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• 100 Years of Quantum 

• Superconducting circuits as a platform for artificial atoms

•  Encoding schemes with strong light-matter coupling

• Kerr-Cat Qubit 

• More wave-mixing with the Transmon qubit 
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Outline



Quantum Physics 



Superconducting circuits Neutral Atoms Trapped Ions

Control of Large Quantum Systems

IBM, Google, Amazon 
AWS, Alice & Bob…

Quantinuum, Ion Q,… QuEra, PASQAL,…



• A classical two-state system is like a lamp 
which has two, perfectly distinguishable 
states

OR → 𝛼 +𝛽

• A quantum system on the other hand can 

(in principle) exist in a superposition!

1 = 𝛼 2 + 𝛽 2

❑ How is this state different? Spoiler alert:

    (it is NOT Either/Or it is another state!)

❑ e.g. 𝛼 = 1, 𝛽 = 1 can be distinguished 

from

    𝛼 = 1, 𝛽 = −1 

Classic Vs Quantum lamps



• We can visualize the state as a point on a 

sphere “Bloch sphere”| ۧ0 → 

| ۧ1 → 

Visualization



=
1

2 
+

1

2 

=
1

2 
−

1

2 

• We say that 𝑍 and 𝑋 are not compatible observables (They don’t commute), so 

measuring one of them erases the information related to the other one and 

collapses the system to point in that direction! 

Measurement and State Collapse



OR OR OR

• Two classical lamps

+𝒄𝟏 +𝒄𝟐 +𝒄𝟑 +𝒄𝟒

• Two Quantum lamps 

෍

𝒊

𝒄𝒊
𝟐 = 𝟏

Composite Systems



Composite systems

OR OR OR

▰ If you have two lamps

+𝒄𝟏 +𝒄𝟐 +𝒄𝟑 +𝒄𝟒

▰ If I have two lamps  

Number of coefficients 

Classical: 𝟐𝑵

Quantum: 𝟐𝑵



• One day I prepared this state and I gave 

the second lamp to you

1

2 
+

1

2 

• This is problematic since the state of each lamp can not be addressed without 

referring to the other one! This is what we call entanglement 

𝛼1( +𝛽1 )( +𝛽2 ) →𝛼2

𝛼1𝛼2 = 𝛽1𝛽2 = 1

𝛼1𝛽2 = 𝛽1𝛼2 = 0

?!!!

Entanglement



• One day I prepared this state and I gave 

the second particle to you
1

2 
−

1

2 

1. If you measure along 𝑍 today 

and I measure 𝑍  tomorrow 

tomorrow it is guaranteed that 

we will get opposite values!

3. If you measure along 𝑋 and I 

measure along 𝑍  then our 

results will not be correlated!

OR

2. If you measure along 𝑋 today 

and I measure 𝑋 tomorrow it 

is guaranteed that we will get 

opposite values!

OR
OR…

Entanglement



▰ Sharing a Bell pair doubles the information 

you can share!
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2 
+

1

2 

Superdense Coding



▰ Quantum parallelism is great but not enough since measurement 

destroys superposition

Quantum parallelism 



▰ A simple algorithm to determine if f(x) is 

constant or balanced (global behaviour) 

from a single run!

▰ Can be scaled easily to evaluate if the function 

is constant or balanced beyond the one-bit input 

Deutsch’s algorithm 



How To Quantum?

Quantum* Circuit*

2∆~2𝐾
𝑓~6 𝐺𝐻𝑧 →

𝑇~300𝑚𝐾

𝑻~𝟐𝟎𝒎𝑲
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M. Kjaergaard, et al., Annual Review (2020)

Two Decades of Progress
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Quantum Coherence 

M. Altoé, et al., PRX Quantum (2020)
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1

𝑄𝐿𝑜𝑤 𝑃𝑜𝑤𝑒𝑟
=

1

𝑄𝑇𝐿𝑆
+

1

𝑄𝐻𝑖𝑔ℎ 𝑃𝑜𝑤𝑒𝑟

Etch Time



Millions Of Oscillations
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Beyond the Harmonic Oscillators

𝑼 𝒙 =
𝟏

𝟐
𝑲𝒙𝟐 𝑼 𝚽 =

𝚽𝟐

𝟐𝑳
𝑼 𝜽 = −𝒄𝒐𝒔(𝜽)



Beyond the Harmonic Oscillators

1Josephson, B. D. Physics letters (1962). 

