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Melpﬂson junction IV: Semi-classical view - : = l

Josephson junction in the voltage state is also dissipationless!

QP tunnelling: I = Icsin (wyt)

SIS mixers eV | 2eE,

/
superconducting 4 J_— wWi= Ic 7
state:
%4
v )
X

nonlinear inductor\‘ | < AC current but no DC
current

voltage state:

open circuit?

Holst et al., Phys. Rev. Lett. 73, 3455 (1994)
Ingold, Nazarov, in Single Charge Tunnelling, cond-mat/0508728 (1992)



!ol sepHson junction IV: Semi-classical view
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Josephson junction in the voltage state is also dissipationless!

superconducting
state:

nonlinear inductor

A

X

volta

QP tunnelling: I = Icsin (w)t)
SIS mixers 26V 2eE,
W= k=7
% .
v Dissipated power
. P =Re Z(wJ)E
ge state: >

active nonlinear

drive

Power is drawn from bias:

P 2eReZ(wj)Ic?

| =
V. h

wj 2

Holst et al., Phys. Rev. Lett. 73, 3455 (1994)
Ingold, Nazarov, in Single Charge Tunnelling, cond-mat/0508728 (1992)



*slepﬂs'on junction IV: Microscopic view E c = = l

Josephson junction in the voltage state is also dissipationless!

QP tunnelling:
SIS mixers

/
superconducting 4 J_—
state:
v .
B X
X

nonlinear inductor |

voltage state:

2eV

Holst et al., Phys. Rev. Lett. 73, 3455 (1994)
Ingold, Nazarov, in Single Charge Tunnelling, cond-mat/0508728 (1992)



!ol sepHson junction IV: Microscopic view

Josephson junction in the voltage state is also dissipationless!

superconducting 4

state:
nonlinear inductor

X

drive

Holst et al., Phys. Rev. Lett. 73, 3455 (1994)
Ingold, Nazarov, in Single Charge Tunnelling, cond-mat/0508728 (1992)

QP tunnelling:
SIS mixers

%4

voltage state:

%

active nonlinear

2eV

— 7 7

hw
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| side of inelastic Cooper-pair tunnelling -

Vv / o p v (GHz)
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0.8 e e meas. 0.04
— theo. 0.03
N o6 ph
(:g I'. e meas. 002
= 044 — theo. 0.01
0.00
0.2
0.0 : ‘ ‘ : )
0 5 10 15 20 25 30
V (1V)
2eV
B ———
< /\VVWWWW,
h-6GHz

Hofheinz et al., Phys. Rev. Lett. 106, 217005 (2011)
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PR o0E OF inclas i ———— S B
| side of inelastic Cooper-pair tunnelling -

\' I > P
10M§ 300K
/\ 4K
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Hofheinz et al., Phys. Rev. Lett. 106, 217005 (2011)
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v LI o p v(eHa)
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Hofheinz et al., Phys. Rev. Lett. 106, 217005 (2011)



!ol sep'Hson photonics R H '

Engineering Z(v) ==p Full toolbox for wideband quantum microwave devices

Z
Sources

m Coherent Holst et al.,
Phys. Rev. Lett. 73, 3455 (1994)
v

= Single photons

Hofheinz et al.,
= Entangled photons Phys. Rev. Lett. 106, 217005 (2011)
Gramich et al.,

Phys. Rev. Lett. 111 247002 (2013)

1 Chen et al.,
Measurement % T — 2e Phys. Rev. B 90, 020506(R) (2014)
| ] Amplifiers Cassidy et al.,
Sci 355 939 (2017
m Frequency shifters 2eV clenee (2017)
= Photomultipliers ~<VWVWWW\»



!osepﬁson photonics B

Engineering Z(v) ==p Full toolbox for wideband quantum microwave devices

V4
Sources Leppakangas et al.,
m Coherent Phys. Rev. Lett. 115 027004 (2015)
. Armour et al.,
m Single photons v

Phys. Rev. B 91 184508 (2015)
= Entangled photons Dambach et al.,
Phys. Rev. B 92 054508 (2015)

Souquet et al.,

y Phys. Rev. A 93 060301 (2016)
easurement v T )26 Grimm et al.
= Amplifiers Phys. Rev. X 9 021016 (2019)
. Rolland et al.,
m Frequency shifters 2eV Phys. Rev. Lett. 122 186804 (2019)
= Photomultipliers =<MWV



