid, TTC meeting 2022 (elaborated)

Cristian Pira

Superconductive Materials

Cu substrate plays a
fundamental role in SRF
performances

Roughness and
defects reduction by
surface treatments
are mandatory for a
good and uniform
SRF coating
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Effect of Polishing

| 204m AccV SpotMagn Det WD Exp b————{ 20um / : p———— 20um

200kv 44 3200x SE 127 7 L21 EP

Nb film

1 pm EHT = 10.00kV Signal A=lnlens Date 28 May 2018 nwﬂ;l«y_sll:gm 1 pm EHT=1000kV SignalA=SE2  Date :28 May 2018 Unlversity Slegen 1 pm EHT=10.00kV SignalA=SE2  Date :28 May 2018 University Siegen
WD= 5mm Mag= 10.00KX File Name = C1-06.tif | WD= 7mm Mag= 10.00KX File Name = L10-03 WD= 7mm Mag= 10.00KX File Name = L23-05 tif Lot

Pira et al., SRF 2018
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INFN

INL

Cristian Pira

On behalf of SRF LNL Group

Plasma
Electrolytic
Polishing

IFAST S/ \MARA

TESLA TECHNOLOGY [ =1 INFN CSNS EXPERIMENT

TTC meeting 2023 e AL

Fe rl I | I |a b, 5 DeCel I I ber 2 02 3 éﬂLLAB’UHﬁTlGN - =W This project has received funding from the European Union’s Horizon 2020
T
Research and Innovation programme under GA No 101004730.




Basics grkfwngj‘ I

—_—

Electrolyte Y

Cathode i l M -tEéoeo.
T |i||l||||||||III||Il ||I||I|I||||||I|||| (N

. --gjl_goao.
E' -
]

2,5 -
~ TRANSITION
- 7 | :
< T
=15 - Concentrated Diluted water-
= Bath . . .
2 acid solutions salt solutions
Q’ —
; 1 ARCING Area chatode: anode -|:-| 10:1
§ 0,5 - Working voltage 2-25V 260 - 340V
O
0 - | | | | | Current density 0,03 A/lcm? 0,2-0,8 A/cm?
0 100 200 300 400 500 . 4-60 CO° ]
Voltage, V emperature (lower is better) 60-90 ¢

Pira C. et. Al, SRF Proceeding 2021
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Workplece/cmode

VGE

—_—

Basics of PEP I

Electrolyte

Cathode oy

cec ol
eSiics
-IDCCC G
-IL‘C‘:DGO
lM emccii ©

¥apor Gas Envelope T

Electrolyte (-
yvte () E— Concentrated Diluted water-
<Plasma discharge | acid solutions salt solutions
\ lonized water-steam film Area . .iode: anode 111 10:1
5 PN Working|voltage 225V 260 — 340 V
o F
Current density 0,03 A/cm? 0,2-0,8 A/cm?
4-60 C° ]
Specimen (+] Temperature | wer is better) 60-90 ¢

Vana, D et. al, Int. J. Mod. Eng. Res. 2013

Cristian Pira Superconductive Materials I3 Materials for SRF- Thin films




Green

Diluted water solutions,
enviromentally friendly

Equal thickness removal yield
lowest roughness among
competitors

Efficient

Cristian Pira

PEP Advantages

( /4 Fast
The fastest
non-destructive polishing
Plasma

Electrolytic
Polishing

Less sensitive to the
cathode shapel!
AM compatible

Versatile

O

13 Materials for SRF- Thin films
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PEP is Green 0

» Lower chemicals cost

No Acids in the chemical bath!

» Easier storage No HF for Nb!

INFN PEP Patented Bath

» Easier and cheaper wastes érngﬂiFulm Elglolr\i]dle: glE4F22();6 %
proceeding odium Fluoride NaF 0,5-2 %

BCP 1:1:2 EP Nb 1:9

79 % 93 % ~5%

» Less security risks
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PEP is Faster

PEP Is at |least
6x times faster than EP!

In cavity mass production
it would be huge advantage!

= =4 100 pm removed

120 min

20 min

100 min

A

Cristian Pira

Superconductive Materials

\0\

. Purification in UHV .

[ Nb ingot }5[ up to 300 RRR }»[ Sheet production ]—»
Trimming iris and
equator
Electron Beam
Welding
- -

External etching
BCP 20 um

Deep drawing of
half-cells
1

Final EP Scheme BCP Flash scheme

Ethanol rinsing

800 C° annealing

—

w Cavity tuning ——> Flange assembly

Assembly of
accessories

E i i
BCP 10 pm
120 C° baking
¥
HOM coupler tuning

Cavity preparation
scheme for European

>

L

Flange assembly

3

Helium tank ‘

Helium tank
welding

Assemblv' cavity for
testing
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PEP is Efficient

aladd d 4 M slado d 4 M B

Removal of equal quantity
of materials leads to lower
roughness comparing to
other treatments
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PEP is Efficient

[

Removal of equal quantity
of materials leads to lower
roughness comparing to
other treatments
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PEP is Efficient

Comparision with EP and BCP

et

Nb, Magnification 1000x;
100 um Removal

Nb EP
10[KV] SP=10 WD=18.2 x1.0k

50.0[um] HV 2022-06-29

10[KV] SP=10 WD=18.0 x1.0k 50.0[um] HV

£ /A 100 min 120 min 20 min

Both micro and macro
roughness is improved
significantly

Nb Initial

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

50.0[um] HV

13 Materials for SRF- Thin films
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Dektak 8

Surface Stats:
Ra: 1.63 um
Rq 2.11um

Rt 16.92 um

Measurement Info:
Sampling: 222.22 nm

Array Size: 4500 X 313

Dektak 8

Surface Stats:
Ra: 750.04 nm
Rq: 927.931m

Et:7.81um

Measurement Info:
Sampling: 333.33 nm

Array Bize: 3000 X 316

PEP is Efficient

Comparision with EP and BCP

Initial, Ra 1,63 um

Dektak 8

- 88

- 70

ce Stats:

23um

- 6.0

EP, Ra 0,75 um

Cristian Pira

urm

73 um

- 30 6.02um

- 1.0

surement Info:

- .1g ling:222.22nm

13ize: 4500 X 316

. Kak8
240 1ts:
nm
250
nm
tay !
- 050 ent Info:
12222 nm
-0.50
450023316
-1.50
-250
-3.49

urm

BCP, Ra 2,23 um

10mm’ ! 10

Superconductive Materials

PEP, R 033um |

[

Nb, Magnification 1000x;
100 um Removal

Both micro and macro

100 min

120 min

-

)

