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which particle physics: motivation for SC circuits/quantum sensors
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o below 1eV <= wave-like DM

o broadband haloscopes (2 .1 meV)

o resonant cavities (ueV - .1 meV): this is most sensitive method, QCD axions can be probed



which SC circuits are of interest in this search

— parametric amplifiers

— transmons

— photon counters
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PRX 10,021021 (2020)

Phys. Rev. X 10, 021038 (2020)

building block: the Josephson Junction

knowledge, skills
©® circuit QED (starting from cavity QED)
® related hamiltonians
X circuit design
X nanofabrication

OO testing and use in particle physics experiments
© dilution refrigerators



which SC circuits are of interest in this search

same as QC, but with a smaller number of RF lines...

knowledge, skills

©® circuit QED (starting from cavity QED)

©® related hamiltonians

X circuit design

X nanofabrication

OO testing and use in particle physics experiments

© dilution refrigerators
4He cryostats — ~ 4.2 — 1.3K
3He cryostats — ~ 1.3 — 0.4K
3He-*He mixture — ~ 0.4K to mK

F. Pobell “Matter and methods at low temperature”
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“wave-like” DM

Dark Matter Mass log[m/GeV]
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to what extent is this detectable with current technology?
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quantum microwaves in DARK MATTER search

Pioneer 10 T

(4

2002, 12 billion km from Earth

2.5 x 1072W

Wave-like

dark matter

<1078 W
Unknown frequency (particle mass)




quantum microwaves in DARK MATTER search

Pioneer 10 L

(1972)

-

2.5 x 1072w

Wave-like
dark matter

<107®W
Unknown frequency (particle mass)

< few photons/s |::> |QUANTUM 2.0|J




. with to match the axion mass

. itis readout with a low noise receiver

for resonant amplification

. the is within the bore of a SC magnet — By




Microwave receivers

(1965) Penzias and Wilson

Green Bank telescope
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Microwave receivers

(1965) Penzias and Wilson

Green Bank telescoee

Amplifiers introduce noise

Slgnal
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Input nolse W
Added noise
— Johnson noise N = kTB
JeA | RF generator
MXCi CP STILL 4K: 1300

— quantum noise (fundamental limit)

measured in Watt or number of photons



Microwave receivers

the noise introduced by an amplifier is quantified

by its noise temperature T,
(1965) Penzias and Wilson

Green Bank telescope
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see ch10, Pozar “Microwave engineering”
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the same load noise power is obtained by driving
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Microwave receivers

(1965) Penzias and Wilson

Green Bank telescope
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assessing receiver’s noise
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quantum-limited readout

— 300K
1 1 — 50K
kBTsys =hv (m + E +Na> , No > 0.5
Toys = Tc + Ta B
T, cavity physical temperature
T, effective noise temperature of the amplifier 600700 me

— 100 mK
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a poor S/N ratio

In these searches, the signal is much smaller than noise 300k

— 50K

Py =kpTAU > Ps o< B2 Vg Qp ~ 1073 W

To increase sensitivity we rely on averaging several
spectra recorded at the same cavity frequency over a
certain integration time. 0000 me
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Heavier (axions) & Harder (life)
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® heavier axions are well motivated,
BUT

the scan rate df /dt scales unfavourably with f
ﬁ o~ g37784 ngf Qu

dt T2

<xf74

(asm. quantum noise, SC cavities, relax r/L)

© (df /dt)prsz ~ 50 (df /dt)ksvz

— new cavities with larger V¢ compared to a
pill-box cavity

— QIS technologies and methods to reduce the noise
(parametric amplifiers, photon counters)
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photon counting vs parametric amplification at standard quantum limit (SQL)

IDEAL PHOTON DETECTOR

REAL DETECTOR WITH DARK COUNTS [
Reounter - zAVu
. 2
Rsqr
h
Rcounter ~ geleVT
RsqL Qu

ch
7 photon counter efficiency
Ay, axion linewidth
S. K. Lamoreaux et al., Phys Rev D 88 035020 (2013)

Ex. at 7 GHz, 40 mK — gain by 10°

T4 dark counts

— (x100s) gain [I';, ~ 10s count/s, n> ~ 70%)]
take more than 3 months-

A transmon-based SMPD needs a JPA

- can probe in a day the same range a linear amplifier at SQL would
https:/ /arxiv.org/abs/2403.02321



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.035020

qubits as sensors

very recent proposals to detect DM using phonons
excitations, phonons — qubit readout

= h

Coplanar bit
waveguidos susauip - Qubit
|

Superconducting Ground Plane
(GND), O(100nm) thick:

Particle
scatter

Substrate O(380pm) thick

We learn about the qubit state by sending low
power microwave pulses and ultra low noise
microwave amplification in the output line is
accomplished using Josephson Parametric
Amplifiers

— dispersive readout

output | Eycited)

~—~ g G/
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Normal Metal Coaxial




from Cavity-QED to circuit QED

studies of the interaction of a single atom with (few) microwave photons has been first studied atomic cavity
quantum electrodynamics experiments and later on transposed to circuit QED experiments

Nature 400, 239-242 (1999)

| 100 um

Nature 445, 515-518 (2007)
In both cases two-level atoms interact directly with a microwave field mode in the cavity




from Cavity-QED to circuit QED

Can the field of a single photon have a large effect on the artificial atom?

