Quantum Technologies for Neutrino Mass

NPLE V¥
National Physical Laboratory WARWICK

THE UNIVERSITY OF WARWICK

8§(ER13|6§D UNIVERSITY OF
CAMBRIDGE

ez Prifysgol

% Abertawe
- e
Ez Swansea

\/ University

11/01/2023

Superconducting Parametric
Amplifiers

Songyuan Zhao

QTNM, QTEP School Jan-2023




History ot amplifiers

Vacuum tube / valve amplifier Transistor / solid state amplifier
(since 19006) (since 1950s)
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Ampliﬁers 1n science
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Ampliﬁers 1n science

Experiment
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Ampliﬁers 1n science

C - : DETERM
Deterministic signal SIGNAL
MM MW‘ AT Amplifier
+ , NOISE
* SIGNAL
-"‘-’\/—W‘\/\’\W N\/—\W\w/l/\
Noise signal from source . ADDED
NOISE

(thermal and/or quantum
fluctuations)
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Example

Experiment

Noise: 3 K

Noise: 300 K

Signal: 10 K
Noise: 3 K
SNR: 3.3
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Example

Experiment
M T~ak

Noise: 3 K Noise: 300 K
Signal: 10 K Signal: 10 K
Noise: 3 K Noise: 303 K
SNR: 3.3 SNR: 0.03
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Example

Experiment
M T~ak

Noise: 3 K

HEMT
Amplifier
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Gain: 100 (or 20 dB)
Noise: 3 K

Noise: 300 K

Signal: 10 K
Noise: 3 K
SNR: 3.3
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Example

HEMT
Experiment Amplifier
ﬂ Teak o~ cal b‘,ﬁ%
< =/ &4
/Yy
(Gt
Noise: 3 K Gain: 100 (or 20 dB) Noise: 300 K
Noise: 3 K
Signal: 10 K Signal: 1000 K
Noise: 3 K Noise: 600 K
SNR: 3.3 SNR: 1.7
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Example
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HEMT
Experiment Amplifier
ﬂ Teax .@’; > ﬁkﬁ%
(Gt
Noise: 3 K Gain: 100 (or 20 dB) Noise: 300 K
Noise: 3 K
Signal: 10 K Signal: 1000 K Signal: 1000 K
Noise: 3 K Noise: 600 K Noise: 900 K
SNR: 3.3 SNR: 1.7 SNR: 1.1



Example

Parametric HEMT
Experiment Amplifier Amplifier
ﬁ T @ > @,e%%
NS,
(et
Noise: 3 K Gain: 10 (or 10 dB) Gain: 100 (or 20 dB) Noise: 300 K
Noise: 1 K Noise: 3 K
Signal: 10 K
Noise: 3 K
SNR: 3.3
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Example

Parametric HEMT
Experiment Amplifier Amplifier
ﬁ T .@ > «,‘,‘M
s
Noise: 3 K Gain: 10 (or 10 dB) Gain: 100 (or 20 dB) Noise: 300 K
Noise: 1 K Noise: 3 K
Signal: 10 K Signal: 100 K
Noise: 3 K —— Noise: 40 K
SNR: 3.3 SNR: 2.5
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Example

Parametric
Experiment Amplifier

/ Flange|
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Noise: 3 K

Gain: 10 (or 10 dB)
Noise: 1 K

HEMT
Amplifier

S
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Gain: 100 (or 20 dB)
Noise: 3 K

e
Noise: 300 K

Signal: 10 K
Noise: 3 K —
SNR: 3.3

Signal: 100 K
Noise: 40 K
SNR: 2.5

Signal: 10000 K
Noise: 4300 K
SNR: 2.3
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Example

Parametric HEMT
Experiment Amplifier Amplifier Data
-~ | ‘-:/@’%, = ‘
/&3’(/; \ i
Noise: 3 K Gain: 10 (or 10 dB) Gain: 100 (or 20 dB) Noise: 300 K
Noise: 1 K Noise: 3 K
Signal: 10 K Signal: 100 K Signal: 10000 K Signal: 10000 K
Noise: 3 K —> Noise: 40 K Noise: 4300 K —> Noise: 4600 K
SNR: 3.3 SNR: 2.5 SNR: 2.3 SNR: 2.2
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Standard Quantum Limit

dout = g Ain + N

(|Adoyel?) . 1
gO; > (|Adin|?) + =
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Standard Quantum Limit

C - : DETERM
Deterministic signal SIGNAL
MM MW‘ AT Amplifier
+ , NOISE
* SIGNAL
-"‘-’\/—W‘\/\’\W N\/—\W\w/l/\
Noise signal from source . ADDED
NOISE

(thermal and/or quantum
fluctuations)
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Nonlinearity

v
v

I inear

petnalp

signal

[PEITLYD

signal

Medium

v
v

The Superposition Principle:

For all Iinear systems, the net response caused by two or more stimuli is the sum of the responses

that would have been caused by each stimulus Individually.
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Nonlinearity
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v
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The Superposition Principle:

For all Iinear systems, the net response caused by two or more stimuli is the sum of the responses

that would have been caused by each stimulus Individually.
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Types of nonlinearities

Josephson Junction Inductance

L = Ly(cos¢p)~1
[ =1.sin¢
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Kinetic Inductance of Superconductors
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Nonlinear kinetic inductance L~ L,

" Current results in a change in Cooper pair density
" Phonon-mediated pair breaking

" Superfluid velocity suppresses equilibrium pair density
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® Other unknown mechanisms...



