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= Nb/Cu applications at low accelerating field only

Bulk Nb: monopoly since > 50 years

until recently

E Field B Field

= Figures of merit:

= At f <3 GHz: cavities are mainly limited by Bg!!!

Eace € Brr < Bsy

" Qp ¢ 1/Rg

= Duty cycle (=> 100%): limitation = cryogenic power

= f =§ (particle speed /light speed): influences design
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Nb : Limits @ 2 K, 1.3 GHz :
E,..~ 55 MV/m (+ 5 MV/m)
(Geometry : B/E,__~ 4.2 mT/(MV/m))

acc

max.field

quench

P =const, 1

limitation = magnetic transition

limitation = thermal transition

Courtesy of C. Antoine (CEA, France)
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Superconductors considered for SR /\
Material Tc (K Beu (MT)@ 0 K
o
' ‘(\\’\.5\’\ eO(\J
Nb 9.2 219,0 W ,..\“‘\(\
T acc
NbTi 9.2-10
NbTiN 10.6-11.8
VsSi \ 17.0
NbN \ 17.3 214,0
NbsSn / 18.3 425,0
NbsAl 18.5-19.1 Hi
3 / Igh TC -
Qo
38.0 756,0
93-{ 1050,0 Courtesy of C. Antoine
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International collaborations

I.FAST WP9: Innovative superconducting

SUFfaC? e Cleaning, etching, cavities (01/05/2021-30/04/2025)
eI [elgll « Polishing, passivating 15 partners from 9 countries
f * PVD: DC, pulsed, HIPIMS... The main emphasis is on applying the

Lo e (PE)CVD, (PE)ALD : s
dThln T‘mn . f\lb,)NbN,(Nb)gsn, MgB,, SIS, etc. result of ARIES to RF cavity deposition
epositio e Nb film laser treatment with non-Nb STF and SRF testing

e SEM, FIB, AFM,

/

Film deposition

ARIES WP15: e XPS, XRD, RBS, TEM...

(01/05/2017' 1.3 GHz cavity for STF deposition
gop/::ﬁ 2?::r)om Supercondgcting RRR, Ho Hyy Hapy o

6 countries properties NN

The main measurement P

: * QPR at CERN
Superconducting  [NNSp—-

RF prOpe'rtieS e HW choked/cavity
evaluation at ASTeC

Real cavity
measurement

. 5 HP2 Smple -
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Superconducting Thin Film Coating for Radio
Frequency Cavities (TF-SRF) at STFC/DL/CI

* Main goal:
* To enable STFC for the superconducting thin film coated cavity production and testing

* Main objectives:

1) Developing coating technology for superconducting thin films (STF)
= Deposition of Nb, Nb;Sn, NbTIN, V;Si, Mg,B, ... and SIS structures
= Thin film characterisation
= AC/DC superconductivity evaluation

2) Developing cavity deposition expertise
= Copper cavity production (incl. EB welding)
= Polishing and cleaning of copper cavities
» Building deposition facilities
= Developing deposition targets
» Optimising deposition parameters

3) SRFtesting at DL
» 1.3 GHz (and 6 GHz) single cell cavity testing as a 15 step
= Scaling up to a routine cavity coating and testing
= Multicell cavities
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A path towards the goal

(1) Superconducting thin film development
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Copper surface preparation

= Mechanical polishing

* Fine mechanical polishing
» diamond turning (for flat samples) at STFC

» tumbling — n present, relying on
= Chemical polishing: FAST partners:
" SUBUS solution NFN/LNL and IJCLab
= Electropolishing (EP) _
= not proved yet Needs to be
= Combination of different techniques | developed at STFC
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Thin Film Deposition in VISTA

Stablished and coordinated by R. Valizadeh (ASTeC)
Cl collaborators: Prof J. Bradley and Dr V. Danak (Liverpool University) Chemical Vapour Deposition (CVD)
Participants: : J. Conlon, C. Benjamin, S. Simon

VISTA laboratory , ;:gzlcizlo\r/]azo p?/u[;)

Hybrid Physical Chemical Vapour
Deposmon (HPCVD) Facility

“" J, = :’5

rf"d‘ 1‘11[\%
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Thin film development