Josephson Junction 

• Josephson junction1: S-I-S tunnel barrier

• 𝐼 𝛿 = 𝐼0 sin 𝜙, 𝑉 𝛿 =
ℏ

2𝑒

𝑑𝜙

𝑑𝑡

• Non-linear inductor: 𝑉 = 𝐿𝐽
𝑑𝐼

𝑑𝑡

• 𝐿𝐽 =
ℏ

2𝑒𝐼0 cos 𝜙

• SQUID loop: tunable energies!



Engineering an Artificial Atom

Transmon Fluxonium Cos 2 0-

• simple fabrication

• easy qubit control

• noise sensitive

• reasonable fabrication

• flexible qubit control

• noise resilient

• complex fabrication

• complex qubit control

• partial noise protection

• challenging fabrication

• difficult qubit control

• full noise protection

Simple Qubit

Sensitive to Environmental Defects

Complex Qubit

Immune  to  Environmental Defects
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~2 MHz ~300 MHz

Kerr Cat Transmon

Engineering the Bosonic ladder with JJs

Anharmonicity

𝝎

𝝎 − 𝜶



The Hilbert Hotel
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• Cat states are the orthogonal even/odd-parity 

superposition of the macroscopically distinct 

coherent states ±𝛼

𝐶𝛼
± =

1

1 ± 𝑒−2 𝛼 2

1

2
𝛼 ± −𝛼

𝛼 = 𝑒− 𝛼 2/2 ෍
𝛼𝑛

𝑛!
𝑛 ො𝑛 = 𝛼 2

⟨−𝛼 𝛼 = 𝑒−2 𝛼 2 𝛼 2 = 3
~0.0025

ො𝑎 𝛼 = 𝛼 𝛼 ො𝑎 ≃ 𝛼 መ𝑍

24

Cat States



Kerr non-linearity

4-wave mixing 

Stabilization drive

3-wave mixing

෡𝑯𝑲𝑪 = −𝑲ෝ𝒂†ෝ𝒂†ෝ𝒂ෝ𝒂 + 𝝐𝟐(ෝ𝒂†ෝ𝒂† + ෝ𝒂ෝ𝒂)

𝝋𝟑

𝝎𝒅 ≈ 𝟐𝝎𝑸

𝝋𝟒

S. Puri, et al., SCIENCE ADVANCES. (2020)

A. Grimm, et al., Nature. (2020)

Kerr Cat Qubit Hamiltonian

𝛼2 = 𝜖2/𝐾

෠𝑃𝑐 ො𝑎 ෠𝑃𝑐 = 𝛼 መ𝑍 − 𝑖𝛼𝑒−2𝛼2 ෠𝑌 ≈ 𝛼 መ𝑍

෠𝑃𝑐 ො𝑎† ෠𝑃𝑐 = 𝛼∗ መ𝑍 + 𝑖𝛼∗𝑒−2𝛼2 ෠𝑌 ≈ 𝛼∗ መ𝑍

෡𝐻𝐾𝐶 𝛼 = 𝜖2𝛼2 𝛼



• The SNAIL provides the energy well to host the bound states 

(𝜑2), the third order nonlinearity which generate the squeeze 

drive (𝜑3), and the fourth order nonlinearity which gives the 

Kerr (𝜑4)

• By expanding 𝑈𝑆𝑁𝐴𝐼𝐿 in powers of 𝜑 we can realize a 

Hamiltonian of the form:  