-
%
>
“
»

20 min

roughness is improved
significantly
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is Efficient

Real Example: Photocathode

In collaboration with .
Initial

After 4 min PEP

1.371

. A A
A \‘ﬁ o Pl
vl ML ‘ [k
“VMIMU"""""""r‘ Tl .-‘,.w._'.."'__F“_w,,[,n‘l;--‘"’d ¥ "
|

\
Wi,
Al aiv g i .
' \Mr.'lﬂ.,\"ml}\w "‘.._“‘ “hv“‘“‘.'-\“-»-J-i.-\v""‘.~‘l

um
1.278 137.790

0.000 50.000 100.000

1.357

_ g
W#WWWMW#*ﬁﬂllrwW %‘WLMM?#"“?‘L*@@

1.286 -
286 0,000 50.000 100.000 137.790  BAC/ADF

—T —TT BT T
Ctle "-Jmurll D, vigthe u~| Cif levi= 50,000

Profilel | Horz. dist. Rp Rv Rt Rz Rc Ra Rq
All 137.790um| 0.042um| 0.029um| 0.071um| 0.071um| 0.063um| 0.008um| 0.010um

Profilel

Line type : Set 2pt.

Ave: None

Correction : Smooth intensity None, DCL/BCL None, Smooth height None, Correct tilt None
JIS B0601:2001(ISO 4287:1997)

Cutoff : Roughness As None, Ac 0.08mm

Stylus mode : OFF

'Lleﬁm Description
File name Copper Catode INFN polished PEP 100X 1X.rpt
|Measurement date 6/6/2023

Measurement time 2:16:42 PM

Objective lens Standard lens 100.0x

NA 0.950

Size Super fine

I&da Surface profile

RPD ON

Quality High accuracy

Pitch 0.08 um

Z measurement distance 2.635 um

Double scan ON

Brightness1 6500

ND filter Intensity3%, Intensity100%
Fine mode ON
[Head type VK-X110
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PEP is Versatile

Scaling to large area

Current/Voltage curve Cu;

= =
o ™ N

.
N

40 cm? sample treated __— |

in 30 L solution
(Large bath system, 2023)

P
[ N

o
[

Current density A/cm2

o
o

12 cm?2 sample treated

04 in 5 L solution
0,2 (Becker, 2020)
0
0 50 100 150 200 250
Voltage V
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PEP is Versatile

Scaling Nb is a challenge

In collaboration with

HZB.....

Zentrum Berlin

i Oxidated zoneg

-,

Initial
(Bad BCP)

First run Second run
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PEP is Versatile

Scaling Nb is a challenge

o

o

Current density is inversally proportional to Temperature

p. o
£ 0,9 95 <
~ o
R =
- 905
7] o
£ : : | c o
5 80 ©
[nitial &70 °C 75 °C &85 °C E o
0
Average || 80 °C & 85 °C & 88 °C © 75
70
TESRF22 Chyhyrynetset.al.
Time, min

Temperature Gradients must be avoided
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PEP is Versatile

Cu has no scaling problem

The solution used for Cu PEP is SUBU5S

Double effect:. PEP+Chemical Polishing

In collaboration with

HZB Helmholtz

Zentrum Berlin
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PEP is Versatile

i Cu 6 GHz cavity
N T succesfully polished

No internal cathode,
Only external cathode!

70 um removed in 10 minutes
30 A (100cm? > 1.3 GHz ~ 300 A)
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Conclusions

» PEP is a promising alternative polishing technique for SRF
» Greener, Faster, More Efficient and versatile than EP and BCP

»Scaling Nb PEP to large area is challenging
(Temperature gradients must be avoided)

» PEP on elliptical cavity geometry proved on Cu

Cristian Pira Superconductive Materials 13 Materials for SRF- Thin films



Effect of the Gu substrate forming process

Cusubstrateplaysa =~ _—>> Vtrg fabrication

fundamental role in SRF

performances
Different posstbilities:
o, | T3 GHz Nb-Cu Y welding/seamless g
o \\ ., Seamiggy N_/) Splnning, h Qdm{ormiwg,
: R 1 electroforming...
C§ We.;;e‘&‘-.,“-. '..
| Different proofs of
- seamless RF performances SWEEL cavity
Eacc MV/m] superiority Stipler coating

(Hie-ISOLDE, ALPI-INFN, CERN studies, ..)) PYDO&quC

L. Vega Cid, TTC meeting 2022 (elaborated)

Superconductive Materials 13 Materials for SRF- Thin films
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Characteristics of Nb films

100 T

ARres/AHRF [NQ/mT]

Effect of the Gu substrate forming process

RN
o
T ! o

Hydroformed —> °

Spun —>
[

10 100
R [nQ]
res

1000

Coatings on oxide-free hydroformed
cavities consistently worse than for

spun cavities? Why?

Possible answer: a larger quantity of
hydrogen was migrating into the film

Cristian Pira

from the hydroformed cavity

Superconductive Materials

cmj

H2 flow [sc

S. Calatroni (CERN), SRF 2001
13 Materials for SRF- Thin films




Effect of the gas

T 1 T TTTT | T T LI B I ] 1 T L |
100 - e
é \}@ O Ne i
) : & O Ar/ Ne|
£ i \ ]
E —_ I ¢ 0 Ar |

'-§ 'E O Kr
S ~ 10 =
"g S - V Xe =
S o - + Bulk E
S s [ ]
= | ]
TE o oxide-free copper
i ® oxidized copper |
| | | I I | | | 1 L1 1 111 | | 1 L1 1 111

10 100
(a) R4 [nQ/G]

S. Calatroni (CERN), SRF 2001

Cristian Pira Superconductive Materials 13 Materials for SRF- Thin films



Characteristics of Nb films

RRR

18
17 4
16
15 A
14
13
12
11 -
10 4
e
a4
74
B_A.