» Techniques:
» PVD: DC, pulsed, HIPIMS...
» (PE)CVD, (PE)ALD — under development
* Combined: PCVD — under development
= Materials: Courtasy of . Volnadeh frre)
= Nb
= Nb,Sn, NbTiN, V;Si, NbN, MgB,, etc.
= SIS structures

» Deposition facilities
» For planar samples
* For QPR samples

A QPR sample during and after the Nb TF deposition
Courtesy of R. Valizadeh (STFC)
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Thin FiIlm Characterisation in VISTA

Stablished and coordinated by R. Valizadeh (ASTeC)
Cl collaborators: Prof J. Bradley and Dr V. Danak (Liverpool University)
Participants: J. Conlon, C. Benjamin, S. Simon, A. Hannah, G. Stenning

FEl inspect S50 SEM

More characterisation facilities are available through
collaborations with

* The Materials Characterisation Laboratory at ISIS (RAL)
* Cl universities

e Other UK universities

* International collaborations
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Regulus 3.0kV 8.3mm x35.0k PDBSE(CP)

X-section SEM of
Nb;Sn with a Nb
underlayer as double
structure on Cu

Regulus 3.0kV 8.3mm x20.0k PDBSE
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X-section SEM
of Nb;Sn
deposited on Cu

Thin film characterisation - 1
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NbTiN

NbTIN (111)

NbTiN on Sapphire
(200) Lattice pérameters: 4326 A
Crystal size: 29 nm
Lattice strain: 0.59%
Crystalinity: 96%

NbTiIN (220)

NbTiN (311)

40
2-theta (deg)

XRD analysis of NbTiN
deposited on copper

Courtesy of R. Valizadeh (STFC)
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Thin film characterisation - 2

Regulus 3.0kV 7.9mm X200k PDBSE(CP) Regulus 3.0kV 7.9mm X200k PDBSE(CP)

Al

MAG: 50.0kx HV: 6 kV WD: 11.6 mm MAG: 90.0kx HV: iD: MAG: 90.0kx HV:6kV WD:11.6 mm MAG: 90.0kx

6 kVoWD: 11

(a)High resolution SEM of ion milled X-section of SIS multilayer structure (Nb/AIN/Nb;Sn) deposited on Ta.
(b) EDX chemical mapping of the X-section. Courtesy of R. Valizadeh (STFC)
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Thin film characterisation — 3

Film composition and Depth profile

11000—
XPS: Composition and chemical analysis
7 RBS analysis of
— NDFf0504.it :
Ti2p . | Nb,Sn on sapphire
Ti2p1 TiN Satellite TiN s

1.5E+04 §
< 1.4E+04
L Layer t(lel5at/cm2)t(nm)r(le22at/cm3) Nb Sn 0 Al
J e - 1 7644333 1497.201 5.106  75.0000 25.0000 0.0000 0.0000
S i 2 15920.986 2855.270 5.576  100.0000 0.0000 0.0000 0.0000
8 3 898207.563 76119.28111.800 0.0000 0.0000 60.0000 40.0000

1.1E+04 L

1.0E+04 0 T T | |
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1.6E+04 Nb3d NdeS NbN . N 8 %2910 ;&t}alIntsecslty;;;ot;\NBun(Dpparjeff300523
Ee Nb3d3 NbN ® 65293 Cu 1010623135223 deta
v'-w ; / EHEC Gating Information:
~— 12E+04 Selected Species: Nb

Area: 10.00

L 10E+04 il v
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S 80E
3 +03
O 6.0E+03
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2.0E+03
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Binding energy (eV)

Total Intensity

/TNy )
SIMS depth profile
\MWMM

. . , , _ s i) of Nb on copper
XPS analysis of NbTiN representing Nb and Ti chemical
state)
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Superconducting Properties
Coordinated by 0.B. Malyshev (ASTeC)

Cl collaborators: Prof G. Burt (Liverpool University)

Participants: D. Seal, L. Smith, T. Sian, D. Turner, N. Leicester, K. Marks, J. Conlon,

Evaluation
S. Pattalwar, A. May, K. Dumbel, J. Wilson, G. Stenning

CrablLab

RRR/T,

+ 3 other experiments
Science and

Technology

Facilities Council
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Magnetic field
penetration facility

X
R measurements with
a 7.8 GHz choked cavity and

a 6 GHz split cavity
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Thin film DC superconducting properties - 1

RRR and T, measurements: (a) Cryostat, (b) insert, (c) sample holder Resistance measurements for a V;Si on sapphire
sample indicating the 10, 50 and 90 % transition points