!osepﬁson photonics -~

Engineering Z(v) ==p Full toolbox for wideband quantum microwave devices

Z
Sources Padurariu et al.,
= Coherent prb 86 054514 (2012)
. Leppakangas et al.,
m Single photons v Phys. Rev. Lett. 110 267004 (2013)
m Entangled photons Trif et al,,
gled p R Phys. Rev. B 92 014503 (2015)
Westig et al.,
v Phys. Rev. Lett. 119 137001 (2017)
easurement vV T )26 Wood et al.
m Amplifiers Phys. Rev. B 104 155424 (2021)
. Peugeot et al.,
= Frequency shifters 2eV Phys. Rev. X 3 031008 (2021)
= Photomultipliers VW= WWWWWWWY
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Engineering Z(v) ==p Full toolbox for wideband quantum microwave devices

4

Sources

m Coherent /\ /\

= Single photons v Safi et al.,

= Entangled photons Phys. Rev. B 84 205129 (2011)
& %NPN\R‘P:F’W Lahteenmaki et al.,

Sci. Rep. 2 276 (2012)

Jebari et al.,
Measurement VT )2e Nat. Electron. 1 223 (2018)
m Amplifiers
m Frequency shifters 2eV
m Photomultipliers W< WVVWVWWWY
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Engineering Z(v) ==p Full toolbox for wideband quantum microwave devices

Sources z
m Coherent ‘ /\ /\
= Single photons v
m Entangled photons ,l% M Leopikangas et ol
Phys. Rev. B 98 224511 (2018)
Measurement 1V —_II_—_%)QG

m Amplifiers

i 2eV
m Frequency shifters e

= Photomultipliers ~<VWVWWWWh
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Engineering Z(v) ==p Full toolbox for wideband quantum microwave devices
Z
Sources
m Coherent /\ /\
= Single photons v
Leppakangas et al.,
= Entangled photons 14"4« W Phys. Rev. A 97 013855 (2018)
T )2
74

Albert et al.,
Phys. Rev. X 14 011011 (2024)
Measurement 1V

m Amplifiers

m Frequency shifters 2e

V>

m Photomultipliers
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Esl epHsbn photonics T 7 ¥

Engineering Z(v) ==p Full toolbox for wideband quantum microwave devices

4

Sources

m Coherent /\ /\

= Single photons v Safi et al.,

= Entangled photons Phys. Rev. B 84 205129 (2011)
& %NPN\R‘P:F’W Lahteenmaki et al.,

Sci. Rep. 2 276 (2012)

Jebari et al.,
Measurement VT )2e Nat. Electron. 1 223 (2018)
m Amplifiers
m Frequency shifters 2eV
m Photomultipliers W< WVVWVWWWY



-He quantum limit of noise — H "

Linear phase-preserving amplification:
(o) = VG(a)
Need additional idler mode b to satisfy commutation relations [o, of] = [a, a] = 1:
o=VGa+VG—1b
Minimal input-referred noise:

N, = (ofo) _(6- 1)(bb') . G_1
G G C

Caves, Phys. Rev. D 26 1817 (1982)

Limit reached by (Josephson) parametric amplifiers:
AAANAAAVVAVAVAVAVAY =
H=gca'b' +h.c. VNN



”!e |’ne|astic Cooper pair tunnelling amplifier (ICTA) ’ Ty

H = hwaa'a + huwpbtb — Ej cos(¢) %W’N
4

with
T )26
¢ =uwyt+¢a(a +a)+pp (b + b)
42 2eV
i = FTZi <AV

m Suppose small fields v,a, ppb < 1 # expand to second order in ¢,a and ¢,Lb
m Suppose "957?, %EJ < |wa — wp| + RWA at w) = w, + wp

Ejcos(¢) = ( 9L he. ) ~ Ejvan <P2a90b (e’thaTbT + h.c.)




r ” T —————
Inelastic Cooper pair tunnelling amp||f|er (ICTA)

T | Ty _ . . .
H = hwaa'a + hwyb'b — Ej cos(¢) Usual parametric amplifier Hamiltonian

with ICTA <> JPA

Josephson energy E; <«»  pump power

¢ = wjyt + @, (aT + a) + ©p (bT + b) 0-point fluctuations ¢; <» participation ratio
42 voltage bias wy <«» pump frequency

Pi = WTZi

m Suppose small fields v,a, ppb < 1 # expand to second order in ¢,a and ¢,Lb
m Suppose *95;?, “DbEJ < \wa — wp| + RWA at w) = w, + wp

Ejcos(¢) = ( ? £ hc ) = w (e"‘”taTbJf + h.c.)

