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The Future of Quantum Information Processing

State of the art & . L Josephson junction is in the
— 4 % heart of quantum informatior
‘ : processing schemes

Superconducting Circuits for Quantum
Information: An Outlook, M. H. Devoret and

R. J. Schoelkopf, Science 339,1163(2013) 107 ———
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The horizontal and vertical coordinates correspond to fabrication

parameters that determine the

inverse of the number of corrugations in the potential and the

number of levels per well, respectively. 3



What are Josephson junctions?

A Josephson junction is composed of two bulk superconductors separated by a
thin insulating layer through which Cooper pairs can tunnel.

Insulator

Superconductor Superconductor
VACL |yl e
Cooper pair

B. D. Josephson, “Possible new effects in superconductive tunneling,”
Phys. Lett., Vol. 1, pp. 251-253, July 1962. P.

The devices are named after Brian Josephson, who predicted in
1962 that pairs of superconducting electrons could "tunnel” right
through the nonsuperconducting barrier from one superconductor to
another. He also predicted the exact form of the current and voltage
relations for the junction. Experimental work proved that he was

right, and Josephson was awarded the 1973 Nobel Prize in Physics
for his work.

C.H. van der Wal. Technische Universiteit Delft, 2001.



How do they work?

R. P. Feynman, R. B. Leighton, and M.

Insulator

SandS, The Feynman Lectures On PhyS|CS’ Superconductor Superconductor
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The supercurrent through the junction is | = |_sin g, Where the critical current I, = | wsl

P=¢.—%: s the phase difference of the two superconductors across the junction

The time variation of this phase difference is related to the potential difference
V between the two superconductors:
P deo 2eV

dt h
(1 =1_sing
In summary: Ydo  2eV
dt #
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Examples of Josephson junctions: Persistent
current qubits

Iichev E. et al. Leibniz Institute of
Photonic Technology, Germany

material: Aluminum,
shadow-evaporation technique,
two junctions 600x200nm
lc 600 nA,
the third one is smaller:

a=Ej; /[Ej;p3~0.8...0.9,
inductance L = 20-40 pH.

J.E. Mooij et al., Science 285, 1036,
1999

flux qubit/Delft
Ej/Ec ~ 40

SQUID junction ~ Qubit junctions



A circuit analog for cavity QED

209 = vacuum Rabi freq.
( = cavity decay rate
D K K = cavi
\Z vy = “transverse” decay rate
Y
t

transmission
line “cavity”

Cross-section
>z of mode:

B
.o um @ \
6 GHz In %
Lumped element -DC-

equivalent circuit
Blais, Huang, Wallraff, SMG & RS, PRA 2004 10 um
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Implementation of a Quantum
Metamaterial, Alexey V.
Ustinov et al. (2013)

A. Shvetsov, A. M. Satanin, Franco Nori, S.
Savel'ev, A.M. Zagoskin, Quantum

metamaterial without local control, Phys. Rev.
B 87, 235410(2013).
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Two-photon lasing by a superconducting qubit, E. ll'ichev et al.(2015)



Superposition principle.

Is the Schrodinger's cat dead or

CT‘T>+C¢‘\L>

No moon there
Johan E. Mooij

nature physics | VOL 6 |
JUNE 2010,401

“I like to think that the moon is there

even if | don’t look at it”’, Albert Einstein
once remarked. He objected to the

notion that truly macroscopic objects might
behave according to the laws of quantum
mechanics, and thus be subject to the same
uncertainties as photons or spins.

The moon — a small moon, admittedly — is not there!

Mooij et al., Science 285, 1036, 1999

flux qubit/Delft  Es/Ec ~ 40




Entanglement

Entanglement is a term used in quntum theory to describe the way that particles
of energy/matter can become correlated to predictably interact with each other
regardless of how far apart they are.

