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Beyond the limits of niobium | HZZBtHe;mBho:;z

Reducing the RF surface resistance Increasing the RF quench field
A A E,.c.xB
Rg ~ ?wz exp g—k—T ’ + Rres ace = TPk
5 By, < B, o« A
N

* New material:
Large sc energy gap A, large T, * New material:
Large superheating field B,
e Control residual resistance Ryeg

* Intrinsic contribution? ° Preve etration
° Cooling conditions MUltiIayer structures

* Trapped magnetic field

T A | A o R @L8K Ry @42K maxE,

m 925K 15meV 39nm 32nm 3nQ 763 nQ 56 MV m-L
m 18K 3.4meV 90nm 7nm  <<1nQ <12 nQ ~100 MV m-1 ?
W' B 173K 2.8 meV 150 - 5nm <<1nQ <60 nQ =100 MV m1?
200 nm
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Superconducting thin film structures HZB.....

Zentrum Berlin

Modify the RF penetration behavior (+ new material)
[A. Gurevich, APL 88, 012511, 2006]

* Penetration depth A = 30...300 nm

—> Coatings are possible 1 | e.g. NbTiN Nb
° Thinfilms:d < A 08k
— Distribute RF currents
_ 06
m V
—> Less RF field at the substrate _;
— Reduced RF losses 04
—> Higher quench field
02}
—> Prevents vortex avalanches
. 0 !
- Stability 400 -0 0 50 100 150 200 250 300
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How can we characterize samples? HZB......

Zentrum Berlin
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The Quadrupole Resonator (QPR) HZB......

| Zentrum Berlin

LHe

Pumping port
Coupler ports

° Quadrupole modes near
415, 845, 1285 MHz

_ _ Cavity (Nb)
* Operated in vertical cryostat

- LHe bath at 1.8 K

4 hollow
rods (Nb)

e Coaxial structure
- thermal decoupling
Pole shoes

* Calorimetric measurement
of surface resistance Sample

Coaxial gap
* Bsample, masx ~ 120 mT (415 MHz)

~ 30 MV/m (TESLA)

Frame
(SS, Ti)

Calorimetry chamber
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HZB Helmholtz

Zentrum Berlin

The Quadrupole Resonator (QPR)

e —

Pumping port
Coupler ports

° Quadrupole modes near
415, 845, 1286 MHz

* LHe bath at 1.8 K

Cavity (Nb)

* Sample thermally decoupled
from cavity and LHe bath 4 hollow
¢ BSample, max 120 mT rods (Nb)

~ 30 MV/m (TESLA)

Pole shoes
yd

Sample

Coaxial gap

Frame
(SS, Ti)

N

Heater )
T-Sensor Calorimetry chamber
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QPR measurement capabilities | HZB......

Zentrum Berlin

Surface resistance Penetration depth RF quench field
Rs(w, Brp, T) * Penetration depth A(T) * Byp re(T, w)
Rpcs < Ryes * Critical temperature T, - T,

High resolution, * NCskin depth §

no reference sample needed
Cooling conditions

Trapped flux

* SC parameters: Energy gap A, Ginzburg-Landau parameter k
e SCcritical fields: H.¢, Hgp,
* Electron mean free path ¢, residual resistivity ratio (RRR)

* NC conductivity o
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S-1-S” Sam P le ‘ | HZB Helmholtz

Zentrum Berlin

75 nm NbTIN — 15 nm AIN — bulk Nb




RF penetration depth | HZZBtHe;mBho:;z

* Simple task: Measure frequency vs. temperature
e Slater’s Theorem:

V+AV
af  Jy T (ol EI2 = polHI?) dv
f 4U

o f 2
GSample (f)

= Af = — A/leff

* So far: single value measurement
* What s A of an S-I-S structure? L

0.8

1 ® |
B—Ofo B(x,T) dx }

s Gl [ ]
* B(x,T) from multilayer theory “
[T. Kubo, SUST 30, 023001, 2017] 0l
* Geometry: dg, d;
* Materials: 4;, T S0 s o s 100 150 20 250 300

X [nm]
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RF penetration depth | HZZBtHeImBhoII’Fz