0.0016
0.0014
0.0012

0.001
0.0008
0.0006
0.0004
0.0002

Voltage (V)

IR f:

Courtesy of L. Smith (STFC)
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Thin film DC superconducting propertles 2

PPMS (Physical Property Measurement T ‘
System)

= Virgin DC magnetisation curve: Bq,(~Bg; perp)s [Bps Beol

» The Materials Characterisation Laboratory at
ISIS (RAL) of

» |EE-SAS (Bratislava, Slovakia)

C7(STFC)
° L13(STFC)
° L18(STFC)
° L19(STFC)

NONE

120 -015-1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1
100 He, for non-Nb STF produced non-Nb/Cu (4 2K, Parallel H) Hac 10 10
within ARIES WP15 initial linear trend
80
E’ 0.01
— 60 o (virgin) mag. curves
=3 e T |
i 40 ..‘b..“..“‘ ..0......1 seetes
..“0*
-0.01 T Sk
a "t
20 E T doeseee*®
-0.02 | e
(8] H —I - I I - m .0“00...“0""..“
b o P f DDA DS I DS I I ] IR 1= | — e,
e e e e e e s ' € -0.04 i R
E2S iS22 dd YD dg g | DEMS | HiPIMSND | | ‘%w.
L2224 EEEEfEzzz=z=zz2zg8 8 I I H T%.,.
SE25E3E = 2222225655285 -0.05 +— en (LTI
§53%3372¢% 5555253 NbN/AIN/Nb SIS ' [ [ eeces
= :I §I ':||'z°| 'EI 4 :' £=E=Z= < == I *ol sbeesvend
828155 ° 3 =222=232 -0.06
Ll EEC i I multilayer sis
single | single | multilayer 0 5 10 15 20 25 30
on Nb ; SIS H [mT]
Nb3Sn NbTi ; NbTiN V3Si E . EE .
Courtesy of E. Seiler (IEE, Slovakia) Determination of the characteristic field H,, from the
Science and virgin magnetization curves
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Thin film DC superconducting properties - 3

= Magnetic field penetration facility
for the planar samples

* TF samples can be compared in
conditions similar to ones in the

Sample

cavity
= DC magnetic field parallel to the surface 02
» Magnetic field applied from one side of 1 e
the sample (similar to an SRF cavity) 1 2
» Applied and penetrated field 099 f
measured by Hall probe sensors % 08
= R=1-— &, 0.97 :,_
B, 97 b
» l.e. SC is in Meissen state when R =1 0.96 |
0.95

250
Courtesy of L. Smith (STFC)
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Thin film RF superconducting properties

» Aradiofrequency (RF) cavity and cryostat dedicated to
the measurement of superconducting coatings at 7.8 GHz
(CrabLab/DL/STFC)

= QOperation with a closed-cycle refrigerator:

An example of R (T) measurements for Nb and
Nb;Sn TF planar samples with the choked cavity.

= = 5
" Teaity =4.0Kand Tgppe =4.0K 10
= Low power (<1.0 W) measurements with an emphasis ° Nb
on fast turn-around time (~2 days for each sample). we L] Eﬁgcs L.
. . - 1
= Flat Sample — a disk diam. 90 - 130 mm . Nb.SnBCS .
3 ;
g 'VF 0,
EXN: .
o 2 | Aol
= & L - -
- u-_; .i;-""“ ==
- e - -
G-~ -
101 Et 21 _e="
l{]ﬂ M 1 1 1 el ] 1 L
4 5 6 7 8 9 10
% .;,j.:&::f%;‘{;;%{{.y s(K)
'-':":‘:‘O‘Of ! -{
e Courtesy of D. Seal (STFC/LancU)
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A path towards the goal

(2) Superconducting thin film coated RF cavity

—
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Development of 6 and 1.3 GHz cavity coating

» Cylindrical Magnetron has been built
= Nb thin film depositions on cylindrical and cavity shaped surfaces are ongoing

Cylindrical magnetron in
low power (DC) sputtering
mode

Plasma dominated by argon
emission

Cylindrical magnetron in
high power (HIPIMS)
sputtering mode

Plasma dominated by
niobium emission
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6 GHz split cavity
= An idea suggested by G. Burt (Cl)

= The cavity cut is along the electric field lines, i.e. electric current is not crossing the cut