From there on standard JPA theory, e.g. Abdo et al. Phys. Rev. B 87 014508 (2013):
Large gain when Ej .0 — hy/YaTb




M' Ismg bandwidth - ( -= :I

a) ICTA Impedance
inverter
?
-+ z"dorderneqati:%%R m Need low-Q low-impedance modes
DC-Pump resistance amplifier — +
. = , m For 20dB gain:
b) - 0
) . ¢ Efvapp 0.8
Impedance % E‘r’o' | - -~
transformed ] m h\/ YaVb
ICTA O

5 1 15

Frequency (GHz)

Key challenge: parametric resonances
m Avoid £ > 1 for any spurious
signal—idler pair

m Fast out-of band roll-off of impedance




Man! ICTA: Simulation vs Measurement . - : :I

Simulated Gain (dB) Gain (dB)
-10 0 10 20 —-10 0 10 20
| — | [ —
13.0 —
(a)  C=2o] () e —
125 F s = e g8 3
> HIiiiiiii I'{cm,lo1mgm:330mm F - _ 3 : £
<120 CCEEEEREREREES
s o
= 115 |8 / ’
<
k=
& i
© b 1. = 280nA
2130 L(b)
>O Cable lengtl
125
12.0

8.0

6.0

4.0

5.0 6.0 7.0

Frequency, fs (GHz)

8.0

m Good agreement
simulation/experiment

m Ripple due to standing
waves in TL between
circulator and amplifier

m Instability at some bias
voltages



ME'Bénd ICTA: Figures of merit - : : I

10

Gain (dB)

Saturation Power (dBm)

—120

—130

Doy = 032Dy Doy = 0.29 Dy
— (Gain e Gain
w— N Oise === Noise
” n
- (e) R ,' =\\ ;
e " B
A
M. \ .Mq
A~J Ny .

Frequency, fs (GHz)

1.0

0.5

0.0

Noise—SQL (photons)

Bias: 2eV/ /h = 12.25 GHz
4 average gain ~ 13dB
v/ near octave BW
¢ within 0.2 photons of QL
m saturation power —106dBm
v’ Power at 2eV//h: < —100dBm
X reflection amplifier for now

Nehra et al., arXiv:2512.19902


https://doi.org/10.48550/arXiv.2512.19902

-He|as;tic Cooper-pair Tunnelling Amplifier

v Near quantum limited
v/ Useful saturation power
¢ Bandwidth close to TWPA

m Josephson inductance cancels

- cleaner nonlinearity Salha Florian Ulrich
(no Kerr terms) Jebari Blanchet Martel

= no plasma frequency
= ICTA should work up to gap

m ICTA does not need pump

= Easier to operate at mm-wave

frequencies Naveen Mona Baptiste

Jebari et al., Nat. Electron. 1 223 (2018) .
Martel et al., Appl. Phys. Lett. 126 074001 (2025) Nehra  Arabmohammadi ~ Monge

Nehra et al., arXiv:2512.19902

11


https://doi.org/10.1038/s41928-018-0055-7
https://doi.org/10.1063/5.0240842
https://doi.org/10.48550/arXiv.2512.19902

m— ve |ETA: where we are — . - : :I

W band (75 GHz to 110 GHz)
v Cryogenic W-band setup installed.
¢ HEMT amplifiers at 4K and 300 K
¢’ VNA extenders and custom receiver

¢/ Device can be anchored to 100 mK or
1K stage

m Testing sample holder with WR10 -
coax — CPW transition

m Optimizing Y-factor calibration

m First sample designs: resonators,
narrowband (few GHz) ICTAs

Developing expertise with cryogenic mm-wave setups

12



Esl epHsbn photonics T 7 ¥

Engineering Z(v) ==p Full toolbox for wideband quantum microwave devices
Z
Sources
m Coherent /\ /\
= Single photons v
Leppakangas et al.,
= Entangled photons 14"4« W Phys. Rev. A 97 013855 (2018)
T )2
74

Albert et al.,
Phys. Rev. X 14 011011 (2024)
Measurement 1V

m Amplifiers

m Frequency shifters 2e

V>

m Photomultipliers

13


https://dx.doi.org/10.1103/PhysRevX.14.011011

!trdhg’nonlinearity: Photomultiplication

E;

o2 (HEE XK

3

Wy

/

14

hwb

H 2

m spontaneous tunnelling
forbidden

m incident photon provides
energy complement

= tunnelling creates several
photons in other mode

m Preserves phase space
volume

m Amplification of photon
number by n

m n fold phase-symmetry

Leppékangas et al., Phys. Rev. A 97 013855 (2018)



@ |Spectrum Analyzer| 300 K
1 MQ
4 K
VANRERVAN
12 mK

o

SEN
% 5Q 47 GHz 6.2 GHz
1 72500 Zc-1kQ

Albert et al., Phys. Rev. X 14 011011 (2024)
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Input Output



https://doi.org/10.1103/PhysRevX.14.011011

We'rs'lon 13 - : : I

20
1.0{ —— <« Refl.
— « Conv.
0.8-'_ « Trans.
——  « Inel. refl. ’§
b —_—
206+ « Total =
Q - Dark. 0]
[(v] -t
S04l S
EO. L5 %
)
0.2
r0
0.01
: : : : . : -5
0.500 0.498 0.496 0.494 0.492 0.490
Flux (®g)

