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KeaHTOBbIE 6UTLI

2011: Tokyo QKD Network, 3anytaHHOe COCTOAHME nepenaHo Ha 45 KM rno

O6bIL-IHOMy ONTOBOJIOKHY

® |lons .
e Neutral Atnms %’ Quantum!!
e CQED )’ = Chip?
[ |
e NVIR

e Quantum Dot
e Superconductor SET (charge)

scalability
coupling

e Josephson Junctions (phase)
e 3 Junction SQUID} (flux)
e RF SQUID

: Decoherence free
« W circuit? Quantum?
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particle?




Why do we not
see tunneling in

wave ‘ —Pp

If the wall is
much thicker
than the quantum
wavelength,
tunneling
becomes
improbable

Quanitum Tunneling

Classical Picture

eleciron . —> eleciric field

in classical physics, the electron
is repelled by an eleciric ficld as
+— . long as energy of eleciron is below
energy level of the field

CQuantum Piciure

in quantum physics, the wave

function of the electron encounters
the eleciric field, but has some
finite probability of tunneling through

this is the basis for transistors

A

electron always
repelled

electron usually
repelled, but will
occasionally pop
out on the other
side of the barriel
even though it
does not have
enough energy tc
do so classically
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Single-junction interferometer (RF-SQUID)
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Classical picture
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Quantum Picture
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Tuner ceepxnposoasWUX KybuTOB
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Tuner ceepxnposoasamnX KybuTos

Phase Flux Charge
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State of the Art in Superconducting Qubits at 2005

* Nonlinearity from Josephson junctions (Al/AIO,/Al)
Charge Flux

Junction size —— E;=E: «—— # of Cooper pairs

* 15t qubit demonstrated in 1998 (NEC Labs, Japan)
 “Long” coherence shown 2002 (Saclay/Yale)

» Several experiments with two degrees of freedom
* C-NOT gate (2003 NEC, 2006 Delft and UCSB )

* Bell inequality tests being attempted (2006, UCSB)

So far only classical E-M fields: atomic physics with circuits

Main goal: interaction with quantized fields ‘ Quantum optics with circuits
Communication between discrete photon states and qubit states
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 State Preparation =
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J. M. Martinis et al., Phys. Rev. Lett. 89, 117901 (2002)

R. McDermott et al., Science 307, 1299 (2005) Qubit SQUID
microwave
[ 7 drive
|1
l Flux |
d bias < é K

Qubit

®
SQUID X v
X @ o
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Size problem and solution

L ~ 1nD

Ho —~D> CDO z250}11’11
24l T 2mugly | 1(uA)
(I)O

For quantum behavior: E,;/E-~10-100

Typical parameters for aluminum technology :

CS ~ 4)(10_2 F/m2 % z104a4 a[ﬂm]
j. ~10°-107 A/m? | ¢

Inductance Josephson junction

Possible solution: @ |11 oA~/ ~ 4L o\ T
high kinetic = v+ ---------------------
inductance
InO,, TiN, NbN g
90
Chiorescu, van der Wal, Mooij, Orlando, S. Lloyd et af‘ Science 285, 290, 299 (1999, 2000, 2003)




3Jj-qubit. Energy surface

¢ Three-junction magnetic-flux box
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B EINY L) 1
o 5fge <0 W \quif ) CiL

+
Neort? o oo
) Ve N * oA,
Vg S

A Readout SQUID

?T% 5fy >0 N VY o IR ™
- c 1
e . () - <
V, v vy [\ Vsen L IR |
A fswR 1
sllilils N\ H . ==(e(t)o, +Ac))
AU ’ 2
A ‘ VsaL
= T g(t) = &, + Acos ot
;It: 20 ;zadz:ujh:s Readout MapameTpamMu Ky6uTa MOXHO ynpaBnATb
Pulse Pulselsq  SignalVsq - “nopcTtpanBaemMbiu aTOM”i
_ —+ = [e? + A?
5fdc_fdc_q)0/2 f(t)Ide—l—fac(t) Eg,e _2\/8 +A
o :2|q§fdc f % (t) oc Acoswt \g)=—sin6’/2‘T>+c030/2‘¢>

e) :COSQ/Z‘T>+Sin 6’/2‘¢>
@=arctanA/ ¢

d,=h/2e T =20mK



Pabu ocuunnauum B ABYXyPOBHEBOU

|1> CMCTeMe TU Delft — —— o

h(D‘ 0 i,

0)

