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Transmon qubit chip design

* Need good prediction of the
device parameters

* First design focuses on
simulation-experiment
agreement

* Two non-interacting qubits

e One is tunable with external flux
and can be driven directly with a
dedicated drive-line

* Each qubit features a simple

coplanar resonator for readout E D i N b s ) Bieseker, P
Hopkins, S. Benz.
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Transmon qubit chip design

* Need good predic
device parameters

* First design focuse
simulation-experi
agreement

e Two non-interactin

e Oneis tunable wit
and can be driven ¢
dedicated drive-lin

Readout resonator i el e
“* A. Sirois, M. Castellanos,
D. Olaya, J. Bieseker, P.

Hopkins, S. Benz.

* Each qubit feature
coplanar resonato
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Chip simulation

* Lumped Oscillator Model

. hiw!
(LOM) q (ijlc r Hirune = hw,fﬁ*fi + U 0- + h}(ﬁJrﬁ@'Z

* Ansys Q3D extract the , g°

=T ¢ — W, = Wy —
capacitance matrix of the Cor XL G %Lr A — I;“c/h

qubit and the coupler Vg g w;_wﬁ%

* Energy Participation Ratio _ & E/m
A

(EPR)

* Ansys HFSS to extract the
resonant frequencies of
the circuit

Both methods lead to the
main Hamiltonian
parameters of the circuit
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LOM EPR
L; 8.03nH 8.03nH
I, 41nA 41nA
E; 20.36GHz | 20.36 GHz
Ec | 19444MHz | 188.40 MHz
E;/Ec 104.73 108.40
wor/27 | 5421GHz | 5299GHz
/27 | —211.4MHz | —197 MHz
x/2m | —504kHz | —452kHz
w; /21 | 7.614GHz | 7.610GHz
go1/27 | 110.39MHz | 113.96 MHz

Frequency [GHZ]

10

LOM - Qubit frequency
O EPR - Qubit frequency
e LOM - Cavity frequency
[OJ EPR - Cavity frequency

0
® ® oooo%ﬁ
n
O
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101 LOM - Qubit frequency
LOM EPR b oM. Camity requendy
Lf 2.03nH 2.03nH N 9 O O EPR - Cavity frequency
I 41nA 41nA 5
E; 2036GHz | 2036GHz | > 8 -
E. 194.44 MHz | 188.40 MHz < ¢ o o esesssmmmn i ————{E—)
E;/E. 104.73 108.40 > 71
wp1/2m | 5.421GHz 5.299 GHz |th \
x/2m | —211.4MHz | —197 MHz . \
x/2m —504 kHz —452kHz
u?r/ZH 7.614 GHz 7.610GHz 0:0 Ol.l 0:3 0:4 0:5
go1/2m | 110.39MHz | 113.96 MHz
Parameter | Design | Estimate
Ry 3.26 k() | 3.24k0)
Junction 1 I 82.00nA | 82.42nA
L 4.01nA | 3.99nA
R, 6.51 k() | 6.20k0)
Junction 2 I 41.00nA | 43.07nA
L 8.03nA | 7.64nA




Measurement setup
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DAC-1

DAC-2 ADC-1

300 K —

RFSoC @
70s)

D &
)

o

Current bias

20dBi
4K

20dB

1K

20dB

100 mK

10dB

20dB.

20 mK
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Resonator spectroscopy

* At high power:
* The qubit energy levels are saturated
* The resonator behaves like it is alone in the chip

Bare frequency @ 7.574 GHz
Dressed frequency @ 7.579 GHz

©
o
o)

§ 0.06
* At low power: S
* The qubitis in the ground state and interacts 20.04
with the resonator e
* The distance between the bare and dressed € 0.02
frequencies is $
2
g 7.574 7.576 7.578 7.580 7.582
w — W ~ — Readout Frequency [GHz]
7l?are 7cﬂlressed A
. Magnitude
Our w, | 7.579 GHz Q. Lot IR e
— ¢ HFSS a X £
S - Qc Q; 3 x 10* <0501 Y7
21(f) = 1- L %) Evii
— f T0251 | L.
2000 (fff) 0, 3034 Clew W
r ~ 7.575 7.580 7.585
Qtot 2760 k ~ ZX Frequency [GHz]
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Qubit spectroscopy

