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INTRODUCTION

Superconducting Resonant Cavities

Important parameters:

Cavity Quality factor (Q,)
Most common application is ' Accelerating field
particle accelerators Meissner regime

2 Kor 4.2 K operation temperature

Important parameters:

Both Meissner and Shubnikov regime
Quantum computing ‘ mK operation regime

and sensing Cavity Quality factor (Q,)
G —— Depends on shape and frequency
Qo = R_S— Depends on material/surface treatments
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OUTLINE

Fabrication using
pure Al vs Al alloy

Characterization of the
Cavity + Qubit
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Axion search “

NbTi thin film on Cu cavities as haloscopes

‘&

 S—

Material

. & Characterization
selection

Fabrication

Characterization at 4 K
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Quantum computing

Aluminum cavities for 3D transmon architecture
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QUANTUM COMPUTING U

Why go quantum?

’ 4

Analogue simulations Algorithms implementation

.

Control Pulse

Classical
Computer

Time

CONTROL SYSTEM

goal £ 2 weeks

years /

crossover

weeks :
Measurement time

crossover
size

minutes
: P

Problem Size (N)
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, Transmon qubit
Harmonic resonator Josephson (Anharmonic resonator)

junction
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Superconducting phase,¢ P. Krantz, et al., Applied Physics Reviews, vol. 6, fasc. 2, giu. 2019 Superconducting phase,é
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Decoherence

Longitudinal relaxation Pure dephasing Transverse relaxation
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Antenna 2

Antenna 1 Ansys

2023 R1

Shape optimization

eld [vim] E Field [V/m]
Max. 3501E+08 Max: 3.748E+08

ssssss
3.750E+08

. 3.375E+08

3.000E+08

2.625E+08
2.250E+08
1.875E+08
1.600E+08
1.125E+08
7.500E+07
3.750E+07
0.000E+00
Min:  0.000E+00

JJJJ
EEEEEEE
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Width a =26 mm

Height b=8mm

22 mm Length c =36 mm
Resonant frequency wop =7.46 GHz

N
20 mm ~ 1 GHz detuning from qubit at =~ 6.50 GHz
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CAVITY DESIGN 0

Surface resistance estimation

wWo U |H|?dv
G = Lokoly =157.30 Q
fS |H|%ds
¥
Using experimental value of Q,
for the aluminum alloy cavity
3 Only experimentally measurable
G '
Re= ——=(730 £40) uQ » R; = B35 +Rpes)
Qo
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CAVITY SIMULATION
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Scattering parameters simulations @7.46 GHz

ol
Transmitted !

=30+

power

Sy (dB)

=70+

0F

746394

a0l
S21 B!

_60 -

3dB line |

70 72 74 76 18 80
Frequency (GHz)

0.2r

- |S,% data

fitting function |

L

0,0

7450 7455 7460 7465 7470 7475 7480

Frequency (GHz)

1,0

Reflected %

power ‘;—3:0’6’
S 2 o4t
11 02}

0,0}

0,0+

7450 7455 7460 7465 7470 7475 7480

\ f S, data

fitting function |

7450 7,455 7460 7465 7470 7475 7,480

Frequency (GHz)

\ r [S,,/* data

fitting function |

Frequency (GHz)

QUANTUM COMPUTING:

Lorentzian fitting function

k?ot + 4(x — a)g)2
ktzot + 4(x - a)o)2
211 =
ktzot + 4(x - 0)0)2
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CAVITY SIMULATION W

Alloy cavity and qubit

Eigenmode (2.16 +1.2) - 10° ebricated at Tl
abricated a
. 105
Modal Network (1.7 £ 0.2) - 10 (Arab Emirates)
Experimental (2.17 +1.1) - 10°

Simulation can reproduce experimental values

Lower bound for next cavity performance

Move to Al 5N (99.999% purity)
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Aluminum cavities for 3D transmon architecture

Fabrication using
pure Al vs Al alloy
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CAVITY FABRICATION INFN