Interaction: H = —d - E, E(t) = Eg coswgt

It’s a matter of increasing the coupling strength g between the atom and the field g = E - d:
— work with large atoms

— confine the field in a cavity

output
input u A VAY
' L. RN
™~ y/‘fa‘ K
= 1 o Y
E x —, V volume
VvV

k rate of cavity photon decay
~ rate at which the qubit loses its excitation
to modes # from the mode of interest
§> K,y <= regime of strong coupling

coherent exchange of a field quantum between the atom (matter) and the cavity (field)




from cavity-QED to circuit-QED

g is significantly increased compared to Rydberg atoms:

e
— artificial atoms are large (~ 300 pm) K E
= large dipole moment a
— Ecanbe tightly confined
Ex /1/X3
w2\ & 10~ %cm? (1D) versus A> ~ 1cm? (3D)
= 10° larger energy density

b
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(@) (g/zw)cavity ~ 50kHz
(b) (/27)circuit ~ 100 MHz (typical)

10* larger coupling than in atomic systems




the Josephson Junction

the only circuit element that is both dissipationless and nonlinear
(fundamental properties to make quantum hardware)

superconductor - insulator - superconductor
N2 N % N\

-
ry
tunnel barrier ~ nm

borrowed from conventional integrated circuits.

Central conductor

l

Substrate
(Silicon/Sapphire/...)

ground plane

It's integrated in superconducting (SC) circuits, solid state electrical circuits fabricated using techniques
ground plane

H field E field
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m Exercise: deriving the Josephson current-phase relation

Aperto: lunedi, 1 aprile 2024, 00:00
Data limite: venerdi, 12 aprile 2024, 00:00

A superconducting (SC) condensate can be described by a many-electron wave function ‘¥, where |'¥|? is the density of Cooper pairs 1, and  is characterised by a macroscopic
6

¥ = \/ne® .
In a SC tunnel junction, the evanescent overlap of the two wave functions inside the insulating region induces tunnelling between the two islands.

In this exercise, you will derive about the semiclassical Josephson effect starting from the Schroedinger equation.

As the two SC regions are small and isolated, the total number of electron pairs in each region (1, 2) can be taken as n |, n,
The two SC wave functions are thus described by:

¥ = e
¥ = e

Derive the following two coupled differential equations from the Schroedinger equation:

ah 2
h dt
n2 = Ly,

2. Show that the independent differential equations for the number and phase variables are:
o _E i
W = Ly sin
B __E [ s
dt —  2h n Cos
i _ _E iy si
"2 = L /Ay sin 6
a0y _ g [
i — 2 n2 Cos0

\\[Hint: rewrite the coupled differential equations in terms of & = 6, — 6, and equate the real and imaginary parts to isolate the desired derivative terms.]
Can you make the assumption n; & n; = ng . If it holds, use it to show that: dé/d = 0.and dny/dt = —dny/dt
4. Use the relations you have obtained to derive the Josephson current-phase relation: I = I sin 5, How much is y?

w




Josephson Junction

» Josephson equations relate the voltage and
current in this element to a phase § across the
junction
/

D
ve B0 dd Lp

or ot L,()=
I=lysiné

» Iy depends on the barrier thickness and
superconducting gap energy
vi1-— (JWO)2

» current-dependent inductance L;(I) that diverges
asl — Iy

== basic nonlinearity at the core of many
devices




HOW TO BUILD AN ARTIFICIAL ATOM

The same underlying physics is at work in cavity and circuit QED:
two-level spin-like systems are interacting with quantum harmonic oscillators

spins = two-state particles
coupled to:
springs = quantum field oscillators

En =E1 —Eg=hwn # Epz = E> — E1 = hwy
— good two-level atom approximation

control internal state by shining laser tuned at the
transition frequency:

H=—d- E(t), with E(t) = Eg coswp




qubits from “artificial atoms”: LC circuit
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Energy [hw,]
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107 Delete

= 0 QHO

- -T2 0 w2 s
Superconducting phase,¢

Tav‘h‘m

En =Ey —Eg = hwy # Epp = Ep — Ey = lwy
— good two-level atom approximation

. . toolkit: capacitor, inductor, wire (all SC)
contr.o! internal state by shining laser tuned at the wo1 = 1/VIC ~ 10GHz ~ 0.5K
transition frequency:
H = —d-E(t), with E(t) = Eg coswp ! — simple LC circuit is not a good two-level atom
approximation

[m] = = =




qubits from “artificial atoms”: LC circuit with NL inductance of the Josephson Junction

