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Missione 4
Istruzione e

Ricerca Superconducting Qubit in a 3D
Cavity

I N F N Simone Tocci
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Qubit Qubits exploits the
e o states superposition to
® 0 increase calculation
power
@1 A two level guantum
Classical Bit Qubit system is required

By Abhishek Dubey

JJ provide a solid state system that is able to mimic the
features of an artificial atom with discrete energy levels

Missione 4 e Istruzione e Ricerca
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Josephson Junction

[a] Josephson junction (JJ)
Py = [let®r

superconductor

Y, = [Plel®

[Ny
energy /\\ ) ]/
o

Mo

anharmonic oscillator
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The most widespread qubit type is the transmon.

b1-P2 = @

I =1I.sing
dp 2e
i~ n’

Transmon consists of a small JJ shunted by two large capacitors to
reduce the charge noise. Its simple design and high quality
performance make the transmon one of the best candidates for
large-scale production.
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Transmon in a RF Cavity Two metal pads (two large capacitors)

Josephson Junction

}

Transmon
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LNF-cryostat

Tbase = 8mK

: Cooling power:

500 uW @ 100 mK

LEIDEN CRYOGENICS

Coiled-coil
heat exch.

e - Discrete
a 8T s heat exch.

. s S
. R Mixing

Transmon
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QU b|t |n 3D CaV|ty Dispersive regime

wq W,
| Doz
Hic = (w, — X124 o?)ata + = (w + X01)07,
jC rT Ty X g T X01
2
v =y X12 yi: = gij
= Y01 — == L =2U
2 A
A01=wq-wr Wy=Wo1
We read the Qubit state through a cavity measurement
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Qubit in 3D cavity: Cavity spectroscopy

Bare cavity frequency
v,=7.268 GHz

Pyna [dbm]

Lix +%2) = —10.240.1 MHz

-20

Transmission coefficient

7.2650 7.2675 7.2700 7.2725 7.2750 7.2775 7.2800 7.2825
Frequencyyna [GHZz] 1 o
Qubit in ground state
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Qubit in 3D cavity: Resolving Photon Number

With a two tone mea!surement, : — X12 _ —13.6+0.3MHz
we measure the QUbIt frequency Number of photons in cavity 21
_22_
X01 _ _10.240.2 MHz
2T
—24
_— %T = — 3.41+0.08 MHz
The deep position =
depends on the number ‘4%:, _28 |
of photons (Pyy,) in the c %
o -
cavity g +
£
The qubit frequency g e !
depends on the number ™ _34] fuxa=7.227 GHz n %: Zi(wq + Xo1) = 6.4194 GHz
of photons in the cavity Pyna=-30 dBm 1] o
-36 - W
—L=v, = 64296 GHz

6.34 6.36 6.38 6.40 6.42 6.44 2TC
founit [GHZ]
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Estimate of anharmonicity and capacity

X12 _ _13.6+0.3MHz
2T A 9(2)1
o1 _ . _ —
2= = —3.41£0.08 MHz m—) ——=Vqg—Vr=—839MHz  Xo1 =~
Xo1 Jo1 _
201 _ _10.240.2 MHz 201 _ 92.5+1 MHz
2T 2T
g%z A
812 = V280, X12 = ——— Ay = wipw, 212 _ 1260440 MHz
A12 27T

Apg1 — A1 = Wg1 — W1 = 2T Anharmonicity=o = 421484 MHz

ha = — C = 4615fF = Transmon Capacity
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Qubit in 3D cavity: Rabi and T1 measurements

— Fit
Rabi 0.6 o
’ 0.4
—teerecccccccccnnnaa > DL_D 0.2
t
Readout 0.0/
o S >
-0.2
0 1 2 3 2 [ P
Time [ps]
Ty
>
n-pulse
> ~--
<o eeenes >
t Readout
~---------- >

1.0 1

0.8 1

0.6 1

0.4 1

0.2 1

0.0 |

Time [ps]
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Qubit in 3D cavity: Ramsey spectroscop

- fit — fit
e data 0.8 e data
0.5
> 0.7
n/2-pulse n/2-pulse 041 0s
B S - ---)]_|<--- 0.3 o 0.5
- 0.2 0.41
o "t """ = 01l 0.3
Readout . .
e _— A=200 KHz
e ] 3 T s :
t [ps]

1 _L
P, = (E_ sin(2mAXxt))e 2T

Averaging over all the T, measurements

T, =2.30+0.11 ps

® T,=2.6510.15 ps

— fit

A=600 KHz « @
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Pdown _l I_

C11C — C12Cxy

C =
Ci1+Ci2o+Cy +Cpo
- - sim
Ao — Pup(r) o d7 Pdown () g Jdo1 . & —
a= [ (O = [, (B) zar o = 97 MHz - 50 = 92.5¢1 MHz
1 .
Qo1 = 2e-deyy - By 1 ( Ej )z. Experimental data are ¢ =56 fF  C=46x5fF
h V2 \ 8Ec well reproduced by simulations
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Fq=6.57GHz
Cio:=100fF
Aluminum JJ with
500
ro [um] area about 200 x
;-,< d, d;[um] | 243 350 nm
dess [um] | 508

Expected T,
improvement
of ~30%

A
v

New design already fabricated Manufacturing of 3D qubits
500 pm and soon to be tested with circular pads at IFN CNR
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Alloy cavity and qubit
fabricated at Technology
Innovation Institute, Abu
Dhabi

Q = (1.784+0.9) - 10°

Al alloy

4

Move to Al 5N (99.999% purity) to reduce surface loss and improve the
quality factor
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INFN

LNL

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Legnaro

Mechanical
machining
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Scattering parameters results
All measurements at 30 mK

S S The first new
11 21 iy ,
B cavity in ultra
-15} a0l pure Al
-20f \ '
~ \ _ 35t
Bt | Z
= V 30}
” o s
asf 7.46GHz !
! L L I ! I I 20 . ) . ! |
7,35 740 745 750 7,55 7,60 74645 74646 74647 74648 74649
Frequency (GH) Frequency (GHz) Already improved with
Al all Al5N _
Aoy : 5 respect to previous Al
Q=(1784+0.9)-10 Q=(2.21£1.0)-10 alloy cavity!
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Conclusion:

In conclusion, we showed our characterization of a dispersively coupled qubit-cavity
system.

* We measured all the relevant parameters of the Hamiltonain and the coherence
properties of the qubit.

* The simulations reproduce the measured parameters very well.

* A superconducting qubit with circular pads has been designed and fabricated.

* We fabricated and tested the superconducting cavities with pure Al
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