4

2-
1

Angle of incidence of coating

95
94 &
02

9,04

= = B
NI Bl
-

2 84 -

"
} n
804 "

82

784
76+

deposition angle (degrees)
60 degrees

|

A
[ |

L]

L]
— T
10 20 K 1] 40 50 60

deposition angle (degrees)

Qe

75 degrees 90 degrees

Superconducting properties of niobium The effect is related to change in the
films depends on deposition angle between coating morphology
target and substrate

D. Tonini et al, Morphology of niobium films sputtered at different target-substrate angle, SRF99, THP11
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Angle of incidence of coating

/} S m CRi1.4 45K o CRI14 25K
| 5_0"| L o ¢ CR11.2 4.5K ¢ CR11.2 2.5K
|~ ' [ eato | A CR1Z.2 4.5K A CR12.2 2.5K
= . T T e —specs CR1 4.5K

20/ 120 ol W Wfg.
__._S" = _::_ ",
o 4 =2 " .J' 8 r: 44
B — o 48 g| [1030]1020| |5 | \ Ae ot “ha,
i [ ] {:' A

aa Eacc [MV/m]

| | )1 ; " ; : . !
L 0 0.5 1 1.5 2 2.5 3

Characteristics of Nb films

100
- a CR31.3 45K a CR313 2.5K
E ---e-- CH31.4 45K o CH31.4 25K
@ ee0n specs CR3 4.5K

o

=y
=
L

Eacc [MV/m]

0.1

C. Benvenuti et al, Production and test of 352 MHz Niobium Sputtered Reduced Beta cavities, 1997, SRF97D25
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Next generation Nb films

ALL film properties are a direct consequence of the film structure, defect/impurity

content... thus the technique, environment, substrate are key factors

UNDERSTANDING OF

L The chemistry of the involved species

Full control of the
deposition process i
O Reactivity

& 0 Stoichiometric sensitivity
tailored Reaction process temperatures
SRF performance stal structure dependence on substrate structure
uence of deposition energy on resulting structure
sitivity to the presence of contaminating species, defects
Pization of desired film against subsequent degradation

R&D on Nb filims

g
g

Careful characterization of the attained composition and microstructure
(RHEED, STM, XRD, EBSD, AFM, optical profilometry, XPS, SIMS,TEM, FIB).

Close association with resulting RF surface impedance & superconducting
properties (A, A, T, H,, RRR)

A-M Valente, SRF2017 Tutorials
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Energetic Gondensation

Additional energy provided by fast particles
arriving at a surface:

Generalized Structure Zone Diagram

A. Anders, Thin Solid Films 518 (2010) 4087

recrystallized grain structure

— columnar grains - residual gases desorbed from the substrate
E cutout to show structure SU me
S o hr D g B s desr M cheTic bondrsf he brPketn and defects
E accessible he St o] \ W'g:ig;?;?igﬁd (a: %gonhus a GC Iﬂg nlIC ea |0n pmcesses & fllm
S | |
X o
D 0.1_ - enhanced mobility of surface atoms

porous,

tapered crystallites

separated by voids,
tensile stress

Changes & control in:

densly packed 1

fibrous grains o Film density
transition from tensile (low £*) to :
compressive stress (high E*) :; ZZ%%EEE ° mprphOIDgy
rt-i-gicur: of poisible region not g+ and netetching © mlcmstructure
ow-temperture ibl
Iow-enfargy ion-assisted N dense film ¢ Stress
epitaxial growth reduction of deposition by sputtering ° Iow_ temperatum epitaxy

A-M Valente, SRF2017 Tutorials
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R&D on Nb films

Energetic Gondensation

Generalized Structure Zone Diagram

A. Anders, Thin Solid Films 518 (2010) 4087

recrystallized grain structure

zone 3

columnar grains

cutout to show structure

1 St oo A Variety of techniques with
e | e iy e distinet technologies

' « Vacuum Arc Plasma & Coaxial Energetic
Deposition (CED)

Electron cyclotron Resonance (ECR)

« High Impulse Power Magnetron sputtering
~ line separating (HIPIMS)

net deposition
E* and net etching

0.1

-~

—
porous, S| l,
tapered crystallites
separated by voids,
tensile stress

| =25
|||;|||1 :
|
~liy

densly packed 1
fibrous grains

transition from tensile (low £*) to
compressive stress (high E*)

region of possible region not
low-temperture accessible
low-energy ion-assisted

e dense film,
epitaxial growth

reduction of deposition by sputtering

A-M Valente, SRF2017 Tutorials
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HiPIMS

CERN (G. Rosazet al.)
Jefferson Lab (A-.M. Valente et al.)
STFC ASTeC (R. Valizadeh et al.)
Siegen University (M. Vogel et al.)

R&D on Nb films

Lawrence Berkeley National Laboratories (A. Anders et al.)
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R&D on Nb films

HiPIMS

Pulsed sputtering where the peak power

exceeds the average power by typically two 1000]  Toeer vower
orders of magnitude e _toows
1% 0r— | 400

. . t- II = ™ d s 100 % 500 “J«W\W 300§
The target material is partiaily ionize : ro0me g d |

. . . . E 10 < - S -1000 — 200 3
Large concentration of ions producing high- . 7 s | L
quality homogeneous films N pvemmas pover I

ime (us
Possibility to self sustain discharge | Time
Very high pun'ty_ Lower coating rate :
DCMS VS, HiPIMS Excellent adhesion N ions captured at the cathode
& s @ better (normal) conductivity, _ Very sensitive to cathode surface state
o s ¢ Large crystal grains, low defect density (roughness), induced arcing
Q o Suppression of fiber structure
A 2 . P ® Superior density
4 » Decreased roughness
W Homogeneous coating even on complex-shaped surfaces
_ : Phase composition tailoring
Interface engineering

J. Bohlmark et al., J. Vac. Sci. Technol. A 23 (2005) 18
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Conformal Goating

Inclination of columns is reduced at high target current
densities due to high ion-to-neutral ratio

neutral
E ion

R&D on Nb films

biased substrate

CrN Glancing
B Angle Deposition

G. Greczynski, et al., Thin Solid Films 519 (2011) 6354.

Cristian Pira Superconductive Materials 13 Materials for SRF- Thin films


http://www.sciencedirect.com/science?_ob=MiamiCaptionURL&_method=retrieve&_udi=B6TW0-52MJ8KC-7&_image=B6TW0-52MJ8KC-7-M&_ba=&_fmt=full&_orig=na&_pii=S0040609011008467&view=full&_isHiQual=Y&_acct=C000010260&_version=1&_urlVersion=0&_userid=126038&md5=f37578e465d0a6a323d9d2c77a0d91c1

Conformal HiPIMS @GERN

Biased (-100V) HiPIMS

R&D on Nb films

et [/~ 0N\ | it

Rosaz, SRF 2017, Lanzhou (China)