* Simple task: Measure frequency vs. temperature

* Slater’s Theorem:
V+AV

Af fV (€0l EI? — uolHI?) dV
f 14U 700
2
B TUof ——414 MHz
= Af - GS | (f) AAeff 600 |=——845MHz
ampfe ——1286 MHz
500 |
* So far: single value measurement =
* What is A of an S-I-S” structure? =400 / _
.‘.{m
1 0 200 / |
—f B(x,T) dx
By Jo
200 |
* B(x,T) from multilayer theory J
100 — ' ' ' ' ' ' '
[T. Kubo, SUST 30, 023001, 2017] S 4 & & 10 12 14 18 s
* Geometry: dg, d; TIKl

* Materials: 4;, T ;
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S-1-S” penetration depth

HZB Helmholtz

Zentrum Berlin

1 (@ 700
Aeff(T) = _j B(x,T) dx ——414 MHz
By Jy 600  |——845 MHz
———1286 MHz
2 500 t
o f
Af = — Alese E
GSample (f) g 400
14.3 K =
I I 300 L
0 9.3K
Bt T .".’T“‘-‘._ 200 |
N
-1 100 : : : ' ' ' '
| 4 6 8 10 12 14 16 18
TIK]
N -2 i
T
=,
<1 -3- il
i Dashed lines: Fits using
- =T S-1-S” multilayer theory
-5+ |
4 6 8 10 12 14 16 18

Sample Temperature [K]
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S-1-S” penetration depth | HZB......

: Zentrum Berlin
_ INbINbTN
&, T, [K] 9.26 14.3 (Lit: 17.3)
21 Ao [nm] 47 £+ 1 240 ... 250
RRR (sc) 17 £ 2
RRR (nc) 320 ... 350

T “;:\ & [nm] 39 (5)
L 2, [nm] 32 (150 ... 200)
Oeryo [S/m]  (2.1..23)-10°  2.86-10°
2 6.58 - 106
<,
d.3- ]
4r Dashed lines: Fits using
- =n S-1-S” multilayer theory
S 14.3K i
4 6 8 10 12 14 16 18

Sample Temperature [K]

S. Keckert, FCC Week 2021 12




S--S” RF quench field . HZB....

* Hard magnetic quench limit at 20-25 mT -m NbTiN

T, [K] 9.3 14.3 (Lit: 17.3)
* Fit according to S-I-S° multilayer theory Biay [MT] 220..250 17 (Lit: > 200)
35 - \ \
ol TTIIIzaL Solid lines: S-I1-S” Fit |
_ TTeIzs . Dashed: Extrapolation
E] i IR |
o s3I~
@ o ® © ~ o
220r !
e
Q
S 15F .
2
¢
=101 | § 414 MHz - data ]
e - fit
51 I 845 MHz - data .
— - fit
0 | | | | | | | | | 1
02 22 32 42 5 6° 7° 82 8.62 92 93

(Sample Temperature)2 [KZ]
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S--S” RF quench field . HZB....

* Hard magnetic quench limit at 20-25 mT -m NbTiN

T, [K] 9.3 14.3 (Lit: 17.3)
* Fit according to S-I-S° multilayer theory Biay [MT] 220..250 17 (Lit: > 200)
35
30| "‘::::::_‘
£ i ‘h‘::::::'--..
ie. S~
2 20
R
o156 T
> | e e e L
O e
L 10| § 414 MHz - data bulk NbTiN: 17 mT
— - fit
5r- I 845 MHz - data
— - fit
0 | | | | | |
02 22 32 42 52 62 72

(Sample Temperature)2 [K2]
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S-I-S” surface resistance HZB Helmholtz
: Zentrum Berlin

* Rg(T) at constant Bgp
° Q1,Q2:10 mT
° Q3:8.8mT

Nb baseline Q1 ®

Nb baseline Q2 e ¢ ¥
SIS' Q1 ®
SIS' Q2
SIS' Q3 O

- Non-monotonic Rg(T) 10% §

o0 e 00

—s,
=
L

oCe ©
cedod 8007 TO0Re°
"-.':'-'. .8 a.e-'

9-"
20087 o

o

Surface Resistance [nf{?]
o
M3

0000

2 3 4 5 6 7 8 9
Sample Temperature [K]
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S-I-S” surface resistance HZB Helmholtz
: Zentrum Berlin