Amplification

Ji2th




Amplification

child drives swing at
frequency 2wy

11/01/2023 QTNM, QTFP School Jan-2023

N
[\



Amplification

child drives swing at
—& ® & &
-' ' ' frequency 2w,

swing amplified at frequency wg
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Amplification

. I°
= Four wave mixing L ~ Lo (1 + E)

" Important frequencies:
" Strong pump at Wy,
" Signal of interest at wg

" By-product idler at w; = 2w, — ws



Amplification L~L, (1 +

" Heisenberg picture

® Transmission line Hamiltonian

Aoxsch? 4oL
“_ —_—
2 2

" Expansion into Fourier modes

focZ(&m+d,“;l
m



2
Amplification L~L, (1 + I—)

" Heisenberg picture

dA -
ih P |A, H]
" Transmission line Hamiltonian
1 1 ~T AT

~ ~ A contains term d,d, 0 d;
Hox=CV*+sLI"—. prPTS T

2 2 and Hermitian conjugate

" Expansion into Fourier modes /
1 T

[ x Z(am + a, @, 3] = Emn
m



. . I da
Amplification L ~ Ly (1 + —) = « a,a,a]

I? dt "
| | aa; . . .+
» Heisenberg picture ) / — X Q0,0
dA N
ih— = [A H ‘
o |4, H] \
" Transmission line Hamiltonian
oo 72 1 72 - ~ &~ ATAT
H « > CV~+ ELI contains term d,d,dg A,
* Expansion into Fourier modes and Hermitian conjugate
l

7 o Z(am +al [ .
m
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Amplification L ~ L, (1 + I—)

I?
a..a..d.d-:
das & aal di o s at
dt PP dt p=p
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Amplification L~L, (1 + : )

a,,a..d.d:
A pPDS Y1
da, At

— X a,.a,a: — X
dt PP dt

apQy,ds

= Strong pump d, can be approximated by a, o

ds = dsocosh(kt) — ia], sinh(kt)
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Amplification L~L, (1 + : )

a,,a..d.d:
A pPDS Y1
da, At

— X a,.a,a: — X
dt PP dt

a,a,as
= Strong pump d, can be approximated by a, o
ds = s ocosh(kt) — ia] , sinh(kt)

= Set (@;) = 0 as the starting condition
(4s) = (@) cosh(kt)



Squeezing amplification

" Introduce DC to current I = Ipc + Igp

L, (1 + j—z) > I, (1 + ";*ZCZ T, PAE 'RFZ)
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Squeezing amplification

" Introduce DC to current I = Ipc + Igp

L, (1 + g) > I (1 + I]Z?CZ 19 IpcIRF n IRFZ)

12 12

" [f Ipc > Ixp, the dominant nonlinear term is

Ipclrp
L, (z 2 )




Squeezing amplification

" Introduce DC to current I = Ipc + Igp

L, (1 + g) > I (1 + I]Z?CZ 19 IpcIRF n IRFZ)

IZ IZ
" [f Ipc > Ixp, the dominant nonlinear term is
Incl RF)

Three wave mixing




Squeezing amplification

" Introduce DC to current I = Ipc + Igp

L, (1 + g) > I (1 + I]Z?CZ 19 IpcIRF n IRFZ)

IZ IZ
" [f Ipc > Ixp, the dominant nonlinear term is
Incl RF)

21 .
/ * " For squeezing

Three wave mixing Ws = W; = Wy /2




Squeezing ampliﬁcation

—l-
—l-

® Hamiltonian contains ap
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Squeezing amplification
stat 1ata a

" Hamiltonian contains @, and a,0ds0;

= Strong pump @, can be approximated by a,

as; = dgocosh(kt) — i&j}osinh(kt)



Squeezing amplification

* Hamiltonian contains d,, &;L &;L and &;5 agas

= Strong pump @, can be approximated by a,
as; = dgocosh(kt) — i&j}osinh(kt)
" Two quadrature of signal
X, = a4, + d: = exp(kt) Xs,o
¥, = a, —al = exp(—kt) ¥y,



Squeezing amplification

il Ao s

" Hamiltonian contains @, and a,0ds0;

= Strong pump @, can be approximated by a,

as = asgcosh(kt) — i&iosinh(kt) l

" Two quadrature of signal v,
X, = d + &;L = exp(kt) X, ¢
¥, = a, —al = exp(—kt) ¥y,
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Types of SPAs geometries

Vs
&

Travelling-Wave Parametric Amplifier Resonator Parametric Amplifier
(TWPA)



Research

= Material investigation — minimising unwanted nonlinearities, lower pump power requirements
= Performance optimisation — noise, operation frequency, bandwidths, operation temperature

. Squeezing amplification — generate squeezed states, amplification without adding noise



Research

Quantum information systems: Observational astronomy: Fundamental physics:

Qubit readout Detector readout Neutrino mass measurement

(Ranzani, 2018) (Zobrist, 2022) (QTNM, 2022)
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QTNM: Quantum Technologies for Neutrino Mass
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QTNM: Quantum Technologies for Neutrino Mass
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