Cristian Pira Superconductive Materials I3 Materials for SRF- Thin fillms



o
i - e

HiPIMS discharge

R&D on Nb films

- Same hardware as for DCMS

« Pulsed Power supply
« Toladluty cycle
i - Short pulses: 200 s
Nb cathode with permanent . ngh peak current (200 A vs 3 A for DCMS)
magnets inside and Nb anodes . ngh peak mwer (80 kW peak for lkW avg)

« lonization of sputtered species
- Lower coating rate than DCMS

Courtesy of G. Rosaz (CERN)
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HiPIMS Results @ GERN

1ﬂ-.|1

Bulk Nb (R, = 20 nf)
M2.9

(DCMS, 2015)

M 5.1

(HIPIMS -100 ¥, 20186)
M 5.2

(HIPIMS -50 V, 2016)
M 1.5

(HIPIMS -50 V, 2016)
M5.3

(HIPIMS -25 V, 2017)

M2.3(1.8K)
(HIPIMS unbiased, 2013)

. 2.0K *
" ".7nQ .
. *
Elt}m i---;---.‘.'.‘-tﬂt-'t""-" M
= com o )
% b 0'0“,. 2 I'IEE'
§ ! *000000, % né...';ﬂﬁ'* " a ¢
S 9050009 mg*¢¢¢¢¢+¢¢.¢¢¢¢¢¢¢o
S 75n ° i
X 100 "
°ES EfpEm
% ’*44. °"
"04*4440;‘*0##1‘0**#00#'*00 "
480nQ2
. | | _Rosaz, SRF 2017, Lanzhou (China)
0 2 a 6 8 10 12 H e

E .. in MV/m

- High Bias does not give good results (gas implantation , stress)
« Lower pressure tends to better performances (contamination, stress)

» (-slope looks mitigated vs DCMS coating

Cristian Pira

Courtesy of G. Rosaz (CERN)

13 Materials for SRF- Thin films
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HiPIMS Results @ GERN

1ﬂ11
20K e Bulk Nb(H... =20 n0)
. :.;13%_'35 2015)
M5.1
*  (HIPIMS -100 V, 2016)
El(}m ...-;---.-l.tctc..n-...o. *?IIHIEF;IEMS-EDU,Eﬂlﬁ:I
= i o M15
< Niindyeee L D
.§ 001m3¢¢:¢¢¢0¢944¢¢4¢000 ) :uli-”;lam[sl-(a) 80 r .
100 o ® " (HIPIMS | = ECR
gg:; oy LTI 70 » HiPIMS
“"*Nr44¢¢¢¢¢¢¢*¢¢¢¢¢4¢¢o¢4¢ Pome 60 | *  bulkNb
480nQ2
. Rosaz, SRF 2017, Lanzhou (China) c 0|
0 P 4 & . 8 10 12 14 16 "
E, . in MV/m o 30t ’
- High Bias does not give good results (gas implantation , stress) 20,77
« Lower pressure tends to better performances (contamination, stress) |
0 i 1 i 1 i 1 i
- H a 0 10 20 30 40 50 60
» (-slope looks mitigated vs DCMS coating By (miT)

Cristian Pira
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HiPIMS @ JLAB

Magnetron Support System Isolation \ .
Ballaiis Valve . Cryogenic Gate Valve

Li_f: 4 For Cavity Isolation
T | ITI'I [{ﬁ == Ih =
. | n | i HJI | e ;:L{.LL ST 5
Small Test —— | Ju—!ﬁ» / \
Anode Support Sample Port Carsmie IcnputI
oupler

Isolator Cavity

R&D on Nb films B

Courtesy of A.-M. Valente

« Movable cylindrical Nb cathode
Background pressure in 10-°-10-0 Torr

« (Coating temperatures up top 400 °GC under extemal
nitrogen flow
Kr atmosphere

System re-commissioned
June 2018

Courtesy of A-M. Valente (JLAB)
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HiPIMS Results @JLAB

] Some HiPIMS Nb/Cu cavities show Mitigation of

® LSFC 12.1(-100V, 350C) I
_ s ® LSFC9.2(-100V, 350C) _ 1<ti 0-
€12 5 ces St et | the characteristic U-SIOPG
: L ® LSFC 9.3 (-25V, 150C) ]
§ I "o o LSFC9.3 (-25V, 150C) at 1.6 K 1 Substrates are a possible cause of performance
S 0 : c CERN best 1.5 GHz DCMS, 150C at 1.7 K . = .
= 1E11 - : Zg), = I|m|tat|0n
S : P i :
S : ; : ]
w 1
?é OO ‘HL"O'QGO ] )
1E10 - Bg 5"- 0‘;‘ @ . _
§ MQ O .Q . O é
] W'b‘&.‘. (6] ...“I'_ r :
N o A ® ceoo
\. ° 5 (o] o s‘.
®@e,y, - ,. % L
1E9 = “%".“!"':l‘ ;
m o]
i}

| IR DL LA DL L DL L DL DL B
8 10 12 14 16 18 20 22 24 26 28

E_ [MV/m]

acc

Courtesy of A-M. Valente (JLAB)
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HiPIMS configuration @ LBNL

cavity

nearly shgq'gt\
perpendicular ’ -

incidence!

plasma

“
“‘
0’ i
.0
o ion trajectory

possible collision

R&D on Nb films

magnetron 1

magnetron 2

- HiPIMS Dual Magnetron Gonfiguration

« Most effective for Biasing & influencing lon Energies & Trajectories

« High power mode (above runaway threshold)

« Dominated by Nb emission

 No cavity RF tested A. Anders, Thinfilms Workshop 2016, JLab

557,

6553
b

ARy
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The WOW cavity coating challenge

Wide-Open Waveguide (WOW) crab cavity (Nb/Cu), 1st prototype completed in 2018

—_— = N s

g 252mm
S | IECTE L X6 Cylindrical
s - .4m / 290kg magnetrons
S
< ,
* negatively - Distances
HiPIMS + - biased substrate (20 - 80 mm)
. - Angles of incidence
| » positive pulse 0 - 909
More metal ions 1

High energy metal ions to
densify the film
F. Avino (CERN), TTC Meeting, CERN 2020
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ECR

R&D on Nb films

Jefferson Lab (A-.M. Valente et al.)
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Energetic Gondensation with ECR @JLAB

COPPER TUBING — THICKNESS

ECR DEPOSITION PROCESS e S ol

. Nbis evaporated by e-beam in a separate vacuum chamber " . 7
& 2 Nbvapours are ionized by an ECR process /E \ e / . E:j 4
§ + RF power (@2.45GH2) | Ve AN e
S » Static B L Ex with ECR condition ‘ = -
[~ . . . u lold) " SUBSTRATE
& 3 Nbionare accelerate to the substrate (cavity) by a bias voltage b \L oLoeR

