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Figure 1: An overview of the ramp-up phase of the Quantum Technologies Flagship and the areas of the
21 scientific projects it finances.
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MRS universits Ramp-up phase : report e

Performance?® World record 20 ms quantum memory; low-cost large-scale
| production ready QRNG; modular and miniaturized integration
of various quantum communication systems
European Technical Leadership!’ World first proof of principle entanglement-based quantum
network consisting of three quantum nodes 1.3 km apart
Deployment!8 2 subsystems ready; EuroQCl roadmap published; national
deployment of testbeds; OpenQKD?*® testbed and use case
~ driven sites established
Adoption?° 5 new EuroQCl services; see also OpenQKD in Action?! for a list
of early testbeds and use cases
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SRMES universits Ramp-up phase : report e

Developed platform independent theoretical and experimental
 tools to verify quantum advantage |

Quantum error correction with 17 qubits implemented. 70 use-
~cases elaborated with industrial partners ranging from
chemistry to machine learning and optimization through to
symbolic Al and graph algorithmics3°

Forschungszentrum Jilich (DE) aims to provide access to a 100-
~ qubit quantum computer building on the OPENSUPERQ results;
Forschungszentrum Jilich and GENCI (FR) will also host and
provide access to a 100-qubit analogue simulator
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Optical lattices reached practical qguantum advantage in scientific
~ Performance3® ~ problems involving dynamics of phase transitions and quantum
5 ~transport in strongly interacting systems

Two 100-qubit analogue quantum simulators (PAQUANS/PASQAL)
~to be installed in Forschungszentrum Jilich (DE) and GENCI (FR)

Number of individually addressable atoms/ions: >50 (ions); >300
~(tweezer array); >1500 (optical lattices)
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MRS universits Ramp-up phase : report e

3 (clocks; cold-atom gravitometers; NV-centre magnetometers)

- TRL advancements in all quantum sensors studied: NV-centres in
~ ultrapure diamonds, atomic vapor cells, quantum clocks

Increased sensitivity in NMR and MRI; miniaturized atomic clocks,
Next generation technologies* dtomic gyroscopes, atomic spectrometers; molecule detectors; THz
| ~imaging

https://qt.eu/news/2024/2024-02-14 _new-roadmap-to-position-europe-as-the-quantum-valley-of-the-world
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The Promise of a Quantum Computer

Quantum Information Science and
Technology Roadmapping Project

A Quantum Computer ...

] . . 1. Quantum Computing Roadmap Overview
* Offe rs eXpO ne ntl a I Im p roveme nt N 2. Nuclear Magnetic Resonance Approaches
speed and memory over existing 3. lon Trap Approaches
com p u te rs 4. Neutral Atom Approaches
5. Optical Approaches
» Capable of reversible computation 6. Solid State Approaches
- e.g. Can factorize a 250-digit number in .
. . ] . nique" Qubit Approaches
sSecon d S Wh | | €ano rd Ina ry com p Ute r'wi | I 9. The Theory Component of the Quantum Information
ta ke 800 OOO ye a rsl Processing and Quantum Computing Roadmap

http://qist.lanl.gov
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Fig.11 Electron-phonon mteraction
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From quantum tunneling to the
Josephson effect

Two dectrons near =, creates cooper pair,

' i The cooper pair ¢as not break
- until they energize over 2A

ettt s
.
=17

‘The electron newr the EF occurs

Bose-Einstein concentration mnd

creates new ground state below &,

Density of state

Fig.12 Electron state in supercondu divity
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Following slides inspired from :
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https://ocw.mit.edu/courses/6-763-applied-superconductivity-fall-2005/pages/lecture-notes/
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X 1. The wavefunction describes the whole ensemble of
y\_ I superelectrons such that

\U*(I', t)\U(I', t) — n*(r, t) - denSity

Superconductor and / dr W* (I', t) b (I‘, t) = N* - TOtal number

[
Insulator 2a h
¥

W(r,t) = \/n*(r, ) 00 = /¥ 0D

Superconductor

— 2. The flow of probability becomes the flow of particles, with
the physical current density given by

