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Introduction

Why multilayers superconductors for SRF cavity ?

U Overcome Nb monopoly by higher Hc, superconductors multilayers?!
) ML coating of Nb cavity by insulator layer and SC layer (d,, < A)

= Higher Hc, => higher accelerating field in the cavity
= Magnetic screening of the Nb cavity
= Enhancement of Hc, by higher T_SC thin films T_> T b
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 Several superconductors are proposed :NbN, MgB,, Nb;Sn or dirty Nb .
_d
. . . — A
Ol In this work, we will study the NbN coating effect on H, H,, = Happl e
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MULTILAYERS WORLWIDE




THEORY (S-I-S & S-S)

- Cornell

Tnurr_1f Sethnal/Liarte
Junginger (S-S) WEXA07
S-S WEXAO05 o

Proximity effect

= - -
N ‘ N
A&,
e
I
. KEK - Kubo

ODU-Gurevich

(S-1-S & S-S) (S-I-S & S-S)

Effect of thicknesfé Effect of thickness, of Nb sub

Nb sub layer ’ layer, and insulator thickness
Gurevich, A., 2006. Enhancement of RF breakdown field of v 4’
SC by multilayer coating. Appl. Phys.Lett., 88: 012511.
Su'f.f::c'gl;’dﬁ;tfg:;u%g’;”:;,fﬁ{f,i’;’"ﬂ,Zei\d;vgf,ces 5(1): Kubo, T., 2016. Multilayer coating for higher accelerating fields in
017112 ‘ ' ' superconducting radio-frequency cavities: a review of theoretical

aspects. Superconductor Science and Technology, 30(2): 023001.
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MULTILAYER DEPOSITION FACILITIES

Jlap - NbN, Temple U.: MgB,, .
NbTiN, EC hybrid CVD/PVD CEA Saclay.
THPBO073 THPBO068 ALD IPNO/CSNSM:

NbN, MBE

ANL: NbN,etc...
ALD

,»wm;% -

KEK and coll :
4 ALD, IBS, DCMS
THPB055
ODU : NbN, THPB056
ALD ¥
4
Grenoble INP: NbN, NbTiN,
STFC:PVD: DC, pulsed, HIPIMS, ALD, CVD
i (PE)CVD, (PE)ALD CEA Grenoble: NbN, RMS
— Nb, NbN, Nb;Sn, MgB,, etc
TUPB103
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Jlab SIC TEO11
7,5 GHz

Temperature sensor  Cold head

Rs CHARACTERIZATION/SAMPLE CAVITIES

Cornell
TEO11 6 GHz
Mushroom 4,78

SLAC mushroom
avity, 11,4 GHz

TAMU + Jlab
mushroom SIC cavity,
1,8 GHz Coupler Tube

Modified Mol ILC Cavity

Sapphere

Samgae votses
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/tEHz)

CERN QWR cavity,
400 Mhz (-> 1,2

4 3,8 GHz

STFC Choked
resonnator
7,8 GHz

IPNO TEO11

HZB QWR cavity,
433 Mhz (> 1,3
GHz)

Magnetic

ield

Magnetic field on
thin-film sample

KEK mushroom
cavity, 3,9 GHz




LOWER Rgcs

- Baumier, 2013
R/cs to be improved NBN ML [ ] CEAIPNO
* rf-ML4
7,00
+ rf-mML2
RF characterization of NbTiN/AIN/Nb structures 6,00 .
A Nb @ 3.88 GHz >
515 structures coated an ECR Mb/Cu film: 2dh-bake, coating and annealing for 4 h at 450°C. 500
. ’ Nb @ 1.3 GHz
A - RF Measurement in 7.5 GHz sapphire-loaded TE;,, cavity g_ 2.00 (scaling in w2) S A
Halar [ET) [ES) 100004 S% : ’r &
Total pressura [Tarr] il dedg® = : T T ) 3,00
Sputtering Pawer [W] pl- ] - L1 B u POIYCWSE"I”E
Depesitian rate |nm/min] ~15 ~15 ] _.. Nb Substrate -+
Thickness [rm] m 150 1000 ; *
elKl fa (168 2 aemeg Lar . 1506 I . ionati
- - -g- 'ge grain \ Ne ame calipration
Sharp interfaces S e Nb substrate X Rs rf-ML2<< Rs Nb
= 4 0,00
MBTIN o 1 2 3 4
T(K)
10 = B Single crystal bulk Mb
_ = ECR (244 eV) Nb/Cu
m MoTIN/AIMECR(244 eV NE/Cu
1 =— NETINIAIN/NG [A.M. Valente-Feliciano, 2013
2 a 8 8 0 12 + THPBO073]
TEM crozs-section {FIB cut] of
HbTiMMAINNbf O structune T:[K-]
Lower BCS resistance beyond 4 K for 515 coated surfaces compared to standalone ECR film [ Please go on efforts on Sample CaVitieS |||
& bulk 5C Nb.
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Positran
detector