𝑈𝑆𝑁𝐴𝐼𝐿 = −𝛼𝐸𝐽 cos 𝜑 − 3𝐸𝐽 cos
𝜑𝑒𝑥𝑡 − 𝜑

3
= ∑𝑐𝑖𝜑𝑖

෡𝐻𝑠 = 𝜔𝑎 ො𝑎† ො𝑎 + 𝑔3 ො𝑎† + ො𝑎
3

+ 𝑔4 ො𝑎† + ො𝑎
4

+ ⋯

෡𝐻𝑒𝑓𝑓 = Δ𝑎,𝑟 ො𝑎† ො𝑎 + 𝑔3 ො𝑎𝑒−𝑖𝜔𝑟𝑡 − 𝜉𝑠𝑒𝑖𝜔𝑠𝑡 + 𝐻. 𝐶.
3

+ ⋯

෡𝐻𝐾𝐶 = Δ𝑎,𝑟 ො𝑎† ො𝑎 − 𝐾 ො𝑎† ො𝑎† ො𝑎 ො𝑎 + 𝜖2 ො𝑎†2 + 𝜖2
∗ ො𝑎2 − 4𝐾 ො𝑎† ො𝑎 𝜉𝑠

2
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5 μm

N.E. Frattini, et al., PRA. (2018)

𝑸𝑵𝑳

𝚽𝐞𝐱𝐭

Stabilizing Cats with SNAILs



▪ The sample tunes and behaves like what we expect from the analysis of the SNAIL

𝒈𝟑/𝟐𝝅~𝟏𝟏. 𝟐𝟗 𝐌𝐇𝐳𝝎𝑭/𝟐𝝅~𝟓. 𝟑𝟐 𝐆𝐇𝐳 𝑲/𝟐𝝅~𝟐. 𝟖𝟒 𝐌𝐇𝐳

−

▪ Measuring the Kerr through (𝝎𝒈𝒆−𝝎𝒆𝒇)/𝟒𝝅 = 𝑲/𝟐𝝅 = 𝟐. 𝟑𝟔 𝑴𝑯𝒛

27

Data

SNAIL Spectrum



2D Chip Layout
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Filter

Kerr Cat

Readout Res

Purcell FilterSNAIL

▪ Charge pumping imposes a tradeoff between strong 

microwave drives or large Purcell decay

▪ The pump port is strongly coupled to the qubit such 

that the Purcell limit from cpis ~12us

𝐶
𝑐𝑐

𝑐𝑝

≈ 6 𝐺𝐻𝑧≈ 1 𝐺𝐻𝑧≈ 12 𝐺𝐻𝑧

A. Hajr, et al., Physical Review X(2024)



Band Block Filter
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▪ A band stop filter suppresses the Purcel decay while 

enabling high and low frequency processes 

Filter

Kerr Cat

Readout Res

Purcell FilterSNAIL



Band Block Filter
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▪ With 30dB of isolation at the qubit frequency the 

Purcell limit increase to ~12ms

▪ The large bandwidth enables strong qubit-qubit 

coupling with mitigated Purcell 

Filter

Kerr Cat

Readout Res

Purcell FilterSNAIL
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• Single qubit Z rotation: HZ = 𝜖𝑧
∗ ො𝑎† + 𝜖𝑧 ො𝑎, → 2𝛼Re 𝜖𝑧 𝜎𝑧

• Shift the energy of the coherent states ±𝑍

𝝐𝒛 = 𝟎

On-resonance drive shifts energy of coherent states→ Z gate

𝝐𝒛 = 𝟐𝑲

Ω𝑧 = 4𝛼Re 𝜖𝑧

+𝑍 ≈ +𝛼−𝑍 ≈ −𝛼

Universal Control: Z Rotation



32

• Single qubit 𝑋 𝜋/2   → 𝛥 𝑡 ො𝑎† ො𝑎 + 𝐻𝐾𝐶

➢ Adiabatically tune the drive, to reduce the well

➢ Two coherent state ±𝑍  will tunnel across two wells

𝜟 = 𝟎 𝜟 = −𝟑𝑲 𝜟 = −𝟕𝑲

Negative Detuning 𝚫 leads to coherent states tunneling → 𝑿 𝝅/𝟐  

+𝑍 ≈ +𝛼

Universal Control: X Rotation



𝒂, 𝒂†

𝒃, 𝒃†
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• Three wave mixing → longitudinal readout