*
e refv (2 - L a)v]

m> m

3. This macroscopic quantum wavefunction follows

9 1 (% 2
th a \U(I', t) — D * <7v T q*A(r, t)> \U(I', t) + q*QZS(I', t) W(I‘, t)
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y | Equation super-courants

Potentiel vecteur Phase fonction d’onde
Courant

T 1) = - (A0 + %vemw)

. <‘> , \ Superconductor
i

)
Insulator 2{ h 8 1 < /\Jg

—O0(r.t) = — —
ot (r,?) h \ 2n*

+ g% o(x, t))

Superconductor

\

— 2. The flow of probability becomes the flow of particles, with
" the physical current density given by

A — m
— n*(q*)z Js = ¢*Re {\u* <i*v — q—*A> \u}
m m
_27h __ h

_ — 3. This macroscopic quantum wavefunction follows
el

P,

2
i'fz%\u(r,t) = L <EV — q*A(r,t)) W(r,t)+q o(r,t) W(r,t)

2m* \ 1
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y | Equation super-courants
\
| Potentiel vecteur Phase fonction d’onde
Courant . &
. Is(rt) = = (A D+ 22 Vo)
. <‘> , N uperconductor /\ 27T
l Jolnliulator ZIa h a 1 /\J2
. —0(r,t) = — — > *o(r, t
\w Supe:;onductor | 81; ( ) TL (277/* + q gb( )
\
. Conservation du flux en I'absence de champ EM
m
N=——+ b, 0 1 [(AJ2 Eo
n*(q*)2 Js(+a,t) = — A Vi(+a,t) =Jo & a@(:ﬂ:a,t} = — = (Qni) = _ =
b, = 2mh — h 3. This macroscopic quantum wavefunction in the insulator
g% * 5
7] 7] iﬁ%\lf(r,t) = 2;* (?V - Q*A(r,t)> W(r,t) +q%¢(r,t) W(r, t)+zgi)w(r,t)

Tunneling Potential Barrier
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V(x)

A The energy of the superelectron is less than the
v barrier height, so that no classical particles flow.
I 7,2
‘ % ? 5 VW) = (E - V) W) forfal<a
) m™m \ )
—a +a constant
¥

Therefore, in the insulating region

W(x) = Cycoshx/(+ Crsinhz/¢
- ‘l‘2=\/'rzi;¢3"62 J TLQ

so that

Wh =
ere C Qm*(VO — 80)

-a 0 +a

2qg* h *h
Js = 1 Re{W*—,V\U} — 2 % m {C17Co}

om* 1 m*(
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Vo) * *
Js= "L Re {w* h vw} = T 1 (017 0n)

v, m* ) m*C
At the boundaries.

I le 2
y W(—a) = Meiel & W(+a) =/nb el02
ol So that

B \/7 161 + \/7 102 \/7 07 _ \/T 105
1= 2 cosh (a/¢)

2sinh (a/¢)
Y=fne® S\ ¥ = me™ Therefore,
: = x Js = Jcsin (91 —92)
-a 0 +a
eh /nino
with Jc = 1
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m¢ sinh (2a/¢)
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- 1 JSZJcSin(Ql—Qg)

Généralisation en présence of an EM field ?

*

2
Superconductor Js = q* Re {\U* (i*v - q—*A) W} ET 91 - 92 —_— — / V@Cll
(‘ — | m m 1
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- 1 JSZJcSin(Ql—Qg)
\ | Généralisation in presence of an EM field ?
2
et Js=gRelw (v - T alwl AND 61 — 0y = — / Vodi
b N[ et 2w o)
_\ Insulator 2; h. ‘
\"j(ji Js(r,t) — Jc(y,Z,t) Singo(y,z,t)

Gauge transformation
where the gauge-invariant phase 1s defined as

q* go(y,z,t) — Ql(y,Z,t)—QQ(y,Z,t)——/ A(I’, t)dl
9/ — 0 —+ EX CDO 1
o = ¢ — ox
ot
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= uvest®  Josephson current-phase relation V" %oksesux
y 1 JSZJcSin(Ql—Qg)
\_
| Généralisation en présence of an EM field ?
2
Superconductor Js = q* Re {\U* (i*v - q—iA) W} ET 91 - 92 —_— — / V@Cll
(; , I m m 1
_\ Insulator 2; h. ‘
\_'_dﬂ Js(r,t) — Jc(y,Z,t) Singo(y,z,t)
Gauge transformation
A ALY where the gauge-invariant phase 1s defined as
= AT VX 27 [2
q* go(y,z,t) — Ql(yazyt)_QQ(yazat)_—/ A(I‘, t)dl
0 =0+ —v Py /1
h@ The rate of change of the gauge-invariant phase is
¢/: __X dp 961 96 27 9
ot
06/01/2025