* One tone (readout tone) at M
f'l" ea d out ~ 7.579 GHZ |S USGd tO : 0.175 4l i ||I “‘Ik »‘hMI |||||\||| ‘l'v

T ) ”Wi;“" A |

O 0.150 il ! ||'| || by '|" | I|| 1 I}
LTI |1 i
Ll |||| l\ LSRN ) |||1||||”' il

C O n ti n u O u S ly re a d O Ut t h e o MU | (1 ||||||‘,I|| l ” ||| "”|I lll""lll I||I|I; ll:lll:lll ||:‘III|| I,I\ l.
reson ato r (th € |SZ 1 |) E 0.125 |||'||| ||I ||||I || |||”| ||||| |I|||||| llnh\‘lll:":" ’IHIH|IH|;'| :’|‘|r || M’
* A second microwave tone £ o.100-JHH |" il "'“w H“
(drive tone) is used to scan for j 0.075- il '||'| i "? 4"" ! """l\n [ Bl
the qubit frequency 5 6,050 hh Jfﬁ il Il ,l:||||||:|||||;| Mi {IW. igla |||||‘ i ,|:\.
||| Ill‘:ml!lllll||I ||I“I | || |||I‘I I‘ ||||||I| )|
| |||

_——

I‘I i I||| |||I IIII|| |||||||| |||:|"| ||‘|I||I I.HI"

* The |S,;| changes when the 2 0.025-

-

. ) . 1
qubit gets excited by this - 0.000 v""'|'r”n"”'| LB
second pulse "~ Drive Frequency [GHz]

a/27T = ((1)01 — (1)12)/2T[ =—195.7 i 1.7 MHz
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Control pulse calibration

* The calibrated pulses are:

* -pulse: prepares the qubit 1)

. g-pulse: prepares the qubit |+) = [0)+11)

1.05

1.00

0.95

"

o
(I

| fim

0.90

|S21] [a.u.]

0.80

100 200 300 400 500
Drive Length [ns]
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At = 40 ns

0.1050
0.1025 1

; 0.1000 4

.U.]

0.0975 1

0.0950 1

1S21] [a

0.0925

0.0900 1

0.0875 1~

Data s et .
— Fit

m-pulse

Drive Tone amplitude [a.u.]

0.0 0.1 0.2 0.3 0.4
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Frequency tunable transmon

* Resonator and qubit
spectroscopy as a
function of flux bias

d = [Lj1 =Ll ~ 0.29 from fit
L]1+L]2

* Resonator
spectroscopy shows
the avoided crossing

0.80

B
o

Qubit spectroscopy

7.45 JE < % e
¢ The fuu. = 7.44 08— 55.25 0.75
. . . £ i 5 3
characterizationis G 743 w2 Es20 0103
> g o
performed at the e 2 Sens oo
minimum frequency .l 2 2.
7.30 KU -
7.38 ] el ’ P 5.05 055
-20 -10 0 10 2 3 4

Bias [V]

Bias [V]
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Relaxation time measurement

* The relaxation time T; is the
mean time necessary for the
qubit in the |1) to spontaneously

relax into the |0) state 0.95-
';‘ 0.90
r— . > Time g
' ' & 0.85
fa ~
, 0.80-
4 At > Readout
fr

0 2000 4000 6000 8000 10000
At between m-pulse and readout [ns]
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Coherence time measurement

* The decoherence time T, is the
mean time necessary for the
qubit to lose the phase
Information

> Time

/2 At 7r/2

2 1 h—

£

Readout

Ramsey Detuned

0.954

|S21] [@.u.]