Energy

-

Mpu o = o, (MCNoNb3yA 8
npuonuxeHue RWA) ¢,

90 -

S S

PO—)l(t) = SiIl2 (§> ; B0
g\ A=3dB

% 30

. 6 90 —
o= fava L\
- | §. 30 N CRN R I A N L Y |A='{3dE;
cqﬁ) 0 20 40 B0 80 100 120 140 160 180

JnunTenbHOCTb AENCTBUSA BbICOKOYACTOTHOrO NONs, HC



Measurements in flux qubit (overview)

Iy

____________ -

|. DC-SQID

OIREL

1. LC-Tank

2. Rg<< (E;/EQ)Rq

(1_

1. Rs>> (E;/ E¢)Rg Weak dephasing, statistical

measurements

2L

M? O?°E_(®y.)
OP?

PE_(D4)

Strong dephasing

RS,

o2

4

E

(c2(dg.) + _\‘2)3/‘2

\_ .

HuakouacToTHbll| |PapvoyacToThein| T = 300K
reHeparop redepatop | L
:+= fbfas(mrﬂ*w
PY Lock-in
A7 ,WW L ycunutenb
KyﬁMT - L INHEMT
— if A1 A2 |
. |_
Y ™M Tuo=10MK T=16K
0,490 049 o,oo 0505 0,51 Ocuunnorpad

(komnblOTEP)



3apaaoBbIv KY6UT

THE SINGLE COOPER PAIR BOX _ - X R
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Nakamura, Pashkin, Tsai et al. Nature 398, 421, 425 (1999, 2003, 2003)



SPLIT COOPER PAIR BOX QUBIT:
THE “ARTIFICIAL ATOM” with two control knobs

[Devoret & Martinis, QIP, 3, 351-380(2004)]

ISLAND Ec=E,

n = 0,1 pairs

‘ GATE

\T
FLUX || 3 Ng=CgUize 05
d
I D/
7T

1 1 =
H :—E ECh (VQ)GZ —E EJ (CDX) O,

A 2 7 @ \(IM{n++[n+1(n]) || o. = joxo — 131
H_ZF{EC(n—Ng) In)(n| - chos£q) ] >

! o, = [0X1] + [1X0|

Operation at optimal point (saddle) - voltage fluctuations couple transversely
- minimizes noise effects - flux fluctuations couple quadratically



The Single Cooper-pair Box: an Tunable Artificial Atom

“Stark shift”

4@1 “Zeeman
shift”
Reietetelelee A
@ % | @ Ec (~ 1 meV)
N+ ] | e l
tunnel —— N ¥ — IEJ

junctions
(1 nm)

Tune o* with voltage: (Stark)

E E ECoulomb — 4EC (ng _1)
H — _—Coulomb Gx _ Josephson O'Z _
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EJosephson — EJmaX COS[7ZCD b / CI)O]



_Qubit Fidelity Tests
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REVIEW

Superconducting Circuits for Quantum
Information: An Outlook

M. H. Devoret™? and R. ]. Schoelkopf*
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Liu, Y. X., et al. Optical selection rules
o) ...Phys.Rev. Lett.95,087001 (2005).

Deppe, F.et al. // Nature Phys.4,686—691 (2008).
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» 0. Astafiev, et.al. “Single artificial-atom Lasing”. Nature 449, 588-590 (2007).
» 0. Astafiev, et.al. Resonance fluorescence of a single artificial atom. Science. 327 (2010).




Optical Cavity QED

./ 104 Cesium Atoms
Y
Mirror
Z Detector

Surface

Mirror v
Substrate

... measure changes in transmission of optical cavity

e.g. Kimble and Mabuchi groups at Caltech



Atom In open space

. . MW scattering by a macroscopic
Light scattering by an atom quantum scatterer (1010 Al atoms)

Dipole moment  (#(t)) =¢p<0'_>e_iwt sc(X t)= |_< > ik[x|-ict

Matrix element ¢, =MiI,

Natural atoms are weakly coupled to electromagnetic waves (weak scattering)

Artificial atoms are strongly coupled to electromagnetic waves

Strong scattering of propagating waves



Resonance fluorescence

Direct transmission spectroscopy

13

. 12455 * 12

&ID, . : i 0.8

2 0.6 | j

" - 0.4 -50 0 50
8 6 4 2 0 2 4 6 8 dw/21 (MHZz)
10° s/, Previous record in optical systems was

Spectroscopy of the artificial atom. Power 12%

transmission coefficient [t|? versus flux bias 6®
and incident microwave frequency w/2Tr.