•  𝝐𝑪𝑸𝑹𝒂†𝒃 + 𝐡. 𝐜. → 𝟐𝜶𝝐𝑪𝑸𝑹 𝒃 + 𝒃† 𝝈𝒛

• Readout resonator state

𝑏 𝑡, 𝜎𝑧 ∝
𝜖𝐶𝑄𝑅𝛼

𝜅𝑟
1 − 𝑒−𝜅𝑟𝑡/2 𝝈𝒛

𝝋𝟑

𝝎𝑪𝑸𝑹 ≈ 𝝎𝑹 − 𝝎𝑸

𝝎𝑸

𝝎𝑹

Cat Readout



Readout and Universal Control
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Cat Quadrature Readout 

with QNDness of up to 

99.6%

New implementation of the 

𝑋(𝜋/2) gate:𝜖2 → 𝜖2𝑒𝑖𝛿(𝑡)𝑡

𝛥 𝑡 = 𝛿 𝑡 + 𝑡 ሶ𝛿(𝑡) /2 

Fast cat Rabi oscillations in 

timescales of ~100ns for 

continuous 𝑍(𝜃) rotations 

A. Hajr, et al., Physical Review X(2024)



Lifetime
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Cat States lifetime limited by 

the single photon lifetime of 

38.5 𝜇𝑠  

Coherent States lifetime 

approaching  1ms limited by 

heating form the SNAIL

Coherent States lifetime 

exceeding  1ms with 

controlled red detuning

𝑻𝟏/𝟐⟨ഥ𝒏ۧ



Benchmarking
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Limitations
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Filter

Kerr Cat

Readout Res

Purcell FilterSNAIL



෡𝑯𝑩𝑺 = 𝑱 ෝ𝒂𝟏
†ෝ𝒂𝟐 + ෝ𝒂𝟏ෝ𝒂𝟐

† → 𝟐𝑱𝜶𝟐𝒁𝟏𝒁𝟐

• Driving both SNAILs at the difference frequency 

activates a beam splitter interaction which can 

be used to implement a CZ gate: 𝒈 = 𝟏𝟎𝟎 𝑴𝑯𝒛
𝚫𝐐 = 𝟏 𝐆𝐇𝐳

38

Next Generation of Cats

0

1

2

3

0

1

2

3

𝝋𝟑

𝝎𝒊𝒔𝒘𝒂𝒑 = 𝝎𝑸𝟐 − 𝝎𝑸𝟏

𝝎𝑸𝟏

𝝎𝑸𝟐



෡𝑯𝑩𝑺 = 𝑱 ෝ𝒂𝟏
†ෝ𝒂𝟐 + ෝ𝒂𝟏ෝ𝒂𝟐

† → 𝟐𝑱𝜶𝟐𝒁𝟏𝒁𝟐

• Driving both SNAILs at the difference frequency 

activates a beam splitter interaction which can 

be used to implement a CZ gate: 𝒈 = 𝟏𝟎𝟎 𝑴𝑯𝒛
𝚫𝐐 = 𝟏 𝐆𝐇𝐳
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Next Generation of Cats
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10mm

• The Double-SQUID designs show theoretical promise to realize higher nonlinearities 