E. Schrodinger, Naturwissenschaften 23, 807
(1935).

\
The superposition principle is the basis of quantum theory. When this principle is applied to composite
systems a new concept of entanglement is appeared. It was introduced by Schrodinger in quantum
theory in the last century and at present time this principle became a central topic in discussion as
main resource of quantum information and quantum computational problems. Entanglementis a
property shared by two or more correlated systems. Quantum correlations are also responsible for a
number of interesting effects in mesoscopic systems. These correlations may be realized in
superconducting waveguides and circuits with embedded Josephson junctions and such kind of

circuits are considered as promising candidates for future quantum information processing.



A qubit is a two-state quantum-

mechanical system,such as the A qutrit is a unit of quantum information that exists
polarization of a single photon:here as a superposition of three orthogonal quantum
the two states are vertical polarization states
and horizontal polarization. Interaction
«qubity» «qutrit»
— —a N — —4— [+
U . - ‘0} —
—L— ) — =y -
£ N 0 iti
Uit A Superposition state of the
0} = 1 - - .
[1.0) =[T.+1) U — qubit may be prepared by

using of a Rabi pulse

U |Lo) - [L-1) A

(¢ 1) +c,|¥))®[0)=c,|1.0)+c,[.0)

An initial state of the decoupled system:

(CT‘T>+C¢‘~L>)®|O>=CT T,O>+c¢‘¢,0>

Entanglement:  u/(c,|1,0)+c,|[4.0))=c, |1 +1)+c, |V,-1)

A maximal entangled state: Cy =—C, s) =%(\T,+1}—\¢,—1})



How to prepare entangled states of photons in the microwave frequency
domain?

|83 Selected for a Viewpoint in Physics week ending
PRL 112, 170501 (2014) PHYSICAL REVIEW LETTERS 2 MAY 2014

£

Observation of Measurement-Induced Entanglement and Quantum Trajectories
of Remote Superconducting Qubits

. Roch, “ M. E. Sc wartz, F otzni,2 ". Macklin, . Vijay, . W. ns, .N. Korotkov,
N. Roch."” M.E. Sch "EM C. Macklin,' R. Vijay,> A. W. Eddins," A.N. Korotkov.”*
K.B. Whalev.?2 M. Sarovar.’ and 1. Siddiai'
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FIG. 1 (color online). Experimental setup. (a) Simplified

representation of the experimental setup. (b) and (¢) Schematic
of the phase shift acquired by a coherent state sequentially
measuring first qubit 1 (b) and then qubit 2 (¢) in reflection.
(d) Picture of the base-temperature setup.

FIG. 2 (color online). Demonstration of indistinguishability
between |01) and |10) computational states during measurement.
(a) Example of the temporal evolution of the measurement signal
V.. The inset shows the associated instantaneous voltage V(1).
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Spontaneous parametric down-
conversion in optics

Momentum Conservation

Spontaneous
Parametric Ks K;
Downconversion
_ : kPUMP
s (signal)
Pump |
Energy conservation
n . Wg
Nonlinear 1 (idler) Opump| |
v crystal o,

Opump = Ps + O



During this process governed by a third order electric susceptibility (3), three highly correlated
photons, with the energies 1, 2 and 3, are created from the annihilation of a photon at O

as shown in figure 1(a).

Indeed calculations showed that the simultaneous birth of three photons is at the origin
of intrinsic three-body quantum properties such as three-particle Greenberger-Horne-

Zeilinger (GHZ) quantum entanglement

Potassium Titanyl Phosphate (KTIOPO4 or KTP)

Nd:YAG laser

ho, v
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How to implement the microwave down-
conversion effect in a waveguide with an
Josephson junction?

Recently strong coupled systems such as
waveguide and artificial atoms have attracted
much attention.

