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Cavity QED with Superconducting Circuits

coherent interaction of photons with
quantum two-level systems ...
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Properties:
« strong coupling in solid state sys.

circuit quantum  ‘easy’tofabricate and integrate
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Research directions:

« quantum optics
 hybrid quantum systems
« quantum information
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Quantum Optics with Supercond. Circuits

| Strong Coherent Coupling
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Experiments with Propagating Quantum Microwaves

Preparation and characterization of qubit-

Single photon sources and their g
propagating photon entanglement

anti-bunching
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Hybrid Systems with Superconducting Circuits
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Quantum Computing with Superconducting Circuits

OFL. Circuit QED Architecture
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Teleportation in the Quantum World

Objective:

« transfer information stored in an quantum bit from a sender to receiver
Resources:

« a pair of entangled qubits shared between the sender and receiver

« asmall quantum computer at the sender and at the receiver
« aclassical communication channel

Alice ,’:\ I

w * ‘*‘ \
A classical communication >
/' <\ o |
Features: o Applications:

« exploits non-local quantum correlations  universal quantum computation
« uses all essential ingredients required for  simplification of quantum circuits
realizing a universal quantum computer  repeaters for quantum comm.

o full protocol demonstrates use of real-
time feed-forward Has been demonstrated for

photons, ions and recently also in
solid state systems.

proposal: Bennett et al, Phys. Rev. Lett. 70,1895 (1993)



Teleportation Protocol

Task:
 transfer unknown quantum state from Alice to Bob

Resources:
* a pair of entangled qubits (Q1+ Q2)

Bell measurement

Qubit: Q1 Q Q2 03

L L N N NN D
R
arbitrary unknown qubit state k/ en Mtcum state \_/

e
proposal: Bennett et al, Phys. Rev. Lett. 70,1895 (1993)




Teleportation Protocol

Task:
 transfer unknown quantum state from Alice to Bob

Resources:
* a pair of entangled qubits (Q1+ Q2)
e classical communication

Alice o1
| classical communication >
Qubit: O 02 Q3
) <

proposal: Bennett et al, Phys. Rev. Lett. 70,1895 (1993)



Teleportation in other Systems

Single photons
D.Bouwmeester, et al,, Nature, 390, 575-579 (1997)
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S.Olmschenk, et al., Science,323,486-489 (2009)

Atomic ensembles
X.-H.Bao, et al., PNAS,109, 20347 (2012)

Single atoms
C.Nolleke, et al,, Phys. Rev. Lett. 110,140403 (2013)

NMR M. A.Nielsen, et al., Nature, 396, 52—55 (1998)
Continuous variables
A.Furusawa, et al., Science, 282,706-709 (1998)

N.Lee, et al., Science, 332,330—333 (20M)
S.Takeda, et al, Nature, 500, 315-318 (2013)
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NV Centers
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Implementation of the Teleportation Protocol

The generic way:  appitrary state
preparation

r————

Bell measurement

0) |%in) H [ 7) i .
CToT |
10) P > (Z)
| EPRpair T I L e o o o Jd
| preparation |
10) H X 7 |Pout)
L e o
1g Hadamard Rotation around Y-axis
(fND/ Controlled phase gate
Controlle T 100 0
010 O
M t along Z-axi v ULo
12— easurement along Z-axis 000 —1

proposal: F.W. Strauch, Phys. Rev. Lett. 91,167005 (2003).
implementation: L. DiCarlo, Nature 460, 240 (2010).



Implementation of the Teleportation Protocol

The generic way: Arbitrary state r _Bell ;ESLEH’IEF
preparation | 1
W Q1 [0) [¢in) Ll I
N5 = =71 i
¥ o) P D 2
____________ I EPR pair ||_ ———
preparation -
Q3 |O> H X Z ‘wout>
L — — J ifi i
verification

« 3-qubit tomography
« post selection (1 state)

Realization in circuit QED: « deterministic (4 states)
r-— =— = = 1 . feed-forward

Qt  |0) |%in) R™/? ZE=|= 00 =

01 = X'
r— = "1 10=i XY
c2 [0) — | Ry'® | R di= iy
L — — L] — J
I ﬂf? I V v
Q3 |0) Ry X I Y HTomo.H|%out)
L — o

Steffen et al., Nature 500, 319 (2013)



Controlled phase gate

qubit A qubit B
‘20) Tune levels into
resonance using
magnetic field

1 Interaction

‘ O> mediated by virtual
01 photon exchange

‘ > through resonator

proposal: F.W. Strauch et al, PRL 91,167005 (2003)
first implementation: L. DiCarlo et al., Nature 467, 467 (2010)