• The SQUID implements squeezing and ideally does not store any energy

• A large well with small anharmonicity provides the Kerr and stores the energy

෡𝐻𝑆𝑄𝑈𝐼𝐷 = −4𝐸𝐽
𝑆 𝑐𝑜𝑠 𝜙Σ  𝑐𝑜𝑠

෠𝜙

2
= 4𝐸𝐽

𝑆 𝑠𝑖𝑛 𝛿𝜙Σ cos 𝜔𝑝𝑡 𝑐𝑜𝑠
෠𝜙

2
≈

1

2
𝐸𝐽

𝑆 𝛿𝜙Σ cos 𝜔𝑝𝑡 𝜙𝑍𝑃𝐹
2 ෝ𝒂 + ෝ𝒂† 2

𝜖2 =
𝐸𝐽

𝑆

2𝐸𝐽
𝛿𝜙Σ𝜔𝑄

𝐾 =
1

4
(𝐸𝐶/2)

Double SQUID for efficient wave-mixing

𝑴𝟏𝑴𝟐𝑴𝟑𝑴𝟒

෡𝐻𝑇 = 4𝐸𝑐  ො𝑛2 − 2𝐸𝑗 cos ෠𝜙/2

𝟓 𝝁m
𝑰𝒆(𝒕)
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R. Lescanne, et al., Nature Physics (2024)

B. Bhandari, et al., arXiv(2024)



Biasing the Double SQUID
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Readout Res:

𝝓𝒆 = 𝟎 𝝓𝒆 = 𝝅

Current (mA)

𝑲 ≈ 𝟏𝟒 MHz

Current (mA)

Qubit around 𝝓𝒆 = 𝝅  

The desired operation point 𝜙𝑒 = 𝜋/2 corresponds to first order 
sensitivity and second order insensitivity to the flux 

෡𝐻𝑆 = −4𝐸𝑗
𝑆 sin 𝛿𝜙𝑒 𝑡 co𝑠

෠𝜙

2
+ 4𝐸𝑗

𝑆𝛿𝜙0 cos 𝛿𝜙𝑒 𝑡 co𝑠
෠𝜙

2

R
e
la

ti
v
e

 F
re

q
u

e
n

c
y
 (

a
.u

.)

Current (mA)

𝛿𝜙0 = 0

𝝎𝟎𝟏

𝝎𝟎𝟐/𝟐

F
re

q
u

e
n

c
y
 (

G
H

Z
)

𝝎𝟎𝟏

𝝎𝟎𝟐/𝟐

F
re

q
u

e
n

c
y
 (

G
H

Z
)

F
re

q
u

e
n

c
y
 (

G
H

Z
)

Qubit around 𝝓𝒆 = 𝝅/𝟐  
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• With 4-wave mixing we can perform AC Stark shifts 

෡𝐻𝑇 = 4𝐸𝑐  ො𝑛2 − 𝐸𝑗 cos ෠𝜙 = 4𝐸𝑐  ො𝑛2 − 𝐸𝑗 −
1

2!
෠𝜙2 +

1

4!
෠𝜙4

Nonlinear light-matter coupling

𝝋𝟒

Stark Shift: 𝜔𝑑/2𝜋 = 350 𝑀𝐻𝑧

𝝎

𝝎 − 𝜶
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• The atom decay is a linear process which can be combated with nonlinear driving

෡𝐻𝑇 = 4𝐸𝑐  ො𝑛2 − 𝐸𝑗 cos ෠𝜙 ≈ 4𝐸𝑐  ො𝑛2 − 𝐸𝑗 −
1

2!
෠𝜙2 +

1

4!
෠𝜙4

Nonlinear light-matter coupling

𝝋𝟒

𝝎𝒅 ≈ 𝟑𝝎𝑸

𝝎𝑸

𝝎𝑸

0-3 Rabi: 𝜔𝑑/2𝜋 ≈ 15.5 𝐺𝐻𝑧

0

1

2

3

4

𝝐𝟑(𝒕)(ෝ𝒂†ෝ𝒂†ෝ𝒂† + ෝ𝒂ෝ𝒂ෝ𝒂)
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Quantum measurement

❑ Imagine that I decided to give 

one of two states | ۧ𝜓0  or | ۧ𝜓1

     Which are not orthogonal 

OR

| ۧ0  
1

2
(| ۧ0 + | ۧ1 ) 

❑ Unfortunately, you can not use a 

probe 𝑝 without affecting the state!