0.80

0 200 400 600 800 1000
At between /2 pulses [ns]

p1= % + %E‘Mﬁf cos (6At)

Withd = wg —wg; ®* SMHz T = 517 ns

21/02/2025 QUART&T - WP7 - Labranca Danilo 14



Spin-Echo measurement

* Focusing m-pulse at half pulse sequence refocuses the state

* Removes the inhomogeneous dephasing

> Time

Readout

Ir

21/02/2025 QUART&T - WP7 - Labranca Danilo

At/2 /2 0.90
R ;

—t/T>

p1 = ¢€

0 500 1000 1500 2000 2500 3000

At between /2 pulses [ns]
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Relaxation and Coherence time measurement

* These measurement were performed multiple times (about 24
hours) for both qubits

o T, 1522 + 51ns 1928 + 136 ns
2" T 408 + 73 ns 585 + 53 ns
o T, 611 + 31 ns 1033 + 105 ns

. s . ;Iae Purcell limit on the T;is approximately
Us

* The limiting factor:
* Unoptimal setup
* Ground loops
* Substrate and interface losses

300 400 500
T, [ns]

21/02/2025 QUART&T - WP7 - Labranca Danilo 16



Summary of qubit characterization

Fixed 7.64 nH (Fixed) 7.64 nH (Fixed) 7.64 nH (Estimate)
frequency w01/27r 5.556 GHz 5.434 GHz 5.770 + 0.001 GHz
: @21 = (Woy — W1o) /2T —210.8 MHz ~196.5 MHz ~195.7 + 1.7 MHz
qubit w, /21 7.614 GHz 7.610 GHz 7.579 GHz
x/2m —572 kHz —508 kHz —517.7 kHz
g,./2m 110 MHz 114 MHz 97.2 MHz

Tunable
" parameter | Estmae | F_____

frequenc
d = |Ljs — Ljz|/(Ljs + Lj2) 031 e qugit '

21/02/2025 QUART&T - WP7 - Labranca Danilo 17



Summary of results and next steps

* The simulation-experiment agreement is very
good.:

* Within 6% for frequencies and 2% for dispersive
shifts
* The performance are not as high as expected

* T, and T, are limited to about 2us and 500 ns
respectively

* The Purcell limited T is = 20us and does not justify
the measured values
* Possible causes for the lower performance:

 Unoptimized setup (no IR filters, low attenuation,
ground loop)

* Additional unaccounted losses (interfaces and
substrate)

* Measure the exact same chip again adjusting the
measurement setup

* The measurement on the r.iTght were performed on
the same design but in a different setup

21/02/2025 QUART&T - WP7 - Labranca Danilo

|S21] [a.u.]
[ ]

Data
— Fit

T, =423+ 0.05 ,us|

0 5 10 15 20 25
At between n-pulse and readout [us]

Data
—— Fit

T, =6.11 + 0.63 us

00 25 50 7.5 100 125 150 175 20.0
At between ni/2-pulses [us]
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Thank you!

D. Labranca, R. Moretti, P. Campana, R. Carobene, M. Gobbo, M. A.
Castellanos-Beltran, D. Olaya, P. Hopkins, L. Banchi, M. Borghesi, A.
Candido, S. Carrazza, A. Cattaneo, H. A. Corti, A. D’Elia, M.
Faverzani, E. Ferri, S. Gamba, A. Nucciotti, L. Origo, A. Pasquale, A. S.
Piedjou Komnang, A. Rettaroli, S. Tocci, C. Gatti, A. Giachero
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Backup slides
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Light DM conversion into photons

Axions:

* Inverse Primakoff effect
* |n resonant caV|t|es with
f _ mac

e Large B fields 9 conversion
probability scales as B?

# 4
Q

P, B%V(C —
a-y gayypa mg

Bo

https://doi.org/10.48550/arXiv.2403.02321

Dark photons:
* Kinetic mixing
* |[n resonant cavities with

f _ Arc2
* No need for B flelds

Py, = eszrV

71 ea 2 7o)

Y £ A
\/\/\/\/\@/\/\/\/\/\/

https://doi.org/10.1103/PhysRevD.110.043022

21/02/2025 QUART&T - WP7 - Labranca Danilo 23


https://doi.org/10.1103/PhysRevD.110.043022
https://doi.org/10.48550/arXiv.2403.02321

Dark Matter evidences

Observa tions
from starlight

* Galaxy rotation curves

* Visible matter does not explain the rotational
speed of galaxies at large distances from the
center