Triumf p-SR

LANL:

SQUID MagnY

<« |

* 8K —— Theoretical m-H
+ 9K slope = -0.0106 emu/Qe’

0 500 1000 1500 2000 2500 3000
H, (Ce)
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TRANSITION FIELD MEASUREMENT

Jlab and coll:
SQUID MagnY

STFC:SQUID MagnY

AC/DC magnetic
susceptibility,
Penetration facility

CEA Saclay: Local MagnY
THPB038

]

-
.~

KEK and coll :
local MagnY

Sample tube \

Field Probe 1

Superconducting
magnet coil

Field Probe 2

THPB058
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WHAT DO WE MEASURE (Hp/Hc,/Hsy) ?

Vortex penetration

> Hpp > Hgp
] *

B In real world cavities behavior is
dominated by a few number of

defects.

I ltis very important to measure
the penetration field of samples

in realistic conditions

Ideal case * Not even taking into account geometric factors...

Claire Z. Antoine  SRF 2017 |10



DE LA RECHERCHE A LINDUSTRIE

HIGHER Hp/H,/Hgy !

Accelerator cavities' operating range ly ~ 25 nm NbN
140 = M4 x4 { 14 n[r’;‘ignél;lator 00
120 -%-SL 500 nm Nb "bulk - ML4 T T T T e 75nm sln'g\e
Monocrystalline sapphire Te=15,1K —~ *— 75nmx4
—e—Nb Ref]| ~ "
o | v —— 100nm single|
0 . 1500 A ¥— 100nmx3
N NN
~ 25 NN 7- I Mu Itllaye rs \ ™\ <« 150nm single
g0 y T8 e ey (490) e = —_ N> 150nmx2
3 ", apphil —
2 i) Monocrystaliine sapphire Te= 15[15. 37K RS O 1000 » N\, X\+ 500nm
2 60 3 | = L \
- »
O - »
40 [ 15 m nsutor (4g0) I 500 « 1
g - . 250 nm Nb "bulk” /‘_ Alternating MgB,-insulator structures have — ‘,\ v
20 { e S Monocrystaline sapphire " ook been fabricated on sapphire substrate: — + %
I Sy I = 40 nm MO as insulating layer, sputtered. 0 > PR A = \’;0 2
0 e . 2
= MgB, deposited by HPCVD ex situ. 150, 100,
0 5 10 15 20 >
T and 75 nm in thickness. Temperature (K)
ML sample : 250 nm Nb + (14 nm MgO + 25 nm NbN) x 4 [Baumier, 2013] T, near 40 K for 100 and 150 nm films. Lower i - Temple Unfiersity]
Multilayer tested for the first time Bg, > 55 mT @ 8K ! for 75 nm film. -
Multilayer films with thin MgB, layers show
higher Hc, than the 300 nm film even though 1 SQuUID It
the total thickness are the same. :
[Lukaszew, 2012] @ p0x10? -
2, 2500 : : :
s « Nb200 {3000
~30(*) or 50nm (™) 2.0x10° 2000+ SN « Nb100 | 2500 B B|Iayers
8000 -3000 0 3000  BDOD L | NBO P
NeN 7 . H (Oe) ) T " 8
A __em ]
~ 16 hm Insulstor (MgO)/- © ) © 1500} E =, 2000 2 [Tan, 2016]
00(*)/250(") nm Nb 5 -2.0x10° T=s5K e A . s ’
“bukk Tke* - E . oa0® H, =2000 0e X L =% {1500
MgO (100) substrate E »a.uxw* g 1000+ g §
8.0x10° = % Y 11000 S
: 0 1000 2000 3000 Q L a o
. H (Oe) < °00 ‘. *Jw 500 W
Compare with what Is expected for © ) ‘ =05
bulk Nb : ~1300 Qe @ 4.5 K! P : ; T=45K R 0 ; i i I
2 200107
5 . 0 2 4 6 8 10
E T(K
-6.0x10" ( )
0 1000 2000 3000
H (Oe)
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ACTIVITIES AT SACLAY AND COLLORATORS