Qubit chip
accommodation

o -

- . =2 | % : 'BUAC
» Mechanige - =+ . SR o
S - iRa) TR dEEEs= W polishing

Machinins

2
|
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Quantum computing

Aluminum cavities for 3D transmon architecture

Characterization of the
Cavity + Qubit
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Sy <] |
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QUBIT CHARACTERIZATION NEN S

~ Rabi spectroscopy

Pump power -28 dB
0 1 2 t[its] 4 > 6 0 i 2 t[MS]3 4 5
T; = (6.1 +0.3)us T, = (2.3 +0.3)us
Cavity characteristictime 7 = % ~ 29 Us

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

NbTi thin film on Cu cavities as haloscopes
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Axions are a promising dark matter candidate How to detect them?
Axion predicted mass can vary of many orders of magnitude: - - -
our range of interest is 107 eV o103 eV
f- - - E
N - -

G H Z fre q uen Cy ra nge Classical Sea of Axion-photon

EM field virtual photons interaction

2207 "934 ‘g "ISB4 ‘g "|OA ‘S3IUDAPY 3IU3IIS ‘UNOA S @ SIPIZHUBWSS “) “A

Conversion

Volume
Power

\ , | 0,
Poyy = k- BZwoV
oy T C0T g

Magnetic Field Axion Quality

Factor (10°)

D. Kim et al. JCAP03(2020)066
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Axion search “

NbTi thin film on Cu cavities as haloscopes

Material ..
. & Characterization
selection
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MATERIAL CHOICE
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Accelerators Cavities — RF

B

= = —
| ! ..-
§ Q I:%:""‘fs,
= = S =
T<TC B
0 Hcl Hcl C | t 0 Hcl Hc
Applied field H omplete Applied field H

Flux Expulsion ) .
Mixed state — flux vortex formation

Meissner state — no magnetic field

Vortexes are pinned by defects
Flux PINNING

RF + static magnetic field
is a quite new regime for superconductive devices
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MATERIAL CHOICE

Material Note

-!I-
NbTi ~ 9.5 K ~ 14 T Simple preparation

Mng ~ 32 K ~15T Preparation is a challenge
Nb3Sn ~18.3 K ~30T Preparation is a challenge
REBCO ~ 93 K ~100T Available in tapes

NbTi was the obvious choice (although not the best performing)
to build and test a SC haloscope for the first time
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MATERIAL CHOICE

UNIVERSITA
DEGLI STUDI
DI PADOVA

[
o0

[
@)

[E—
N

[
(\)

—_
(an)]
E
Z
@
A
Q.
S
L
Q
=
o
S
N
g
-
5
™
£
o)
E
<
=

Nb0,31Ti0,69 -
High Ti
N b0,38Ti0,62
m Low Ti _

7060 0.63 0.66 0.69 0.72 0.75

Ti content (Nb,_Ti,)

J. C. McKinnell, P. J. Lee, and D. C. Larbalestier,
IEEE Transactions on Magnetics, vol. 25, no. 2, Mar. 1989

Higher Ti content gives higher
1

dissipation

pinning force F, <

up to a maximum
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MATERIAL CHOICE

N b0.38TiO.62 N b0.31Ti0.69

1 mm sheet 5 mm bulk
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Axion search “

NbTi thin film on Cu cavities as haloscopes

Fabrication
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DC Magnetron Sputtering
* Single NbTi target

Sample holder IR 1arﬁp heating
=\ * Ar pressure 6 - 103 mbar
Magnetron 9 el of o gé * T substrate 500 °C
* Film thickness 2.5 — 3.5 um

* No bias voltage

AXION SEARCH: SLIDE 29 OF 39




UNIVERSITA

O U ‘ I_l N E DEGLI STUDI
DI PADOVA

Axion search “

NbTi thin film on Cu cavities as haloscopes

Characterization at 4 K
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I ' ! ! ! ! 1