A
No working gas D i

Singly charged ions (64eV) produced in vacuum

Controllable deposition energy with Bias voltage

Excellent bonding , No macro particles l Scalability?
Good conformality
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EGR film properties

cuberae RRR  SEQUENTIAL PHASE FOR FILM GROWTH S TR
max o |nterface Nb homo-epitaxy
=A0: 591 o Film nucleation (184 eV)
g 2:2 E - Growth of appropriate template for subsequent deposition (64 eV)
§ VO es Deposition of final surface optimized for minimum defect density
S £ .o Bulk like properties
SEE R
e 135 e

600

AlNceramic 110

Fused Silica 84
181
275
245

193
305

R.[nq)

500

400 +

300 - I -
] 1200 MHz
200 -------7 ~RG- BN - - oo
RI
stero-epitaxial ECR Nb/ou
Nb/Nb_O_/Cu

100

o nnes |

8

Metallic

T [K]

Fiber growth ECR Nb/Cu films perform
better than hetero-epitaxial ones

Courtesy of A-M. Valente (JLAB)
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R&D on Nb films

ECR Results

Mitigation of Rs slope possible

Energetic Condensatio_n Nb/Cu films show
similar RF behavior compare to
bulk Nb in QPR measurements

300

1200 MHz, 2.5 K |
e RRRbulkNb ;

Fiber Growth ECR, (184 eV)-JLab

* HiPIMS - CERN '

200

R, [nQ)]

100 - FERT R LR S S S S

Cristian Pira

250
LHC Nb/Cu
= (RRR 10)
200
c
= o
(D] O
e 150 -
19 o
o -
& =] ECR Nb/Cu
o o o (RRR 67)
% 100 &
b [a] ® ®
g .-. " ® ® (@]
> ¢g csopoce oo @ © @
wn A A A A A
A
S0 < A A A & & & & bulk Nb
(RRR 47)
0 ) ) )
0 10 20 30 40 50
Bpeak [MmT]

Courtesy of A-M. Valente (JLAB)
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R&D on Nb films

Chemical Vapour Deposition

Fundamental sequential steps in every GVD process

1. Convective and diffusive transport of reactants from the gas inlets to the reaction
zone

2. Chemical reactions in the gas phase to produce new reactive species and by-
proclucts

3. Transport of the initial reactants and their products to the substrate surface

4 Adsomtion (chemical and physical) and diffusion of these species on the substrate
surface

0. Heterogeneous reactions catalyzed by the surface leading to film formation
6. Desomtion of the volatile by-products of surface reactions

1 Convective and diffusive transport of the reaction by-products away from the
reaction zone

MAIN GAS FLOW REGION
o
Lo

€ _ GAS-PHASE REACTIONS "DESDR PTION OF

VOLATILE SURFACE

@  READSORPTION of | FEACTION PRODUCTS

FILM PRECURSOR

TRANSPORT TO SURFACE ?

FILM SURFACE DIFFUSION

ﬁ.DSOFIPTIDN OF NLICLEATION STEP
FILM PRECURSOR AND ISLAND BGROWT
GHDWTH

SUBSTRATE

Figure 6-2 Sequence of gas transport and reaction processes contributing to CVD film
growth., (From Chemical Vapor Deposition, edited by M. L. Hitchman and K. F. Jensen.
Reprinted with the permission of Academic Press, Ltd., and Professor K. F. Jensen, MIT.}
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R&D on Nb films

CVD @ Cornell University and Ultramet

Fundamental sequential steps in every GVD process

Desomtion of the volatile by-products of surface reactions

Cristian Pira

Convective and diffusive transport of reactants from the gas inlets to the reaction zone
Chemical reactions in the gas phase to produce new reactive species and by-products
Transport of the initial reactants and their products to the substrate surface

Adsorption (chemical and physical) and diffusion of these species on the substrate surface
Heterogeneous reactions catalyzed by the surface leading to film formation

Convective and diffusive transport of the reaction by- products away from the reaction zone

Superconductive Materials

2 NbCI5 +5H2 ->2 Nb + 10 HCI
Carrier Gas

Substrate
(e.g. Ar)

—> |MFC

Pumping

Line
Bubbler NbCI5

Reactor diagram showing use of NbCl; to produce CVD
niobium

P. Pizzolet al., (STFC) IPAC (2016)
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VD @ Cornell University and Ultramet

& - 2019
' - 2 K test
Q
S 01¢ "o otp s
= 2.3 K tests
S
g Light EP
S \ * LTE1-CVD-3 (VT2) at 2K
Nb coated 5” Cu plate | | - * LTE1-CVD-3 (VT3) at 2.3K
e s LTE1-CVD-3 (VT4) at 2.3K
LTE1-CVD-2 (VT2) at 2K
Film optimization & process scale-up I 1.3 GHz Cu cavity

High purity (high RRR) 1080 1 - 2 " 20 e v/m
- acc m

Excellent adhesion

FuII S|ze cawty

Zeming Sun Mingqi (Cornell), TTC Meeting, CERN 2020
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CVD @ Cornell University and Ultramet

: n..-:'i
Cross-section
; ...Nb pyramid
5

R&D on Nb films

Very Rough Surface

o it 2 g P
40 pm  Np pyramid |_ Smooth film region

== 20 ym

EP smooth pyramids

Zeming Sun Mingqi (Cornell), TTC Meeting, CERN 2020
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Conclusions

Nb thin films are the optimum choice for low gradient/4.2 K applications
- Cost reduction

* Recsrim<Recsouk > Qosim> Qo buik
« Thermal stability

« Mechanical stahility
- Less sensitivity to magnetic field trapping

Mitigation of Q-slope for high gradient applications seems possible

We need to understand the reason of the Q-slope
- Establish adequate process controls
- Mandatory have better substrates and chemical processes
- Need more RF measurements statistics
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Other materials for SRF?
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Superconductors for SRF?