= Easy to coat with either conventional planar magnetron or in tubular geometry used for RF cavities

= Easy to inspect 1,000.0

= Two 6 GHz cavities were Nb coated and tested at 4.2 K < T < 11 K Surface resistance R; as a function of temperature

for Nb thin films coated split cavity
Split cavity mounted on the cold

head for cryogenic measurements '~ 1500

£
o)
Q

Nb thin films —

. . E & L
coated split cavity 2100 *
o P ¢ ® Cavity A
o
. :' . * Cavity C
Q o
£ ;
= 1.0 /’
uwn &»
A split cavity during - & s * t
. ) i . +
thin film deposition e o *7
L L .
0.1
4 5 6 7 8 9 10 11

Temperature (K)

Courtesy of N. Leicester (STFC/LancU), T. Sian, and J. Conlon (STFC/LancU)
Science and

& Technology 0.B. Malyshev | FCC week 2023 | 5-9 June 2023 | London, UK 22
Facilities Council




1.3 GHz cavity testing

= Aiming a high power test
» Required fully operational by end of 2023

= Main Delivery for IFAST WP9: a non-Nb SC coated
prototype testing (by March 2025)

= Cryostat and insert:
= Cryostat is available o

= New insert is designed, parts manufactured,
assembling in process

= Copper cavity:

= will be provided by I.FAST partners: Piccoli and
LNL/INFN

11 11

= Coating with STF at STFC/DL
» Clean room for assembling the cavity — TBD
» RF amplifier — under development

= Bunker and cryogenics:
= SUuRF lab infrastructure is available
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Superconducting Cavity Evaluation in SURF lab

This STFC/DL infrastructure 713 [IEUEIEDT E0e
LHe storage Dewar

- is being used for the full power SRF — 7o T e
. | el \ 7

testing of >160 cavity modules for ESS R =y :::' This infrastructure can be used in future for
an.d _ = 0 'I " ‘l " ‘i' the full power SRF testing of

) W'I_I !:)e used for SRF testing of PEP-II \ ' superconducting thin film coated RF cavities
cavities

SRF bunker

Courtesy of T. Sian

RS
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Future for TF-SRF cavities in UK

Development Possible applications
O S|ng|e |ayer Coating: * RF loaded test in CLARA
= Nb = Multicell cavities
_ : : = Split cavity
N_b38n’ NbTIN_’ V3SI, Mg;B » | He-free cryo-cooling
= Multilayer coatings = UK-XFEL
= Multicell cavity coating -
= Split cavity development = Possible involvement in

= Low and high power RF testing ::n(t:ecr;r.]?glonal projects (e.g. ILC,

at STFC/DL

Science and
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Conclusions

A S|gn|f|cant progress since the programme started in 2) Developing cavity deposition expertise
2014 = Copper cavity production (incl. EB welding)
Looking for industry partners
Polishing and cleaning of copper cavities
In plans (industry or in-house)
Building and commissioning deposition facilities

1) Developing coating technology for superconducting thin
films: an ongoing systematic study of correlation
between deposition parameters and superconducting

. Ongoing
properties: = Optimising deposition parameters for 1.3 and 6 GHz cavities
= Mastering Nb deposition Ongoing
Ongoing = Plasma characterisation
= Development in non-Nb films: Nb,Sn, NbTiN, V,Si, Mg,B . g In progress
T PSR TEEe = Developing deposition targets
Ongoing In progress
= Developing deposition targets for non-Nb films 3) SRF testing at DL
Ongoing = 6 GHz split cavity low power testing _
= Deposition of SIS structures (e.g. Nb,Sn/AIN/Nb/Cu) _ 3 _ Ongoing
: = Full power testing facility for 1.3 GHz cavity
Ongoing Nov. 2023
= Thin film characterisation: SEM, FIB, XPS, XRD, AFM, RBS... = Scaling up to a routine cavity coating and testing
= DC/AC superconductivity evaluation with in-house built and utticetl cavities In plans - 2028
commercially available facilities 4 Applvi TE-SRF .
Ongoing ) pplying TF- cavities

. . : _ » UK projects: UK-XFEL and ISIS-II
* RF superconductivity evaluation with 7.8 GHz choked cavity In plans - 2025

test for planar samples = International projects, for example: FCC

Ongoing In plans — 20?7
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