❑ You can not orient your detector 

to distinguish the two perfectly!

❑ Unambiguous measurement for 

a price? (POVM)

ۧ𝜓1 ۧ𝑝0 → ۧ𝜓1 ۧ𝑝2  

ۧ𝜓0 ۧ𝑝0 → ۧ𝜓0 ۧ𝑝1

𝑈𝑎 can not change inner product 

𝜓1 𝜓0 = 𝜓1 𝜓0 𝑝2 𝑝1

1 = 𝑝2 𝑝1

| ۧ𝜓0  

| ۧ𝜓1  
~85%

| ۧ𝜓0
′  

| ۧ𝜓1
′  



• If two operators do not commute (e.g. 

spin components, position and 

momentum) then they do not have 

common eigenbasis

•     You can not prepare a state so that 

you have sharp values for each operator

• As a result you can not define a 

direction for the z-axis so that S𝑧 = | Ԧ𝑆| 

nor the position and the momentum can 

be described by a single values 

simultaneously ?!!!

Ƹ𝑝𝑥| ۧ𝜓 = 𝑐1| ۧ𝜓
ො𝑥| ۧ𝜓 = 𝑐2| ۧ𝜓

No psi such that c1, c2 are 

numbers

Not All Operators Commute 



𝝆 = 𝟎 𝟎 𝑯 𝑷 𝑫𝟏 𝑫𝒏……… 𝑴 → 𝟎  𝐨𝐫 |𝟏ۧ𝑫𝒏+𝟏 𝑯

𝝆 = 𝟎 𝟎 𝑷 𝑫𝟏 𝑫𝒏……… 𝑴 → 𝟎  𝐨𝐫 |𝟏ۧ𝑫𝒏+𝟏

𝑛 gates sampled from single qubit CX dihedral group: 𝒟1 = 𝑋, 𝑇 = 𝑍 𝜋/4 /
𝑈(1)

1 gate sampled from single qubit 

Pauli group: 𝒫1 = 𝑋, 𝑍 /𝑈(1)
𝑫𝒏+𝟏 =
𝑫𝒏𝑫𝒏−𝟏 … 𝑫𝟏𝑷 −𝟏 ∈ 𝒟1

• Prepare and measure in X axis and Z axis

• fit the result with circuit depth 𝑛 into exponential

• Extract bit-flip error 𝑷𝒏𝒅 and phase-flip error 𝑷𝒅 from fitting

Error

Noise bias

Benchmarking the noise-bias
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• The wave mixing processes are proportional to the displacement of the drive 

• This displacement depends on the frequency of the drive and whether it is capacitive or inductive 

(which is not the case for on-resonance drives)

෡𝐻𝑐 = 𝑖𝜖𝑑  cos(𝜔𝑑𝑡) ( ො𝑎 − ො𝑎†)

෡𝐻𝐼 = 𝜖𝑑  cos(𝜔𝑑𝑡) ( ො𝑎 + ො𝑎†)

𝜉𝑐 =
𝜖𝑑

𝜔𝑄 − 𝜔𝑑
−

𝜖𝑑

𝜔𝑄 + 𝜔𝑑

𝜉𝐼 =
𝜖𝑑

𝜔𝑄 − 𝜔𝑑
+

𝜖𝑑

𝜔𝑄 + 𝜔𝑑

෡𝐻𝑇 = 4𝐸𝑐  ො𝑛2 − 𝑁𝐸𝑗 cos ෠𝜙 = 4𝐸𝑐  ො𝑛2 − 𝑁𝐸𝑗  ෍

𝑛

−1 𝑛
( ෠𝜙)2𝑛

(2𝑛)!

Nonlinear light-matter coupling



Shielding the system from radiation 

- The impact of the shielding will not visible if the sample is the sample is not good enough 

- IR shielding is crucial, but we have enough 

- Magnetic shielding is crucial, but do we have enough?
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