) H H He | poHsn | 2 | a
vaterial | Te () (p(ilcn:m) tjr?nT? ?;T? (lr::T;:* {rE:qT): (hm)* (n:q)* mevy | VPC
Pb 7,1 n.a. n.a. 80 48 I
Nb 922 | 2 | 170 | 400 | 200 | 219 | 40 | 28 | 15 I
NbN 174 | 70 | 20 [15000| 230 | 214 |200-350 | <5 | 2.6 I

NbTi 4-13 |>11000| 100-200 | 80-160 | 210-420 | 54
NbTIN 173 | 35 | 30 150-200 | <56 | 28 I
Nb;sn | 183 | 20 | 50 |30000| 540 80100 | <5 | <5 I
Mo,Re 15 1030 | 30 | 3500 | 430 | 170 | 140 I
MgB, 39 [01-10| 30 |3500| 430 | 170 | 140 | 5 |2.37.2 1-2gaps*
oHNbSe, | 71 | 68 | 13 | Z%%% | 420 | 95 |[100-160 | 8-10 Il- 2gaps™
15000
YBCOlcuprates| 93 10 [100000{ 1400 | 1050 | 150 [0,0372 d-wave**
MW B 30 |>50000( 900 200 | 2 [1020 |s/dwave*
‘@ 0K

** 2D => orientation problems ?

Cristian Pira Superconductive Materials 13 Materials for SRF- Thin films
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Nb,Sn - in principle a great choice

Higher critical temperature

- Operation at 4.2 K @oooﬂ

Higher superheating field
- Double the limit of niobium °

Blue: t|n
Red: niobium

Parameter

Transition temperature 9.2K 18K LO wer |Osses
Superheating field 219 mT 425 mT <=

Energy gap A/k, T, 1.8 2.2 ‘ . .
AatT=0K 50 nm 111 nm ngher gradlents
EatT=0K 22 nm 4.2 nm

GL parameter k 2.3 26
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NbsSn motivation

Energy saving is mandatory for FOG-€e and the next generation accelerators. .
.. CIYOgenics is one of the farger energy €ost in modem SRF accelerators

\,» Move from bulk Nb @2K to Nb;Sh @4.5 K

reduces cryogenic power by a factor of 3

! T | 1600 T T -
7.5 GeV LINAC new construction Rigg =950 At 2K it takes 800 W to
.............................................................................. 1400
G 1010 T 02K T =heK 3 remove TW of heat
B Grid power for 2 K cryogenics | ‘_I—- 1200 ,
8 MW — o ID_ 1000 -
6 MW = 107} P 8
: - 7
" o g O At 42K it
® Grid power for RF 108} = 600! takes 250 W
2 MW ® Nbasn Data o
—Nb,Sn BCS Theory S‘ 400!
0 MW ——Nb BCS Theory
d 104 : s : 200 : :
0 5 10 15 20 1 2 3 4 5
T[K] T [K]

Supercond. Sci. Technol. 30 (2017) 033004
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NbsSn motivation

Energy saving is mandatory for FOG-€e and the next generation accelerators. .
.. CIYOgenics is one of the farger energy €ost in modem SRF accelerators

Move from thin film Nb @4.5 K to Nb;Sn @4.5 K
Reduce T,,/T. 2 Suppress Rgcs 2 Increase Q

‘ " Expected
| | Performances for
1010 . WA b / Nb3sn

|
o ;

g HiP“ e

e, -C-ee
Al 2 cell
DCN hy *
10° Carlota Pereira Carlos, FCC week 2023 (elaborated)
0 2 4 6 8 10 12 14 16
E .. (MV/m)
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Effect of High Te

Niobium = 45 MV/m
Nb,Sn = 90 MV/m

T 8 =— Nb, l\ll—doped
.E —NbBSn, Cornell Significa nt
= . . .
S 6 efficiency gain
= o from going
S 4 to 4.2 K
RN
NLU% 2 \,,*ﬁ \I no . l
o e — - 60%
Q- R _=5no T TTTmeess--- - - 80%
0 2 3 4
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Nb.Snh on Cu: Multiple challenges

» A15 are Brittle materials

» Complicated Phase Diagram
» Low melting point substrate
» Interface diffusion

» Coating Parameters

» Substrate preparation

» Trapped Flux
» Tuning

Cristian Pira Superconductive Materia ;



Nb;Sn in magnets

Nb;Sn is well known in the magnet
community, where it has been used to

generate fields above 10 Tesla

However, this material is
designed to operate in
the mixed state, and uses
copper in the fabrication

Superconductive Materials 13 Materials for SRF- Thin films
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NbsSn phase diagram

— T T e T T T e o T T o o o T o o T
R L
a=Nh+ > N Liquid [ :I T 71 :| ]
Liguid ™~ L 40k ' Cubic bt
2130 £ 30 °C A E: ,
2o 1 A n
2000 = I ¥ =
E 0 r | Tetragonal :d |
5 W T
N
510F | 7
B ™ 1 l) I
q A platl o 1 o 1 . |rd|| L
U 1500 Nb;5n + Liquid 16 18 20 22 24 26 28
i Nb,Sn Atomic Sn content [ % |
- ;
E o—Miobium |
E I and NhbySn “
E I ' NhbgSng + Liquid
= 1000 - ! 930:8°C 620 T
r \ " 8451 7°C
r i
!
I g Nb, Sne NbSn,
500 | N / '/ NbSn, +Liquid |
9 NbySn + Ny 5ng
F T ) - ]
L ™ NbgSng + NbSn, 231.9 °C
]
| ||. NbSn, + Sn
ﬂ..J.J.;J.L.!;.1....1....|....l;;;;l;..ll..;.l....
1] 10 20 30 40 50 () 70 80 90 100

Atomic Sn content [ % ]

Above 950°C Nb,Sn is the only binary phase
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Tin-depleted Nb,Sn

ZU'I'I'I'I'I'I'I'I'
18

(K]
S o R o

Critical temperature

O Devantay 1981 .
© Devantay 1981 (after Fliikiger 1981)

(RG]
l L]

17 18 19 20 21 22 23 24 25 26
Atomic Sn content [ % ]

Tin-depletion of Nb;Sn lowers T_!
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Changing lattice parameter

Lattice parameter [ nm ]

0.5292

0.5290

0.5288

0.5286

0.5284

0.5282

0.5280

T

T

Devantay 1981:

O Devantay 1981
A Vieland 1964

a(f)=0.01366+ 0.5256

Flikiger 1981:
, Nb;Nb extrapolation:

/ a(f) = 0.01768+ 0.5246 1

/!
| 1 L | L 1 1 1 L 1 5 |

18 19 20 21 22 23 24 25
Atomic Sn content [ % |

Tin depletion changes the lattice parameter

Cristian Pira
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I, suppression

A tin depletion of only 3% reduces H_,, by 75%

H [mT]

Critical temperature [ K

T.(4) Boltzmann function '

2 Devantay 1981
- ©  Devantay 1981 (afipr Flikiger 1981)
i |

5
i)
4+ I .
2
0

17 18 19 20 21 22 23 24 25 26
Atomic Sn content [ % |

Flux entry could occur at tin-depleted surface defects

Cristian Pira Superconductive Materials 13 Materials for SRF- Thin films




Moral of the story

Make stoichiometric Nb;Sn!
25 atomic-% Sn
No exceptions!
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Making Nb,Sn a challenge!