Nb,3,Tij ¢ IS better or similar at most

- Nbo.31Ti0.69 — Nb0-31Ti0-69 0.4
G Nby g Tigeg o [ - Nb0.31T!0.69 L
S Nby 35Tig 62 | @ Nb 35Tig 6, 0.3
G. Ghigo et al., Materials, 2022
] L) s .
< !\lb(,__s,,l:l'l(,.69 02 & Done at INFN Torino
High Ti &
Nbg 35Tig 6 |
LOW Ti Nb0.31Ti0.69 ~ 0_1 mask/sample holder
High Ti
| (@) Nby35Tips, LOWTI (b)) [ e
[l) | 'II é é 4l' [I] | ‘i | 2I | I3 | {"I" sapphire single-crystal PTFErystaI holder
HDHdG (T) u[}lHdG (T) A. Alimenti et al., Sensors, 2023

Done at Roma 3 university
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CAVITY CHARACTERIZATION (v 50 - i

0 = S S S T S SR S S S S -
o 1 2 3 4 5 6 7 8 9 10 11 12

B (T)

AXION SEARCH: SLIDE 32 OF 39




UNIVERSITA

CAVITY CHARACTERIZATION INFN - © e

R ,' All measures at 4 K

10° | —4—9 GHz Nb 5, Tij 59 _
| —a— 9 GHz Nb barrier |
O 1
o :
A B
Ay :
A—a__ A—a
i--..é
T A

10° F
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All measures at 4 K

Defects on the cavity surface A v !
| —A—9GHz_Nb 5, Tig g
| —&—9GHz_Nb_barrier
3 { —=—T7GHz_Nby 3;Tiggq

Large grain boundaries Pitting + NbTi coating 0 1 2 3 4 5 6

on Cu cones B (T)
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CONCLUSIONS

QUANTUM COMPUTING

* The pure Al cavity showed better performances than the Al alloy cavity even with non-optimized surface:
Q,=012.2+1.0): 10° comparable with state-of-the-art results

* The Qubit was successfully characterized but needs fabrication optimization

AXION SEARCH

* Four NbTi on Cu cavities have been fabricated and characterized and are ready to be used in axion search
experiments. Good performance obtained compared to state-of-the-art at 2 T and 4K

These results have been presented at SRF 2023 conference in Grand Rapids (June 2023, USA),

HTSHFF workshop 2023 (September 2023, Catania)

and at Quantum technologies for fundamental physics workshop (September 2023, Erice) by me

Giovanni Marconato, Quantum Technologies for Fundamental Physics Workshop, Sam Posen, Quantum Technologies for Fundamental Physics Workshop, Woohyun Chung, Quantum Technologies for Fundamental Physics Workshop,
Erice, Italy, Sept 2023 Erice, Italy, Sept 2023 Erice, Italy, Sept 2023
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e Fabrication and surface treatments improvements on the 7.46 GHz

* Scaling to 8.50 GHz for future developments:

Ansys Lo | I I I | 1.0 I I I ‘ I
E Field [V/m] s .
Max 43449?5 M‘( |SZ|‘2 data . N |S| 1‘2 data
. 3325532 0.81 fitting function 1 081 fitting function |
s - o o6l - o 06 : -
oo ] S g
I e ‘ - — 04 - 04t
= | 02} / \ - 02}
Y i 0,0 1 1 0,0 C 1 1 1 L 1 i
L 846 848 850 852 854 856 846 848 850 852 854 856
O
| Frequency (GHz) Frequency (GHz)
Height b=8mm ,
Length o oag o Eigenmode 232000 + 13000
Resonant frequency wo =8.51 GHz Modal Network 230000 + 20000
G = 171.76 Q)
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CONCLUSIONS

QUANTUM COMPUTING

* The pure Al cavity showed better performances than the Al alloy cavity even with non-optimized surface:
Q,=012.2+1.0): 10° comparable with state-of-the-art results

* The Qubit was successfully characterized but needs fabrication optimization

AXION SEARCH

* Four NbTi on Cu cavities have been fabricated and characterized and are ready to be used in axion search
experiments. Good performance obtained compared to state-of-the-art at 2 T and 4K

These results have been presented at SRF 2023 conference in Grand Rapids (June 2023, USA),

HTSHFF workshop 2023 (September 2023, Catania)

and at Quantum technologies for fundamental physics workshop (September 2023, Erice) by me