* Rg(T) at constant Bgp
° Q1,Q2:10 mT

° Q3:8.8mT
—> Non-monotonic Rg(T) O Nb baseline Q1 ®
10| © Nb baseline Q2 e o *
| ® sis'Q ¢
* Expectation: =) 5
Wp. od p G ® sis'Q2 ®*® Co® o
eignted sum ot kgcs p @ 8Is'Q3 o Y o D-.'
E 3| ¢ L ¢ I.
10° 2" go® ®selee o’
5 cesed oo’
E‘ws. O .e-'
2 o € 2 ---399"“ O
e A el o
3103- O ¢
: 000°
? 02
10" = ' ' ' ' ' ' '
I A —— 5 3 4 5 6 7 8 9
Temperature [K] Sﬂmplﬂ Temp-eraturﬁ‘ [K]
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S-1-S” surface resistance, 845 MHz | HZB Ml

Zentrum Berlin

° Rs(T, BRF) at QZ (845 MHZ)
— Non-monotonic Rg(T) 1200

— Rg(B) depends 1000

on temperature
800

600

400

Surface Resistance [nQ}]

Sample Temperature [K]
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Insulator Effect?

HZB Helmholtz

Zentrum Berlin

o
E, 1 04 L © B 5mT, ARIES Ist Sample *
" | x B~10mT,J-Lab SIS o . , :
S ¢ B~10mT. ARIES 2nd Sample x&; o] * Sofar: Not much emphasis on the
=, A B ~10 mT, ARIES 3ed Sample 5 i insulator layer
N X @
75} % A
4 A®
5 107 00" ;48 ; o
= 5 0°°°°°°*‘:’n0 ¢  But: A thicker insulator layer leads
S o o :
Rz Coooon Lasbtioee to higher losses!
Sk ARARREREEC L |
ME : 0000? 0® 1 D. Tikhonov, SRF’21, SUPFDV00S6,
= .- .
2 416 MHz https://indico.frib.msu.edu/event/38/
10] | | | | ] ] |
1 2 3 4 5 6 7 8 9
Sample temperature T, [K]
SIS films tested Method Structure Produced by

J-Lab SIS NbTiN — AIN — Nb(bulk) DC MS 75nm —15 nm—bulk Nb J-lab 2018

ARIES 1st SIS NbN — AIN — Nb(film)/Cu DC MS 197nm - nm -3 umNb  Siegen 2020

ARIES 2nd SIS~ NbN — AIN — Nb(film)/Cu HiPIMS 180nm—- 8 nm-4pumNb  Siegen 2021

ARIES 3ed SIS NbN — AIN — Nb(film)/Cu HiPIMS 180nm—-24nm-4pumNb  Siegen 2021
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S-I-S” surface resistance vs. RF field HZBHelmholtz

Zentrum Berlin

* Earlier samples showed strong
Q-slope already at low fields

* Performance still limited by early
guenches

D. Tikhonov, SRF'21, SUPFDVO0O06,
https://indico.frib.msu.edu/event/38/

160 T T . . T r
A
416 MHz L. A
r—|l40 B A A ‘ - -
£ A
= aA &
2120f s _
s A ¢ 25K, ARIES 2nd Sample
& ool ---2.5K, Bulk Nb I
§ A 25K, ARIES 3ed Sample
S8
2 80r -
w
&
L
:é 60 | &
3 % 900 000 06 0 06 0 06 0 6 o @
40 -
R W-e-mmmmmmmm—— - [ et
20 . . ' .
0 5 10 15 20 25 30 35

Peak field on sample B, [mT]

SIS films tested Method

Structure Produced by

ARIES 2nd SIS NbN — AIN = Nb(film)/Cu HiPIMS
ARIES 3ed SIS NbN - AIN — Nb(film)/Cu HiPIMS

180nm—- 8 nm-4pumNb  Siegen 2021
180nm—-24nm-4pumNb  Siegen 2021
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Summary __ HZB......

Zentrum Berlin

SRF characterization of multilayers using a Quadrupole Resonator (QPR)

* Large parameter space available (f, T, B)

* Penetration depth measurement
consistent with S-I-S” multilayer theory
— Confirms RF current distribution

* RF critical field
—> Rather low quench limits so far
— Non-quadratic behavior as expected

“”7”////#/#7’/4/
"y,

* Surface resistance
—> Non-monotonic R¢(T) observed
—> Rq increases with insulator thickness

BT
i TTTTCAICLAA

Thank you for your attention!
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