* Cosmic Microwave Background (CMB) U

* Measurements of the CMB aniSOtrOpieS CCBE(’I.;789-1993) WMAP (2003-2012)  Planck (2009-2013) (ongoing)
support the ACDM model with dark matter s

* Galaxy clusters

* Velocity of galaxies within cluster is too high
to be explained by visible matter (as well as
velocity dispersion)

* Gravitational Lensing

Velocity
(km s-1)

© 10,000 20,000 30,000 40,000

21/02/2025 QUART&T - WP7 - Labranca Danilo 24



Qubit Spectroscopy

- 0.800 -
0.975 1 Fit fo2/2
I Data 0.775 -
0.950 -
0.750 -
— 0.925- —
= = 0.725-
S 0.900 B
— 0.875 —R:o.mo-
N N
W ) _
— 0.8501 0.675
0.825 - 0.650+
0.800 06251
5.40 5.45 550 555 5.60 5.65 5.70 5.75 5.80 495 5.00 5.05 5.10 5.15 5.20 5.25 5.30 5.35
Drive Frequency [GHZz] Drive Frequency [GHZ]
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dc-Squid inductance

21/02/2025

d=0.10
d=0.20
d=0.30
d=0.40
d=0.50

PN

-1.00

-0.75

-050 -0.25 0.00 0.25

q)exr/q)(]

QUART&T - WP7 - Labranca Danilo

0.50

0.75 1.00
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Rabi oscillations

v 5.770

m g ;|
NN N
u o O
o O O

Drive Tone Frequ
(8]
g
(O}
o

100 200 300 400
Drive Length [ns]

21/02/2025

500

v
N
~

V1
N
o

Drive Tone Frequency [GHZz]
un (9]
N N
IN Ul

)
N
w
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200 300
Drive Length [ns]

0.75

0.70

0.65

0.60

0.55

|S21] [a.u.]
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Dispersive shift

— |0) _
0.241 — |1 — 2x/(2m)
—— 2x/(2m) = -700.0 kHz | |

0.0 ! ' T L T T
7.574 7.576 7.578 7.580 7.582

Readout Frequency [GHZ]
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140+

120+

100+

Counts

Counts

o N ) )] o]

Relaxation and Coherence time measurement

80+

601

40

207

Il 7, Distribution

1400 1500 1600 1700
T1 [ns]

HE 7. Distribution

1600 1700 1800 1900 2000 2100 2200 2300

Tl [ns]
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120

100+

80+

60 -

Counts

40+

201

D,
200

I 7. Distribution

300 400 500
T, [ns]

20.01
17.5
15.01
12.51
10.01

counts

7.5
5.01
2.51

0.0-

800

Il 7, Distribution

900 1000 1100 1200 1300
T [ns]
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Counts

Counts

Il 7 Distribution

550 600 650
T5¢M° [ns]

20.0 EEE T, Distribution
17.54
15.0 4
12.51
10.0 4

7.51

5.04

2.5

0.0-

450 500 550 600 650 700
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140+

120+

100+

Counts

Counts

o N ) )] o]

Relaxation and Coherence time measurement

Il 7, Distribution

80+

601

40

207

0,

1400 1500

T1 [ns]

16C

*

2

| TZ

16
141

i600 1700 1800 1900 2000 2100 2200 2300
Tl [nS]
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120

100+

80+

Counts

1522 + 51 ns 1928 + 136 ns
408 + 73 ns 585+ 53 ns
611 + 31 ns 1033 £ 105 ns
17.51
15.0 1501
2125/ £ 123
§10.0- 5“’-0‘
7.51 751
5.0 5.01
2.51 251
0.0 oo

60 -

I 7. Distribution

1200 1300

800

900 1000 1100
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Light DM conversion into photons

Axions: itinerant photon detection scheme

Axion conversion cavity
: "-..__h“‘.“',"f}/

A A e

Resonator + Qubit

Transmission line

A

Dark photons: localized dection scheme
Readout cavity

% Readout ’—%

0
Transmon @ | Dark Matter

Storage

Dark photon conversion cavity
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