Giovanni Marconato, Quantum Technologies for Fundamental Physics Workshop, Sam Posen, Quantum Technologies for Fundamental Physics Workshop, Woohyun Chung, Quantum Technologies for Fundamental Physics Workshop,
Erice, Italy, Sept 2023 Erice, Italy, Sept 2023 Erice, Italy, Sept 2023
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Rabi spectroscopy Ramsey spectroscopy
< n/2-pulse n/2-pulse >
 S— TC_ 7Tl
el * Readout
5 ~ _t 1 , _ b
p o< COS (nQRt + qb)e i p 57 sin (27Ikt + qb)e b
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f

p o cos® (MQrt + p)e T

6.4210] 0.00013
0.00012
_ 64205 0.00012 — _
N = =4
= 6.4200 ® @
o - — -
< om <
0'6.4195 = ) =
g 0.00010 = o 0.00010 =
T6.4190 o o
S"f c c
6.4185 0.00009 0.00009

6.4180
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~CAPP

=

D
-~ Haloscope

15 Conversion Power

ark Matter Axion

A

Filled areas: Present exclusion limits
Dashed lines: Projected sensitivities
Yellow band: QCD axion band

MUSE
VIMOS

Coupling Constant
Density

2 Pa
Poyy = Gayy —

/ma/ \

Magnetic Resonant
Field Frequency

Axion Mass

D. Kim et al. JCAP03(2020)066

Scan Rate Magnetic

\ / FiV Volume

df B*V2C? 1

Q
dt KBTsys \“ 1+Q,/
Axion Quality

System N0|se
Factor (10°)

—5

10~

10" 10"

Mass (eV)

Semertzidis and Youn, Sci. Adv. 8, eabm9928 (2022)

10

AXION SEARCH:

Volume

Axion Quality
Factor (10°)
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Fluxon Dissipation

Fluxon viscosity Pinning force

. . ¢OBC2 _ 2;3-‘](.@"0 T T T T T I T VI I T T ITO T T FTAm T T Oenmp T COrimf ¢ T O 1 v romm
n = k = —d 1.0k ‘ ] aX | o— XO—AC— A
Pn \ / % Unsafe zone.
- g y — 0.6 - —
mx +nx +kx=.J 4, i i

P f {mcs) f {mcs) f(mcs)
0.4} SAMPLE [] oc [ -

MEAS. | CALC.| CALC.

(4 - n—17° 1 g 2.2
o = E 0.2 Sa'e on X 2 ::]In—ll.."ﬁlt :? 12.2 38 |
o 77 = X NbTa—4.2°K| I5 49 15.6 ]
ora—x—xa[s-mrx | | .

104 0> 1072 10°! 1O 10’ 10% 10° 10* 10°
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272- \/ch2

Depinning frequency
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NbTi pinning force dependency on Ti content

J. C. McKinnell, P. J. Lee, and D. C. Larbalestier, IEEE Transactions on Magnetics, 1989

— 1,2>< 106 T T T T 20 T T T T T
NE T Nb0,24Ti0,76
0 : . —~ Ty 4 Nby 55Ty 75 ]
; 1,0x1 06 7 N b0’38TI0’62 y T ME 15 o :z'f.g.x.\\t\“:\ —=— Nby 35Ty 65
~...;- 2 | /:/ N R Nbo‘asTio‘ﬁz_
% 8.0x10° @ / é*f* b ¢ Nby 40Ty g4

,0% - . - . o xt e o ' '

g - LT:-L‘ 10 ] // . / \,\ \ \.\ ° |
[ O :/ *\ \.

=1} 5 @] / * \

g 6,0x10° - ] 5 M

E = NN\

i ' en 54 * -

= 4,0%10°- 1 = AN \

= . _ = ’

5 Nbg 31 Tig 6 =

5 2,0x10° S 01 -
E T T T T T T L T T

0,54 0,57 0,60 0,63 0,66 0,69 0 2 4 6 8 10

Ti content (Nb,_ Ti,) :
I-x & 'x

H. Hillmann and K. Best, Fleld (T)

IEEE Transactions on Magnetics, 1977
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Hybrid structure advantages

Using copper ends the quality factor is limited
max ~ 113.10°
0 )

But less dissipation due to fluxon movement!
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