Controlled phase gate

qubit A qubit B
120) Tune levels into
—_—— ‘11> resonance using
magnetic field
1 Interaction
‘ O> mediated by virtual
01 photon exchange
‘ > through resonator
-------- 00)  -------
. . C-Phase gate:
This experiment: ]_]_> — ’L‘OQ) — 11>
Universal two-qubit (1 n n 0
gates: F ~ 90%. 01> g O].)
Single-qubit gates:
F~ 98%;. " 10) > |10)
.. torealize neede u U U —1
quantum operations. 00> g OO>

proposal: F.W. Strauch et al, PRL 91,167005 (2003)
first implementation: L. DiCarlo et al., Nature 467, 467 (2010)



Dispersive Qubit Readout with Parametric Amplifiers

E D* —| FPGA

==
Il
>

>4
6%

Yurke and Buks, J. Lightwave Tech. 24, 5054 (2006)
Castellanos-Beltran et al., Nat. Phys. 4,929 (2008)
Eichler et al., PRL107,113601 (20M)
R.Vijay et al, PRL106,110502 (207M1)



Near Quantum-Limited Parametric Amplifier

Measured Gain

Coherent in
Pump -115
NS> signal .E
o
ap) AVA = 2 116
out —
=8
= -117
Circuit QED implementation: 118
5.876 5.881 5.886
w,/2n [GHZ]

required nonlinearity

Eichler et al,, EP) Quantum Technology 1,2 (2014
Eichler et al., Phys. Rev. Lett.107,113601 (2011

)
)
Eichler et al.,, Phys. Rev. Lett. 113, 110502 (2014)
)
)
)

e

Caves, Phys. Rev. D 26,1817 (1982
Yurke and Buks, J. Lightwave Tech. 24, 5054 (2006
Castellanos-Beltran et al,, Nat. Phys. 4,929 (2008



Single-Shot Single-Qubit Readout

single-shot measurements:

Conventional HEMT

Parametric Amplifier

averaged measurements (8 104):

1

| [a.u]
(e]
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10

I [a.u]
o

-10

}

2 3 4 5
time [us]

P.Kurpiers, Y. Salathe et al, ETH Zurich (2013)

R.Vijay et al., PRL106,110502 (2011)




Statistics of Integrated Single-Shot Readout

Integration
2. 2922

time
40/
" p/Mw\/v\\,f\/\\/\/\
o\ WA e
—40| |
4 5 0 250
counts &

P.Kurpiers, Y. Salathe et al, ETH Zurich (2013)
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Post-Selected Teleportation: Bell Measurement

Input Output
V)| emmess [ o)
/2
o) BL L=+ pp)
URD) | /2 | 10)
B D—+
o) i i a 11)
Ve detection fidelity of 94 %
800 V/ 11>
00) & oL A (01
Operate parametric 007 ] 10) | >
amplifier in phase t 600 i | '
sensitive mode 2
5 400]
Maximize contrast
of |00) to other states | mited 200 T
by decay | ﬂmﬂ_
—-0.10 —0.05 0.00 0.05

Quadrature (a.u.)
Steffen et al., Nature 500, 319 (2013)



Tomography of Teleported States with Post-Selection
Yin = |0) tin = |1) Yin = |0) — i [1)
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Steffen et al., Nature 500, 319 (2013)



Process Tomography: Teleportation with Post-Selection

absolute value of process matrices |x| for state transfer from qubit 1to qubit 3:

loo) = 17 lo1y = ¥ 111) = ¥ oY = [d™)
1.0 11.0 1.0 1.0
i ) : 07
| } 0.6
] . : 0.5
1 y ] 0.3
: 1 : - | - 02
‘-:_\ :_. -0.0 | - ~m 0.0 - ._.:-__-:_ _‘l.,-‘o.o | ::- .-1..:._:; 0.0 3.1
— -'—‘- J} — -- S --_. | b -y J
. R f 2 - — u/% 2 - el y%,)z I L\.u%;uz
vy z1 % v oz1 % 72.2 v oz 0 ek v oz X 721

|w0ut> — ‘win> |w0ut> =X ‘¢in> |wout> — i/ |¢in> |wout> Z ‘¢1n>
X=6,Y=i6,72=06.

Average process fidelity 72.3+0.7 %

Steffen et al., Nature 500, 319 (2013)



Deterministic Bell-Measurement of all 4 States

Q quadrature (a.u.)

\Ij_> e S L S 1
o) Ry H2D—+
\Iﬁ) ) | | )
/2
B2 {D—+
@*) e WSe . J
0.004 ‘10>
oone| e,
0.000 |+t "tz
_0.002]
~0.004 11)
~0.004 -0.002 0.000 0.002 0.004

| quadrature (a.u.)

00) - map Bell states on basis states
01) « perform joint two-qubit read-out

« paramp operated in the phase
10) preserving mode to amplify both
1) quadratures

States are identified correctly with
~80% probability

identified as
00) |01) |10) |11)
\00) (0.86 0.09 0.02 0.02
01) | 0.14 0.73 0.04 0.09
110) | 0.03 0.05 0.84 0.09

Prepared-&8 0.10 0.09 0.73

Steffen et al., Nature 500, 319 (2013)



Feed-Forward in the Teleportation Protocol

01 = X'
r 10=1X!Y
Q2 |0) —l R;rﬂ | Rif m 1=t Y

" HTomo.