L3 c=—

r 5 5
1/ 127 _4 —4
- /17 23 23

> 2) >
107 Delete 22 hw, g 2

/ £ DI
- — 1 1
17094"['!0“ ol QHO |0) 0

- -T2 0 ™2 s - -70/2 0 2 s
Eqy = E1 — Ep = hwgr  # Eo2 = E2 — E1 = hwny

- ; Superconducting phase, ¢ Superconducting phase, ¢
— good two-level atom approximation

control internal state by shining laser tuned at the
transition frequency:

H=-d- E(t), with E() = Eg coswpr

toolkit: capacitor, inductor, wire (all SC) +




Jaynes-Cummings model

Interaction of a two state system with quantized radiation in a cavity
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Dispersive regime

g/A k1

rreff At A hw; A At A A
HS¢ = hwya'a + — 0z + hxa'ao,

2
&
XA
/
Tq6z — hxo: dispersive qubit state readout
U AN A — 2xata
= hwyala + §(wq +%aTa)oz X
2x

number splitting

— qubit frequency is a function of the cavity photon number

— measuring the qubit frequency is equivalent to measuring the number of photons in the cavity




/
dispersive qubit readout of qubits H/h = (wr + x0z) (MT + %) + %Uz

Oulput |y cited)

2
x = %, qubit-state dependent frequency shift
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£ 2 et nmm—————
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_aogs T=3K [ Frequency, wgg - W, (a.u)

— Amplitude readout: the frequency of the
microwave probe pulse is at either at w, + x or wy — x.
Depending on T(|S12])/R|S11| power you know what
the qubit state is

-20 dB. T=20mK §
3

Resonator + Qubit

= Phase readout: the probe is at 0 (reflected power
same for |1) and |1)). All info is in the phase
0 = + arctan(x/k)

& =




Q: How well can we discriminate qubit states?
A: Depends on the noise added by the amplifier

Slgnal
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Q: How well can we discriminate qubit states?

A: Depends on the noise added by the amplifier

Any amplifier is going to add some noise — added noise will affect the standard deviation of these two
distributions (gaussian) and in turn fidelity.

(b)

= 1.0 "

Sl VLV
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5 1 2x/2m

& I
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g [y 1 4o) "
Py ‘\\ : \
S L P—
2 -1 0 1 2

Frequency, wgg - w, (a.u)

Motivation: using amplifiers that add minimum amount of noise.

NHEMT , 20 photons

NIPA ~ 1 photon = order of magnitude smaller added noise = 99% fidelity in ~ 100ns




SUPERCONDUCTING PARAMETRIC AMPLIFIERS: a basic example

Ouput

Excited)
VG:Q| /,,.
'''' g, VG
|Ground)

Lo
X

Q| Probe ' RF
1

il

Lo+ Lcos(2rfpt + ¢p)

=21

— a lossless parallel LC resonator connected to a transmission line
(adds delay to signal at frequency f; tuned within a linewidth)



PARAMETRIC AMPLIFICATION

MECHANICAL SYSTEM
systems that can periodically convert energy between
conjugate field variables

IV
E<B

x<=p

can exhibit parametric behavior when the
corresponding mediating elements can be modulated. -

f21%




PARAMETRIC AMPLIFICATION

MECHANICAL SYSTEM

systems that can periodically convert energy between
conjugate field variables

<=V
E<~—B
X<=p

can exhibit parametric behavior when the
corresponding mediating elements can be modulated. -

f21%

1

change the moment of inertia (parameter) at 2fp

1

pump (energy source): work done against F.

1

nonlinear resonator: the restoring force o sin 6
and not just ¢



PARAMETRIC AMPLIFICATION

systems that can periodically convert energy between
conjugate field variables
IV
E<~—B
x<p
can exhibit parametric behavior when the

corresponding mediating elements can be modulated.

f21h

Un

Time

Current

Inductance (Pump)




SUPERCONDUCTING PARAMETRIC AMPLIFIERS: a basic example

OuPUl  |eycited)

- e )
JGroun)
Y
10 ,,g Ewm @
Q| Probe RF w (
> JPA
]

—— Lo+ SLcos(@rfot+ dp)
AW,
AW h=21

— a lossless parallel LC resonator connected to a transmission line
(adds delay to signal at frequency f; tuned within a linewidth)

Normal Metal Coaxial

-30dB

-20d8

-20 dB

— inductance (or capacitance) modulation (pump) at f, generates
mixing with sidebands f; = f; £ f,

Resonator + Qubit

— power is drawn from the pump source to produce gain at f; and f;

[m] = = =




PARAMETRIC AMPLIFICATION

= fo =200
S o4 = L degenerate parametric amplification (f; = f;)
| a 2 — gain response:
S BW(G) ~ 20
®

VG

. ol e.g. BWy = 100 MHz, reduced to 10 MHz for G = 20dB
215 HE PR
T é‘% — sensitivity to the pump phase
. g
[ . . . . .
I s e R More. compl.ex circuit de51gqs exploit different types of
© nonlinearities, to accomplish:

_ © large gain (~ 20dB in practice)

o ® dynamic and tuning bandwidth
E=m foe2t ® near-quantum-limited added noise
-20
s ol . ©® other things

0
9p/2 = dig
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