Input frequency Input power Bias 2eV//h Efficiency Dark rate

10.933 GHz —120dBm 4.6 GHz 59 % 200 kHz
16


https://doi.org/10.1103/PhysRevX.14.011011

17

Probability

7 \
1.01 —— « Refl. N
——— « Conv. N
0.8] ——— ¢« Trans.
—— ¢ Inel. refl.
0.61 — « Total
0.4
0.2

10.88 10.90 10.92 10.94 10.96 10.98 11.00
Input frequency (GHz)

Input power Bias 2eV/ /h Flux Efficiency Bandwidth
—120dBm 4.6 GHz 0.497¢9 0.59% 50 MHz



Melg (.:m of output ' - ‘ l- : :I

Y2 = 100y, Ya = 100y, Ya = 100y,
Y = 1000y, 7 = 100w T = low
(a) (b) (c) (d)
_ t =9 t. =9 N
poon=tl > > (o) /nout
10° Nout
| (a) 1
>/ 0
10-1 (h) 8.96
/ 5/ ’ (¢) 8.99
5/ 5/ 5/Yad 10-2
5/ ty ty 7 e i1
>/ : R 5 o o
U Ta U Ta 1078
0.05
. s
0 5
B mode number k&

Danner et al., arXiv:2510.08030

18 For n > 1 need 7 = o0y, to get photons in dominant mode


https://doi.org/10.48550/arXiv.2510.08030

M!r'!s' single-photon detection: Filtering and Thresholding - : : I

10 photon incoming 1 photon incoming

@ - Multimode (v, = 100y,):
OT Re(l;h,(lt):(] . /lkxu(f) : - Lo Delick
’Z‘I e |RC<5>k?t[))o# 0 0.8 exp. mode

mode vg

0.6
0.4
0.2
0.0 ="
10 10t 102
e B, Dominant mode (v, = ow):

Pelick

mode vy

— f(r) 0.04 T — . . SN
— (18| = 7) 10°7  100% 10 107t 107% 1072

0 1 2 3 4 Danner et al., arXiv:2510.08030
19
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!ascadéd photomultipliers

in out
EJ EJ

" l l \/\P\/\);;\P
TR Y H
e & &
‘/i ‘/out
s U<
S~ BN
MWW TS W
> . ¢ >
23 .
~— > m photon is either fully converted
Leppékangas et al., Phys. Rev. A 97 013855 (2018) or reflected

m impedance matching by tuning
one Josephson energy

20



!e!ec'ti'on efficiency Y

Pelick

m Dynamics more complicated
= Difficult to get all photons in one mode
=» Need somewhat more than 9 photons

m 4 x 4 gives good efficiency

2 : For low dark count rate:
© RN m 2 or 3 stages =+ ICTA = threshold detector
gl lf\;fcifg\inodwu 0.4 . m Output bandwidth ~ 10 MHz

% T 0 0 e B Ygark ~ 1 Hz seems possible

m Adjust input band with bias voltage
Danner et al., arXiv:2510.08030

21


https://doi.org/10.48550/arXiv.2510.08030

QO!om'ultiplier

22

Where we are at:
m linear to a few photons
m 0.6 quantum efficiency

m dark rate ~ 200 kHz
(down from 700 MHz)

Thresholding:

m expect dark count rate
down to 1 Hz

Spectrum analyzer mode:
m Measure PSD of output”

m Noise performance 777

&

=
Theory: A 3
Juha Lukas Bjorn
Leppdkangas  Danner Kubala
Exp.: .
Romain Joél Nicolas
Albert Griesmar  Bourlet

Leppikangas et al., Phys. Rev. A 97 013855 (2018)
Albert et al., Phys. Rev. X 14 011011 (2024)
Danner et al., arXiv:2510.08030
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osephson photonic devices for BREAD |

Photo multiplier
ICTA

v/ near quantum limited noise
" high bandwidth

m scaling to mm-wave frequencies
underway

v no dead time

m single photon detection: dark count
rate ~ 1 Hz seems possible

m power spectrum analysis: not yet clear
if any gain w/r to linear amplifier

Jebari et al., Nat. Electron. 1 223 (2018)

Martel et al., Appl. Phys. Lett. 126 074001 (2025) Leppdkangas et al., Phys. Rev. A 97 013855 (2018)

Nehra et al., arXiv:2512.19902 Albert et al., Phys. Rev. X 14 011011 (2024)
Danner et al., arXiv:2510.08030
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