For instance, as first shown experimentally by
Astafiev et al. (Science, 327, 840 (2010)) T
almost ideal mode matching can be realized osf 11* | (0.9 |
with a superconducting flux qubit coupled to a
1D transmission line. In that experiment, 94%
extinction of the transmitted signal was
observed showing that a single qubit can act 1ob— et 00
as a near ideal mirror for microwave light. 50/0px10°

1.0

05 ItI”

We study how a multi-level Josephson junction (artificial atom) interacts
with an electromagnetic pulse in 1D coplanar waveguide. The main goal
of this work is to study nonlinear effects. In particular, we discuss the
down-conversion ( the effect of dividing the frequency) in a waveguide
with an embedded Josephson junctions



Transmission Lines. Telegraph equations

Continuous limit: coplanar
waveguide with an embedded
Josephson junctions

The equivalent circuit of the
transmission line
Lumped elements:

A capacitance and an inductance per
unit length Josephson junctions

L L2 o2 L
RS T g

T 1

A transmission line, such as a coaxial
cable or a co-planar waveguide can be
approximated by a series of inductors
with a parallel capacitance to ground

c

Kirchoff’'s laws
Vn+1 :Vn o Lléx aln
c: ot

l..=1, —C,AXGV” ,

\ n+ 61:

_VJ (t),

:

OV (xt) _ L al(xt)

Ox C2 ot _VJ (t)5(X),
ol(x,t) C oV (x,t)
ox oot ]
ACEEEALY
2e ot



Resonance modes in coplanar waveguide with
Integrated Josephson circuits. A classical system
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Classical electrodynamics of waveguide

V(xt) _ La(xt)
T & o V, (t)o(x),
al(x,t) - oV(xt)
—6X =-C, et Q(x,t)
v, () = L 22, T X
2e ot
. f 2 2
- 220  FU T 1 30,
' a ot CoxZ  2e ot
< 8Q(x,t) 0% . n 6Q(0,1)
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The Lagrangian of the electromagnetic field that interacts with the
Josephson junction

T L (aQM)Y 1 (aQ(x )Y (00 1 oo | sy O
££dx{2( p j 2C,( - j+5(x)[2(8tj+\]chow] 5(x)2e atQ(x,t)}




The Hamiltonian of the system

D(x,t) = L, R
ot

- 2 2
H:{)O{q)z(:t) +2él (8(2;))((,0) (21\] (P+—Q(X t)j +Ja)§(l—COSg0)]5(X)}

We use the canonical quantization procedure which was developed by Heisenberg
and Dirac

Variables @(x,t) and Q(x,t) are canonically conjugate [Cf)(x,t),(j(x’,t)] — i (x—X')

. 1 7 - e 6kT(t) - creation and
A(x,1) = JE; /—Za)(k)L, (e b, (t) +e bk(t)) ] o

b (t) - annihilation
ha)(k

operators

D(x,t) =i —Z ( e'D, (t) —e_ikxblj(t)) in Heisenberg picture

BOBO]=0. o=k v=r—

L is the waveguide length



Below we will be interested only in the process of dividing the frequency.
Restricting the weakly nonlinear regime excitation, we will keep only the
terms ~ (04 corresponding to the expansion of the potential energy of

the Josephson junction:

2 2 2 4
4, <20 et
p= |- _@+a), P- ’“”J( a-a),

The Hamiltonian operator

H= Zha)(k)b;bk+ha)JaTé—1hy( *+a)4+ihg(a*—a)cj(o,t)+%c§(o,t)2

Q(0,1) = J_Z*/z (k)L If)(t)+lf(t)

_ ho, is coupling parameter
2e 2J




Estimation

) E, 3/4 »
ng(a' -4)Q(0,t) ~EC(E—J [I—] e
1 . LY
—Q(0,t)° ~E,|-=
o0y (k]

c

If E, ~E and e g we can neglect

c

Rotating wave approximation (RWA)

L a0 2

5 1 R
A A A Q(—) O’ — blj |
Q(0,)=Q™(0.1)+Q™(0.) 00~ 7% oior 80

3 (+) — 1 / h A

Keeping only the resonant terms, we rewrite expression of the Hamiltonian

in the following form:

. e n N | b A A A (4 A A (-
Hr:%ha)(k)bljbk +ha)JaTa—ZhlLl(aT +a) ihg(a*Q( '(0,1)— 4Q" )(O,t))
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The main resonance (1:1)