Nb;Sn presents two major challenges:

» |t is brittle
— We cannot form it
» |t has low thermal conductivity

— Too thick, and we get thermal feedback

The answer: grow a thin film on a niobium
substrate using the vapour diffusion technique
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The vapour diffusion process

Coating furnace with separate source hot-zone

Vacuum space —_—
(<107 Torr)

Cavity/sample | Coating chamber

Nucleation (1100°C)
agent ( SnCl, )
Primary heater
Secondary heater — Tin crucible

Tin source (1250 °C)
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The vapour diffusion process

First Nb,Sn Samples via Vapor Diffusion at FNAL

X" (emu/g)

s

fufnace > 4

2& Fermilab
Sample measurements by Yulia Trenikhina (FNAL),
Jae-Yel Lee (Northwestern), and Zuhawn Sung (FNAL)

Cristian Pira Superconductive Materials I3 Materials for SRF- Thin films



Temperature ( C)

14DUT
1200 {
1DGD{
BDDE
Eﬂﬂg

400 A

Cornell coating profile

m—— Tin source
Cavity

Nucleation

Coat

Anneal

200
00

Cristian Pira

01 02 03 04 05 06
Time (Hours)

Superconductive Materials

07 08

09 10 11 12
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Comparision to Nb

11

10 -
' @ Conventional niobium cavity at 4.2 K
® Nbgsn cavity at 4.2 K
-an W00 OO0 @ aa
1010‘_
| 20x more
g efficient than
9 Nb at 4.2 K!
10°
..ur-n 000000 000 0 ¢ o
10° . . : . . . . . .
0 2 4 6 8 10 12 14 16 18

Accelerating gradient (MV/m)
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Nb;Sn State of the art

Ma’bw L Needed Nb bulk cavities

Not possible on Cu

10" \
1.3 GHz
Np

Vapour Tin Diffusion

Qo @ 4.4 K comparable to Nb bulk @ 2K

® 44K

‘Nb bulk 4.4 K (Q ~ 2 *108) e 20K
| 9/ BOAS-AES-002, 4.4 K . 0 5 10 15 20 25

BEIAS -AES-002, 2 0K 650 MHz P
109 - 1 1 ! \ , acc | ) .
0 5 10 15 20 25 0 20 40 60 80 100
Eace MV/m] Bpk [mT]
S. Posen, SRF 2019 proceedings S. Posen, SRF 2019 proceedings (elaborated)
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How far can Nb;Sn go?

Quench field vs Average Gap

100‘| For large K (A/§ = 24)
L IR Y SN R A NS S '
S 75 7
o !
= . Hsy = 26 +2.5 ]
S 50-
& + = Bulk Afor Nb3Snis 3.4 to 3.5 meV
é + = Max expected Quench field is ~ 91
- p | 1 Enfnl+0.08) H ; +2mT =22 MV/m
m—_ﬁ}c(nx-}- 08) Hs :
Hc1 i ..
g mo Present results suggest we already reached the limit...
0 — 1t - 1~ T ~ T * 1 T * 1 * 1 s 1 - .
00 04 08 12 16 20 24 28 32 3.6 How is it possible change the Hg, slope?
A, tmev] Changing the synthesis method?

T. Proslier, Correlations between Tunneling Spectroscopy and SRF cavity performances, TTC2020
https://indico.cern.ch/event/817780/contributions/3715517/attachments/1982513/3302032/TTC-Proslier.pdf
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Different coating techniques for Nb,Sn

e Technique proved successful for magnet conductor application
e Simple equipment compared to sputtering and CVD

Diffusion

* To sputter from a single target of correct stoichiometry (prepared by powder sintering)

Sputte r I8 * Stoichiometry, Substrate Temperature, Deposition Rate, Deposition Thickness Can be varied
independently

» Successful in synthesizing difficult materials like Nb;Ge ( highest Tc~23k),r V,Si
CO' * Constituents are sputtered simultaneously onto a temperature controlled substrate

S p Utt e ri N g e Stoichiometry dependent on relative positions of target & substrate (manipulated to get perfect stoichiometry)
e Stoichiometry control difficult over large areas and if narrow stoichiometry range for A-15 phase

* MOCVD (Metal Organic Chemical Vapour Deposition)= CVD with metallorganic compound precursor
¢ Precursor(s) in vapor phase chemically react on an heated substrate to grow a solid film

¢ Deposition rate & structure of the film depend upon temperature & reagent concentration

¢ Uniformity of temperature and flow of gaseous may be difficult with complex geometry

A-M Valente, SRF2017 Tutorials
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NbsSn on Cu Goatings
@LNL
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Nb,Sn coatings: target production

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

LNL Strategy for Nb.Sn
cylindrical targets production
for 6 GHz cavities

-

Raw Nb Dipping in Nb;Sn
target liquid Sn cylindrical 5 P
target

Proof of concept

| Nb:Sn thickness
| related to dipping time

Thickness? (um?)

| Possible tin content
| modulation

30
Time (h)
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NbsSn Goatings

Long R&D phase on PVD Parameter Optimization

— 18 T T T T T T '
T | A ‘t f:ZZZ';';i;”n"SQIZEm - Pooat = 2€-02 mbar -
S 18F Tosat ; T ”‘E"" ] | T, =650°C ’ | cu
o] e-03 mbar ]
g =t ] i Nb,Sn on 1 — 1 um Nb,Sn
c 1} ] — Cu/Nb 30 pm
g Bf Pressure ] =l T=17.310.2K
= 12} o 1 &
g ; .'iner ] s [ Nb,Sn on | cu
y x Cu/Nb 1 pm A
9 S s g— T=13.6+0.2K E +1pumNb
gl ® ] o | Nb,Sn on 7] +1 pNbsSn
7 B ¢ ] T‘g Cu
0 ‘ 20 l 40 I 60 I 80 ‘100l120I140I160‘ 180l200I220I240 %D n T.=128x02K _
= = = » ' +30 um Nb
Optimized Coating Recipe - . + 1 NbSn
" | " 1 1 1 M 1 " | L 1 "
. 6 8 10 12 14 16 18 20
Coating Parameters:
Temperature (K)
«  Pressure = 2*10-2 mbar
« Power=16W A thick Nb buffer layer accommodates the Nb,Sn coating