Q1 |0) [in) :I RY) Z2D—{00=]

I

Q3 |0)

I¢out>

11

L__J

render protocol deterministic:

« Bell measurement (4 states)

 feed-forward

« completed in ~ 500 ns with FPGA based electronics

Steffen et al., Nature 500, 319 (2013)



Pulse Scheme

Frequency [GHz]

>

R3

R2

R1

Q3

Q2
Q1

IIII |CPHASE| m !

prep. PHAS -
|

0
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50

80 95
Time [ns]

tomography

-l 6.54
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! : '
600 640




Pulse Scheme

Frequency [GHz]

integration FPGA/AWG | cable delay

Q2
Q1

IIII|CPHASE| m'
prep. %mﬂm}_
|

0 12 50 80 95

160 ns delay 140 ns' 65ns
R1
CPMG pulses
Q3—+ ¢ 4 4
+ } } + + ’-
95 235 395 535 600
R3 T 5.7
| I
R2 ——— e : ----- | 8.70
I
R1 ' 7.70
| | /tomography
Q3 q*p-— - M 6.54
/'

feed forward
----- | 5.39

----- | 4.65

-————t ; '

600 640

Time [ns]



Tomography of Teleported States with Feed-Forward

Yin = |0) i = 1) Yin = [0) —i[1)
1.0 1.0 1.0 1.0 1.0 11.0
10.5 0.5 0.5 @0,5
< <L
10.0 <_”lo.0 10.0 0.0
< 4@ P Py
-0.5 -0.5
‘M \\%
o 1 o 1
Yin = (0) + [1)
1.0 1.0

0.5 10.5
0.0 %oo
0.5 | -0.5
\A
o 3

Average state fidelity of 69.5£0.1%  classical limit: 66.7 %
Steffen et al, Nature 500, 319 (2013)
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Tomography of Teleported States with Feed-Forward

averaged readout of qubit 3

Yin = ’O> wzn — |1> win — |O> —1 ’1>

1.0 1.0

1.0 11.0

105 0.5 0.5 10.5

“P0.0 0.0 ~‘B; 0.0 0.0
Ay

-0.5

-0.5

o«

e}
1 1

win — ’O> - |1>

1.0 1.0 1.0

10. 10.5 10. 0.5
00 < 7o.0 10.0 0.0
-
-0.5 -0.5 | -0.5 -0.5 |
o) 1 o o 3

-0.5 -0.5
o M

0.5 105

4
0.0 “.Po.0
P o

Average state fidelity of 78.5% 0.9%
Steffen et al., Nature 500, 319 (2013)



Process Tomography —w/o and with Feed-Forward

100) = |@7) 101) = 197) 111) = |¥7) 110) = [@7)

11.0 71.0

672+10%

71.0 11.0 11,
{05 05 W Jos
: = B =

|¢out> — Win) |¢out> — Wm) |¢out> — |win> |wout> —

1.0 gmo’
0.6

0.5

05 0.4
0.3

0.2
0.1

‘¢in>

X =62,Y =16y, Z = CClassical limit: 50 % 7» = (Fs(d+1) —1)/d



Teleportation Process with Feed-Forward

1 0.7
) 0.6

0.5
‘0'5 0.4
] 0.3

0.2

1 01
e ="n= EON 0.

| x| | x|

Average process fidelity with single shot readout: ' 54.2+ 0.1 %

Average process fidelity with averaged readout: 677+ 11 %

Steffen et al., Nature 500, 319 (2013)



Teleportatlon Experimental highlights:

- teleportation in a (macroscopic)
solid state system

* post-selection on either of
4 Bell states individually

A=
B \)  Simultaneous deterministic

12-port quantum device based
on circuit QED:

bl
A
S
-
O\/‘
w

Ai( - Ro Bell measurement of all states
2
* implementation of feed-
i forward
il  fidelities > classical threshold

* O(Unit babilit

— - (Unity) success probability

«\ - teleportation rate > 10 kHz
+ R e distance ~6 mm

ﬁ + Next steps:
; * use teleportationin alg.

 improve fidelities

+ * increase distances for
- Ti= quantum communication ]

Steffen et al., Nature 500, 319 (2013)



Recent Developments in Quantum Error Correction

05‘000>+,B‘111 Discretize, signal errors
encode l using quantum parity checks

o B .
IBM: Corcoles et al., ArXiv:1410. 6419

QuTech: Riste, Poletto, Huang et al., ArXiv:1411.5542
UCSB/Google: Kelly et al., ArXiv:1411.7403
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