The artificial atom strongly interacts with modes of 1D open space
U

Promising candidate for quantum information processing

O. Astdfiev, A. M. Zagoskin, A. A. Abdumalikov, Yu. A. Pashkin, T. Yamamoto,
K. Inomata, Y. Nakamura, and J. S. Tsai.

Resonance fluorescence of a single artificial atom. Science. 327 (2010).



First Generation Chip for Circuit QED

Arge Flux

— Ty

“ No wires
attached
to qubit!

First coherent coupling of solid-state qubit to single photon:
A. Wallraff, et al., Nature (London) 431, 162 (2004)

Theory: Blais et al., Phys. Rev. A 69, 062320 (2004) . T
R. J. Schoelkopf et al., Nature (London) 451, 664 (2008)




A Circuit Analog for Cavity QED

29 = vacuum Rabi freq.
- K = cavity decay rate
y = “transverse” decay rate
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Fig. 1. Sample, experimental setup
and energy-level diagram. (A) (Top)
Optical image of the superconducting
coplanar waveguide resonator with the
transmon-type superconducting qubit
embedded at the position shown boxed.
(Bottom) Magnified view of boxed area,
showing the qubit with dimensions 300
by 30 um? close to the center conductor.
(B) Simplified circuit diagram of the
setup, similar to the one used in (21).
We capaditively coupled the qubit at
temperature 20 mK to the radiation
field contained in the resonator through
C;- We coupled the resonator, repre-
sented by a parallel LC circuit, to input
and output transmission lines via the
capacitors G, and Co. We controlled
the qubit transition frequency via a
current-biased (/) coil generating a
magnetic flux @ threading the qubit
loop. Microwave signal generators for
populating the resonator with photons
(vf) and for exciting the qubit spectro—

scomcaH (v;) are_shown. Bv usina
ux bias /b
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Sisyphus cooling

For qubit
Grajcar et al., arXiv:0708.0665
Nature Physics 4, 612-616 (2008).
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‘artificial atoms’ -- single superconducting qubits review:
J. Clarke and F. Wilhelm

‘artificial molecules' -- coupled superconducting qubits Nature 453, 1031 (2008)
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84

= qubitA ~

Qubit coupling: phase qubits

flux bias and measurement pulse

microwave control

- qubitB ~

M. Steffen, M. Ansmann, R. C.
Bialczak, Science 313, 1423 (2006)
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CBAA3aHHbIe NOTOKOBbIE KYyOUTHI

Interaction energy: J = prlfpz

Hamiltonian: Hy H(q1)+ H(q2)+ Jo,o;

( t): ‘9:'0-;' +Aio-i

Tunable coupling
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KBaHTOBBIE METaMaTEpUATIbI
M. Jerger, S. Poletto, P. Macha, et al. EPL, 96 40012 (2011)
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Implementation of a quantum metamaterial using 12 _\>\\ Resonant and dispersive regime O//_

superconducting qubits o N=1
Pascal Macha"23, Gregor Oelsner!, Jan-Michael Reiner*>, Michael Marthaler®>, Stephan Andre®5, N=8 //C/
Gerd Schon®®, Uwe Hiibner!, Hans-Georg Meyer!, Evgeni Il'ichev!® & Alexey V. Ustinov2®/ 8k

N 7
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(b) The level structure of the combined system of qubits and resonator. The horizontal lines (and their colour, as for the
data traces in all subsequent figures) correspond to the modes of the resonator. The resonant phase shift expected at the
crossings between qubits and resonator (encircled areas) is enhanced linearly by the number of qubits N.