2

_ _ _/ A(r,t) - dl
ot ot ot P, Ot J1
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The rate of change of the gauge-invariant phase is

ot Op 00 202 200 2,0
| ot Ot ot D, 0tJ1 ’
. At the boundary in the electrodes,
, uperconductor >
’<‘> Insulator 2} h %O(r’ t) - _% (AJS + ! ¢(r t)> >0 that
\ |
w Superconductor 6()0 1 N > > * 0
N o 2 (o B0y~ @) + ¢ o) = (@) - 2 & [* Aty
— 0 /12 :/w,s - dl
o 2 O0A / TN
Op _ 2T / 890(y 2 t) 27/ 2
Therefore, V¢ ——| -dl or ’ /
ot <D0 1 ( ¢ 875) B(r,t) - dl
Voltage
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Josephson voltage-phase relation ™ gorpeaux

f Js(r,t) = Jc(y, 2,t) sinp(y, 2, 1)

2w (2
_ @(y,z,t)=91(y,z,t)—92(y,z,t)—g/ A(r,t)-dl

o/1

> (2
ot P, J1

Lumped element
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i=1 sin¢g
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2n dt
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P(t) = 01(8) = 02() = - [“AG ) - dl
o/1
1. 1s the critical current

Quantum technology S27



INSTITUTi, ¥ . it€
BRHES universite AC Josephson effect S .

B The voltage source 1s DC with v=V,, so that
Y
‘ i=1 sing 27T
) X p(t) = @(0) + — Vot
Vo (Do de qD0
V= ——

The resulting current 1s ac!

i = I.sin (CQD—W Vot + @(O))

0]

Icsin (2w ft + ©(0))

Vi 2
The Josephson frequency is  fj = cbO = he V, = 483.6 x 1012V, (Hz)
o

A dc voltage of 10 uV causes an oscillation frequency of about 5 GHz, a
Josephson microwave oscillator. But with a typical I, of 1 mA, this
oscillator delivers a very small power of the order of 10 nW. Therefore need
many synchronous oscillators.
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— Let U(t) = Vo + V5 COSwst
‘ | i=1 sin¢g
v X Then the guage-invariant phase 1s
V(t) (Do dﬁP
v = 5w dr

2 27 Vs
p(t) = p(0) + Vot +

Sin wst

oWs
, 2T 2Vs |
The current is FM-like: ¢ = I.Sin ((,0(0) + — Vot + > sin w3t>
P, Pows

Use the Fourier-Bessel series to express the current as a Fourier series

, -~ 27V, ,

i=I Y (-1)" [Jn ( )} sin [(27f; — nws)t 4+ o(0)]

n=——oo CDOwS

A dc current will occur when 27nf; =n o , that1s, V, = n (%) Ws
T
06/01/2025
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DC voltage standard S .
1 i
i=1 sing
‘ b
v(t) ¥ Vo=mn —° Wg
9, de o
C2n di

An ac voltage of 1 GHz applied across the junction will give a dc current, at
V,= 0 and at dc voltages of integral multiples of 2pV.

The principle of the dc Volt: Put 5000 Josephson junctions in series, and apply

a fixed frequency, which can be done very accurately, and measure the interval
of the resulting dc voltages that occur at precise voltage intervals.
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¥, = e’

Superconductor — D < Insulator

Nb —~— | ¥, = ne” ~10A, AL,0,
® Josephson relations: * Behaves as a nonlinear inductor:
I=1sing j E dl
c V =] —
O, do Tdt’
y— o 4?
27 di where L, = ®,
on (2 27w I, cosp
g0:91—92—— A(T,t)dl
©o J @, = flux quantum

483.6 GHz / mV
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