INDUSTRIE

cea H_, Measurement: need for Local Magnetometer

B Conventional Magnetometer (SQUID) gives ambiguous o Foxpenotation it sk nncreasing il
results: )N '\\\:\\\\:g;:g\ U I
= Uniform field around the sample [ Z AN\ ) A
- Demagnetization (orientation, edge, shape) effects \/r(d o s L\ (oo \/\*\)):’:‘ “:
== Exact local field configuration not known (if alignment not NNy /////Z \‘\{\*T‘I W\ ///,,,/,)’/
perfect, strong transverse moment always present) ’;2/ I \\ N \\\\\\t\\t “;'ﬂ'/, ,"/,//f“j fl \\\\\‘\\\\'\\\\‘\“\“\“
= Go for local probe!!! =) il f@(‘ﬁ- l;*‘;“:”;f;}“']
L SSARR S /|

\\- Fr/1]]
\\ \ /1

NS il
\\ / NN L u
\\\\\\ \ / ////“’ H\\\\\\\\\IJH// [

= Building a setup ~operating conditions for SRF
(2K-20K; H >> 150 mT)
1 Sl’lpé"co’;d“cmr - Magnet size << sample size (infinite plane approx.)
V ' - Field decreases quickly away from the coill
- Measurement of H, on sample without
edge/demagnetization effect
- Exploring new SCs /multilayers close to accelerator

J. H. Claassen, et al. Rev. Sci. Instrum, Vol. 62, 4 (1991). operating condition
M. Aurino, et al., Journal of Applied Physics, 98. 123901 (2005).
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Screening Power of NbN Layer
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Nb — INSULATOR — NbN MODEL

NbN coating by Magnetron Sputtering

B NDN single layers series

B NbN SL / “thick” Nb layer
= Magnetron sputtered
= MgO as dielectric layer

NbN (nm) —O—SIefLong.
fomet 250 nm Nb:on saphire
0 _oos DC Squid
25 5 magnetometry @ 4.5 K
50 I
75 = ‘\\ N
100 -0,005 \o,oooo //
125 5 00005
0,01 5 \ /
150 -10000 0 £ 00010 1A
200 Fleld (Oe) _%/ B I_lwoc,e
= o015 3
+ Not same batch, deposited on the same conditions, but substrate = sapphire (actual thicknesses) ~18 mT
*As determined with magnetometry, see below. As expected for MS samples 00020
1000
Fleld (Oe)
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Nb-MgO-NbN TRILAYERS

Transition field (Hgy here ?)

Saturation ?

. . Maybe it is still worth trying
B NbN single layers series t0 go to thicker samples
B NbN SL/ “thick” Nb layer .
T (K) According to
= Magnetron sputtered ®4 6 8 10 12 14 16 4o 2nd transition of V3

= MQgO as dielectric layer  so| ]

i 1 ol [ 775K o ]
70k Ko\o —o—Nb | [ | ——8K ./A ]

I ' —o—NbN 25nm | | ol | —o— 85K — ]
60 % \ —A— NbN 50nm - | | —*—9K —

L T —+—NbN 75nm | 1 ol | —— 10K ]
50 - A\\. —o—NbN 100nm | 1 £ [=s—11K

—O0— NbN 125nm
—@— NbN 150nm
—o— NbN 200nm

Hc1 (mT)
8 &
T 7
/O/
1 1
Hc1 (
IS

*.

A / T
3 ® 1
¥ [ i

S ey

" n " 1 " 1 " 1 " 1 "
0 25 50 75 100, 125 150 175 200 225

NbN Thickness (nm)

N / -
2R "

N
o
T

o

The enhancement of the field penetration increases with thickness of NbN
It reaches a saturation at thicknesses > ~100 nm

Maybe the sample quality is not good !
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COMPARAISON WITH THEORY

Theoritical predictions from T. Kubo

200F
E E 1507 2nd trans‘ition of V3
‘::0 éﬁ 150_';"I'"'I""I""I""I""_
: : 10 140 | i ]
z e 130 ]
» @ 45K o —e—Nb 1
H £ ~+110 mT? ﬁg F —0—NbN25nm [ ]
o r —A— ]
: e |
ILC shape = 9or —a— NbN 100nm |
W} . E sof R —o—NbN 125nm | 7
10 K < g 70 i \@ —a— NbN 150nm | ]
T laver thicknes s d7 (nm) £ layer thickness 7 (nm) 60 [ .;\* & —o— NbN 200nm 7]
Ideal Nb substrate Nb with defects®,
with B;,=170 mT with B;,=50 mT

* e.g. morphologic defects
that allow earlier vortex
penetration See paper site
earlier
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CLOSEUP OF 3 HARMONIC SIGNAL

m ForagivenH

we observe 3 # transition temperatures

.-------u-----15°/'Phasesignal

appl’
——V3(V)
—— Phase(deg)
r ]
— 100
150
L Z
(9]
(2]
[
L 40 £
e | \
1 " 1 " 1 " 1 " 1 " 1 " 1 " -100
4 6 8 10 12 14 16 18
Temperature(K)

TO~T@®: difficult to observe (noise level)
T ©>>T@®: dramatic transition

SRF 2017

|

Voltage signal
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Phase(deg)
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0,00004 - \
- 100
b el bt i A
R SRR S
. 50 3
< T
[sed (2]
> g
e I
- -50
[—
L L -100
6 8
Temperature(K)
|18



ROLE OF THE DIELECTRIC LAYER'!