For a weak driving pulse, a single Josephson junction operates as a linear oscillator and demonstrates the
linear response for an excitation. At the same time a strong driving pulses can cause the transition of a
Josephson oscillator in a nonlinear regime of excitation.

t
Bk (t) _ Bk (O)e—ia)(k)t _g h e—iw(k)tJ‘dt ela)(k)t A(t )
\/2La)(k)L| g ('[ X/V)

Where ext
Is the solution

ot It —x1v) _QRAE=xIV) _
2 . (+) 28[2 axz -
+9°Y j dt'e" ™ VA(L) = 9d,, (0.1 |
K 2La)(k)L| and can be considered as

an operator of incoming
waves



A slow operator és (t)

A .. loyt
a (1) =a(t)e
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Quantum theory of microwave down
conversion

The waveguide is fed from the source of the microwave field, which can

be prepared either in the Fock or in a coherent state  Q, (t—x/v)
6%
Apply linear shift:
{Q(x,t)—QO(x,t)+Q(x,t), {ﬁ: P +11, < @, _Ci anx(x = 223 (ﬁ°+%é°(x’t))5(x)’
DX 1) =D, (x,t) +d(x,1). (P=P+V. éo:%(P +—Qo(x t))
q(x,t):%zk: \/% (eikXBk(t)+e-ikX6;(t)) P, = —Jw’p,.

1 the auxiliary fields
K= ho(k)B, +ha)JéTé—Zhy(éT +a+&p(t))*+ing (T -4)4(0.t) +—q(0 t)?
k

N

8bk (B h .
o™ )bk_g\/ZLa)(k)L| - .

ol

g—?:—le a— y(aJr +a+&p (t)) 31ggtH(0p). (a)
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"~ %2La)(k)u I ate A(t) = 905y (0.0

Let the characteristic frequency of the operator Q..(0,t) =Q_ cos(3wt) )
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Quantum theory of fractional resonance

A linear shift {P:HJFPO' | @y =Fy1J,
et Py =—J 0)32% + f(t).
LI JaF lee+d)

2] 2 4

~

H=od-2@ra +a)+a O,

t
a(t) =i f, j e cos(3wr)dr
0

After the transition to a rotating coordinate system and averaging of rapidly
oscillating oscillations, we obtain

Schrodinger

equation is P —
solved in the - B ~ M Ao A3 A43
Fock basis: Iall//>_(5n_zn —g(a’+a )jll//>




Population dvnamics of fractional resonance
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M.V. Denisenko, V.O. Munyev, A.M. Satanin,
Application of distributed computing systems and CUDA technology to simulate
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Results

1. Let there to be an incoming electromagnetic pulse in syperposition of coherent state
In a waveguide with a narrow spectrum and with a characteristic frequency ~3w; w;- w

2. The pulse excites a nonlinear oscillator. The nonlinear oscillator is captured
into a nonlinear (1:3) resonance:
. 04 (+)

15 = (- -iy-3u) 8 = Bu(aT 0+a0)+£p0 ) = 0dgy; (0.1

3. The oscillator emits an electromagnetic field at a frequency w7 w

The shape of line is approximately Lorentzian when the oscillator is at
the high excitation levels.



Resonant approximation for field-Josephson junction

1= ho(k)b/b, +ho,d'd -
k

hepB

4
nL, - -
ae't +afe!™ + “ ety 4 B e p) | .
423w, ) ( 2\ Lo (k)(/Ak o k)j
30, /v ol)=30, b |0)

(3) o7 T

The one-photon amplitude clgl)(z) 1 ke,

.yl
ho,| _yho
and C|E|2 Jk, - three-photon amplitude hoy
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Summary

Developed: a simple theory of microwave quantum field in a
waveguide with an integrated Josephson junction.

Shown: in the case of coherent excitation the nonlinear
oscillator can be captured by an external force into either
main or fractional resonances.

Constructed: under the rotating wave approximation, the
quasi-energy states of an effective Hamiltonians describing
the main and fractional resonances.

Predicted: in the nonlinear Josephson circult, it is possible to
observe the down-conversion effect.