(c) The transmission amplitude of the resonator at the fundamental mode frequency and the first four harmonics of the
resonator. The black lines are fits to Lorentzians.
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doi:10.1038/nature10561 /
Observation of the dynamical Casimir effect in a N /
superconducting circuit w Ciatee Vacuum
; fluctuations

C. M. Wilson', G. Johansson', A. Pourkabirian', M. Simoen', J. R. Johansson”, T. Duty’, F. Nori** & P. Delsing’ %
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Ceepxrposoosuwas arieKmpoHUKa Oris COMPSXKeHUs ¢
3aKpbIMbIMU «K8AHIMOBLIMU» KaHaramu ces3u

[from Simon Benjamin, Science 290, 2273 (2000)]
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Superconducting quantum computers

Analog Building blocks

bit loops (gold/




D-wave “comp”
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Two qubits, two Ipg compensators, and one interqubit coupler.




RSFQ-bit circuits: fundamentals

©T. IOkhl

PHYSICAL REVIEW APPLIED 2, 014007 (2014)
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Accurate Qubit Control with Single Flux Quantum Pulses

R. McDermott and M. G. Vavilov
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RSFQ-bit circuits: first attempts

The first issue (T1) is The second issue (T2&3) is the
) .. qubit+JTL optimization
the accumulating jitter A
SRpse V‘J\ t'{-}"‘th:(h" ~ost Q. State evolution
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Bias current T in, IEEE Trans. Appl. Supercond.13, 960 (2003)
nirman, et al., Phys. Rev. B 75, 224504 (2007)




RSFQ-bit circuits: IPHT+MSU

The chips were designed in collaboration with IPHT and fabricated using IPHT foundry

Photo of the chip fragment Design
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The chips were fabricated using standard IPHT Nb
process with 1 kA/cm? critical current of JJs

| erial array containing
- 10 test Josephson junctions




Heckonbko

Kornev V. K., Klenov N. V., Oboznov V. A., Feofanov A.K., Bol'ginov V. V.,

Ryazanov V. V., Pedersen N. F., “Vortex dynamics in Josephson ladders with

Halux pa60T S355-S358, 2004. (UmnakT-chakTop 2,662)

«Tuxme» KyouTtbl 9

N. V. Klenov, V. K. Kornev, N. F. Pedersen, “The energy level splitting for unharmonic
dc-SQID to be used as phase Q-bit”, Physica C, vol. 435, pp. 114-117, 2006.

N. V. Klenov, A. V. Sharafiev, S. V. Bakurskiy, V. K. Kornev “Informational description
of the flux qubit evolution”, IEEE Transactions on Applied Superconductivity, vol. 21,
Issue 3, pp. 864-866, 2011. (MmnakT-chakTop 1,035)

J

AneMeHTbl ANA TUXUX KyGMTOB (HOVICK) @

<)

S.V. Bakurskiy, N. V. Klenov, T. Yu. Karminskaya, M. Yu. Kupriyanov and
A. A. Golubov, "Josephson ¢-junctions based on structures with complex
normal/ferromagnet bilayer”, Superconductor Science and Technology, vol. 25, no.
12 2012. (MmnakT-hakTop 2,662).

S.V. Bakurskiy, N.V. Klenov, I.I. Soloviev, M.Yu Kupriyanov, and A.A. Golubov.
Theory of supercurrent transport in sisfs josephson junctions. Physical Review B -

Potential, 2z U/%ia

Condensed Matter and Materials Physics, 88(14):144519-1-144519-13, 2013. y

RSFQ-bit circuits

Wave functions

n-junctions”, Superconductor Science and Technology, vol. 17, Issue 5, pp.

A
s oo
=5 o=

g
£
&
5
nt
S o
2 2

Critical Current (1A)
-
H
)
'
kY
?

:>
2
t
i
<
<
'y
L4

0
%% 326 0 o 10 20 30
Magnetic Field (mOe)

=i

Physical Review E 87(6):060901, 2013.

I.I. Soloviev, N.V. Klenov, A.L. Pankratov, E. I’ichev, and L.S. Kuzmin. Effect of cherenkov
radiation on the jitter of solitons in the driven underdamped frenkel-kontorova model.

I.I. Soloviev, N.V. Klenov, S.V. Bakurskiy, A.L. Pankratov, and L.S. Kuzmin. Symmetrical
josephson vortex interferometer as an advanced ballistic single-shot detector. Applied
Physics Letters, 105(202602):202602-1-202602-5, 2014.




Crnacubo 3a BHuMaHe