B Why do we have two transitions ?

Hoo

8 8 0 12 12 - 8 @ Thin SC layer NbN

120 122
® Insulator MgO
l A liaa ® Thick SC layer Nb
— H-10mT \J
- 3 [ ]
L, §
o @ MoH =S & ]
7 ,AN ! = H // surface => surface barriert
* ,/ \\\ “ __ = A defect locally weakens the surface
it ’r___.““J < | : i barrier
ok 1] ..
T e e ) = = 1st transition, vortex blocked by the
*I ' Teame ' | ] N A \ insulator ~100 nm => low dissipation.
a2t == 2Nd transition, propagation of vortex
Su Vortaa avalanches (~100 pym) => high
E aalarhey . .
4 dissipation.
= ¢ e i ] 1ot
v - Dielectric layer = efficient
. - LT
“WWW ________ protection !!!

tB. Bean and J. D. Livingston, Phys. Rev. Lett. 12, 14 (1964).

Second transition
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CONCLUSION AND PERSPECTIVES

Conclusion

B Alocal magnetometer has proven to be effective at measuring vortex penetration in conditions close
to cavities operating condition.

Very promising behavior of NbN layers
S-1-S multilayers provide best protection of cavities against local penetration of vortices
Sample gives results close to theory : optimization can soon be done theoretically

Deposition methods inside cavities needs to be developed

Perspectives

B Enhancement of the maximum magnetic field applied on the sample,

we hope to reach > 250 mT by:

== Replacement the coil by a ferrite core inductor
== NOvel thermal design of the experimental setup
= Study other superconductors multilayers at higher fields.

. Sample deposited onto bulk Nb to be tested soon

Claire Z. Antoine  SRF 2017 | 20



SPARES




Introduction

Nb — Insulator — NbN model
Samples characterization (Collaboration of KEK Japan) N° 4 : NbN 100nm
SEM-EDX Analysis :

Depth profile by XPS

* Thicknesses of NbN are largely dependent on their
position on the samples

* Generally, Thickness of NbN are thinner than the
targeted thicknesses

* The thickness of MgO is approximately uniform

Superconductivity of samples by PPMS

KEK S.KATO

Claire Z. Antoine  SRF 2017 | 22



Introduction

Nb — Insulator — NbN model
Samples characterization (Collaboration of KEK Japan) N° 4 : NbN 100nm

SEM-EDX Analysis
Depth profile by XPS

Improvement of NbN deposition is
required or use alternative
techniques (ALD, CVD, ...)

Superconductivity of samples by PPMS
NbN 125nm
Our measurements 0.10 -
indicate that Tc ~ 14,3K

G J o
N—
=

T, ~14K

-~

L | L | L | L
100 125 150 175 200
T(K)

But how we can 0.00 k-

measure H_, ?

KEK S.KATO
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VORTICES:
AVALANCHE PENETRATION

~100 um in 1 ns (~RF period) !!!

Compare with A (field penetration depth)

Nb : ~40 nm
MgB, ~ 200 nm

Here MgB, example
http://www.nature.com/srep/2012/121126/srep00886/full/srep00886.h
tml?message-global=remove&WT.ec id=SREP-20121127
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DE LA RECHERCHE A LINDUSTRIE

cea H_., Measurement, a Local Magnetometer

—a—Nb Copper rod :‘: ,:
—@-Nb i (thermalization of IE |
- e electrical wires) ¢
L Coil holder e L = Coil
Glass beads
e - BN,
— Liquid Hely}g 77777
= Thermal sensor
\ ‘
o 8 ppor 3 Sample holder == Heater
W % Thermal braid
Steel rods

Figure 9: Several improvements for sample holder to
achieve good calibration with Nb RRR =300.

High conductivity
. copper plate
Auplifier Resistance § O BRCD A =
Lockin # Schematic of local magnetometer
Output Igcos (@t) Shunt Resistor 0,1 Q
> Sample holder, Copper Heated area
AL i RRR=30 13.35K
! Coil
- ii Voltmeter H
(LabVIEW)
Temperature
Measurement Heater
Resistance 10 Q

Lock-in

Input, 30> Analysis USSR Lememm

| Temperature Controller | EHEH
Temperature
sensor

1‘1.8 K
first sample holder design 0.05W at 180s
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