« Tsubstrate> 600 C

) ] Nb substrate can be used to validate Nb;Sn Coating Performances
Nb Thick Barrier Layer > 30 um
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First Nb,Sn RF Results
(ona small Nb planar resonator)

400 Courtesy cI)fOllver Pl<ugeler and Sebastian Keckert \) HC cavities Q VS Eacc @45 K
20mT, 117 MHz
F  Initial Cooldown G=2161Q <
C Slow cooldown
Fast cooldown t?_Q_N
= <] Full cycle of QPR ] o ¥
£ - 2 Full cycle + Fast cooldown :_t 38’,
g g FCC-ee FCC-de
@ | Hgy - 1 cell ‘ 2 cel
- * s
@ \60\14‘ Aaﬁ'w‘“‘
c (o) i ] Ty
£ o\© + ¥ LHE
A o + 1
w 0 + E . = LHC19 1
3 + + B \N“ ] 107 7 v MCOl
& & 4 % g coo\do HZB ] ®  NCO1.2
0} < ¢ o 9 gast B | ; ooz
] o s ? 4 > o ! ¢ 2 4 6 8 10 1|2
Sample Temperature (K) Euce (MV/m)
Rs of 23 nQ Quench >70 mT

@ 4.5K,20mT @ 45K

Equivalent to a Q of 9-10° @5 MV/m @4.5 K
> Nbssn coating suffer flux rapping - Almost 1 order of magnitude better than LHC!!!
» Cooldown procedure influence Rs Room for impl’ovemeﬂt
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NbSn Path to Final Prototype

Nb;Sn on bulk Nb to validate coating
performances (2025)
on 1.3 GHz Elliptical Cavities (2025) N

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

Nb;Sn on Cu with thick Nb coating
on 1.3 GHz Elliptical Cavities (2026-2028)

In parallel:

» 1.3 GHz Vacuum system ready .
» Study on alternative buffer layer B&Z2

» Magnetron source commissioned
> Study on flux trapping [ .., HEB .

Zentrum Berlin
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SIS Multilayer

Cristian Pira Superconductive Materials 13 Materials for SRF- Thin films



SIS Multilayer

Taking advantage of the high — Tc superconductors with much higher H_ without being penalized by their lower Hcl...
1

. ‘ ‘ Alex Gurevich, Appl. Phys. Lett. 88, 012511 (2006)
S | S I

Multilayer coating of SC cavities:
ol — alternating SC and insulating layers with d < )
I 0.6} " Higher T_ thin layers provide magnetic screening of the Nb SC cavity
§ (bulk or thick film) without vortex penetration
04t d
e e Strongincrease of H_; in films allows using RF fields > H_ of Nb, but lower than those
G d at which flux penetration in grain boundaries may become a problem=>no
transition, no vortex in the layer
" , 1 | * high H¢, applied field is damped by each layer
’ 1 ¢ ?5(/7& * ° ° e insulating layer prevents Josephson coupling between layers
By — 4"3’\2 (ln A 1. 49(> d> \. * appliedfield, i.e. accelerating field can be increased without high field dissipation
e S * Strong reduction of BCS resistance (ie high Q,) because of using SC layers with
higher T_, A (Nb,Sn, NbN, etc
B = -2 (mﬁ - 0. 07) d < A Ener e (NbsSn, g )
md Possibility to move operation from 2K to 4.2K
. A-M Valente, SRF2017 Tutorials
Alex G VICh, Appl. Phys. Lett. 88, 012511 (2006)
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SIS First Attemps

PR TS g VW By BTRR g i T s SO WANSD
F g TR T M g ¥ P o
S T R e T
PR BT e WO T g g P B ™ g
s L S AR P L P G TR B P
PO IR A g T W T e By € PR g oo
PRRCSATRR T  fh TO  Tr Cap  L R B X 2
gty By ke AT B R T g W P g FL T TS O

e B Bt LURLE REA SRR A Y R g e L e I
B2 Ry A M

i - “ -r? - 'g-'i- i LR }"F-! g Bieghody e ol
A W 0 T AL SRR T B

1 pm EHT = B.O0G Ky  Signal & = InLene  Dpbe 48 Jun 2014 Linss Slegen
Wh= 3mm  Mag= 15.00KX Fie Name = 1_04.40 ﬁ

NbN - Nb multilayer @ Siegen University

Cristian Pira Superconductive Materials

Single Cell 1.3 GHz in a titanium box
after ALD deposition of Al203 @ CEA
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In the future?

Today RF side Future ?
Natural oxide, not d’//
stable @ T=150°C
«—
I
High RRR Nb,

=

optimized for thermal
transfer, in case of
dissipation

Natural oxide, not

optimized to reduce \

Kapitza resistance

He side

Superconductive Materials

Cristian Pira

Protective Layer

e.qg. oxide layer = diffusion barrier, or
low secondary emission layer (| MP)

“RF” layer

Optimized for superconductivity:

Low surface resistance (medium m,f,p,)
and/or High H; (high H., high Hzy)

“thermal conducting” layer

Optimized for thermal transfer (high RRR,
high m.f p., not necessarily Nb)

‘External” layer
Optimized for thermal transfer (low
Kapitza resistance, e g, anodization)

C. Antoine, CEA Saclay
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Concluding remarks

« Niobium is getting close to its ultimate limits
- Superconducting cavities are dominated by their surface quality (Niobium AND other SC )
« Hgy difficult to reach in real “accelerating cavities” (low T, large scale cavity fabrication, surface defects,...)

. Mcf\cry Iong-stand'ng rohlems, of condensed matfer physiﬁs antd non- r?Fumlgﬁum superconductivity will have to be
addressed to understand nonlinear surface resistance under strong it fie

- Renewed activity on bulklike Nb films (cost issues) and high Hg,, SC e.g. NbsSn or NbN (higher performances)

L struc&ures_ seem to be a promising way to go beyond Nb for accelerator cavities Possibility to move from 2K to 42K:
Lge cost saving on refrigeration

« Multi- parameter materials optimization is required to revel the full SRF performance potential
« Look for higher Qp, not only accelerating gradients

The interest & efforts for new materials research for SRF cavities application has been re-lighted
and is gaining traction. Still a lot of work ahead!

Technological Revolution(s) In Perspective For SRF Cavities ...

A-M Valente, SRF2017 Tutorials
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