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Quantum Optics with Propagating Microwaves
in Superconducting Circuits
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Outline
Motivation: Quantum network
Introduction to superconducting circuits

Quantum nodes

* The single-photon router

 The cross-Kerr phase shift

e The photon-number filter

e The quantum spectrum analyzer
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_ Quantum Network

Node A l.{

QA1)
Fig. Kimble, Nature 2008

Quantum node:
Generating, processing, routing, storing,
reading out quantum information.

Quantum channel:
Distributing quantum information.

Quantum channel

Enabling large scale quantum computing and quantum communication.
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Hybrid Quantum Network

Telecom photons to distribute quantum information
Quantum node: superconducting circuits
Microwave-optical interface is needed

R.W. Andrews, ef al. Nature Physics 10, 321 (2014)
Y. Kubo et al. PRL 105, 140502 (2010)
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Advantages of superconducting circuits

Atom-light interaction on single photon level

1. Photons and “atom” interaction can be engineered
2. Standard on-chip fabrication technique

3. Tunable transition energy of the “atom”

4. Mechanical stable
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Comparison of the toolboxes

Quantum optics  Superconducting circuits

8 >
D

I+
-O-

>

Optical photons  Microwave photons
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Introduction to Superconducting Circuits
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Basic Elements of Superconducting Circuits

Dissipationless!

Josephson Junction:
Non-disspative
nonlinearinductance
= C L L,
Capacitance Inductance
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Basic Elements of Superconducting Circuits

Dissipationless!

Jo Sephson J 1.1ncti0n: Tunnel barrier between
Non-disspative two superconductors
nonlinearinductance —
Y (x) Y.(x)
A
—T1 C L L, T S ! s | A
¥1 P2
QD
I
Capacitance P ng 22y
P Inductance I'=lIsm¢ "3 =g
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Artificial Atom Based on Quantized Superconducting Circuits
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LLC Harmonic oscillator
f ~5GHz ~ 240mK
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Artificial Atom Based on Quantized Superconducting Circuits
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LLC Harmonic oscillator
f ~5GHz ~ 240mK
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Artificial Atom Based on Quantized Superconducting Circuits
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L.C Harmonic oscillator JJ is a nonlinear disspationless inductor

Nonlinearity makes the circuit

J ~35GHz ~240mK anharmonic and addressable.
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Artificial Atom Based on Quantized Superconducting Circuits
== =
3
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hf,, >> k,T

‘()> T @mK

1.C Harmonic oscillator JJ is a nonlinear disspationless inductor
Nonlinearity makes the circuit
Jf = >GHz = 240mK anharmonic and addressable.
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Artificial Atom Based on Quantized Superconducting Circuits
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LLC Harmonic oscillator

Tunable transition frequency by flux @z
f ~5GHz ~ 240mK through the SQUID loop.
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Resonant scattering

Fig: O. Astafiev, et al. 327, 840 Science (2010)
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Resonant scattering in 3D space
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Resonant scattering in 3D space
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The extinction signal
1s due to interference

5 10
Fig. from

G. Wrigge et al. Nature Phys.4, 60 (2008). M. Tey et al. Nature Phys. 4, 924 (2008). Spatial mode mismatch U. Hakanson
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Resonant scattering in 1D waveguide

| 1>

: |0> D.E. Chang et al. Nature Physics 3, 807(2007)

W\~
e SN~

Fully coherent: no transmission, perfect reflection.
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Resonant scattering in 1D waveguide

| 1>

=% [0>  DE. Chang et al. Nature Physics 3, 807(2007)

W\~ AW~
W~

Fully coherent: no transmission, perfect reflection.

NN~
Point like atom/dipole! A >> d R
A ~ cm Wavelength of EM field
d ~ um Size of “atom”

. . o . O. Astafiev, et al. 327, 840 Science (2010)
elaxation dominated by transmission line. TIoChun, Hoi et al. PRL 107, 073601 (2011)
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Resonant scattering in 1D waveguide

| 1>

=% [0>  DE. Chang et al. Nature Physics 3, 807(2007)

W\~ AW~
W~

Fully coherent: no transmission, perfect reflection.

Fig. from
- E. Olsson & S. M. Nik

Point like atom/dipole! A >> d VR
A ~ cm Wavelength of EM field
d ~ um Size of “atom”

) ) o ) = O. Astafiev, et al. 327, 840 Science (2010)
elaxation dominated by transmission line. TIoChun, Hoi et al. PRL 107, 073601 (2011)
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Transmission and reflection

| 1>

V) o
(v,) W

Vv, |

Reflection coefficient

T, 1-iomw, /v,
2710 | 14 (Sa)p 1Y 10 )2 + Qi [T 0710

N resonance, low power

T, 1

‘r(Sa)p =0,Q < ym)

2y, 142, /T,

Strong interaction limit:

Vi v

S
~——

Transmission coefficient

r=14+r

0w, :Detuning
I',, :Relaxation
I, :Pure dephasing

Yio=1,/2+T,

r,> l_‘q) ‘r(éa)p = O,Qp <750 )‘ ~1 Fully coherent.
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Saturation of transmission

1.0

0.8

T =i T

0.4 -

Almost full  0-27]

reflection at 0.0-

1) Almost full
transmission at
high power
P,
(Ne) = oo /2
A Sample 1 o, (1 /27)

® Sample 2

T T T T T
low power 140 -130 -120 -110 -100

P [dBm]
Nonlinear nature of the atom!

Sample Ej/h Ec/h Ej/Ec wio/2n wan/2n Ty/2r Ty/2m  Ext.

1 12.7  0.59

21.6 7.1 6.38 0.073  0.018 90%

2 10.7  0.35

31 5.13 4.74 0.041  0.001 99%
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Coherent vs Incoherent scattering

Sample 2
Qp/ 27t [MHz]
10

10— BW=100MHz
2 !
<VR> A Elastic scattered |

8 mmmmm- Input field
Output

Power
(nW)

| | | { |
-140 -135 -130 -125 -120

P, [dBm]

Qp < Y10

(Vi) ={Va)

I

<VR2> ‘rp,1| ~1

d.
hl

? 6 789, ¢ P % s 678
i i (U
127 Total scattered { - !l
(vi) ® BW=10MHz  ; ‘ Q

ﬁ — 30MHz
— 83 MHz
250MHz

| 0n |

-200 0 200 400
6oop / 27t

I.-C. Hoi et al. Phys. Rev. Lett. 108, 263601(2012)
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Autler-Townes Splitting

P, [dBm]
T -130 -125 -120 -115 L
1.0 6.8 ®,, ﬂ \
0.8 — v
06 7O H < N\ g
0.4 \ ¢
0.2 7.2 w()l '5:,\ E *
®, /2 [
7. HE
[GHz] ! Sy
Q, <7y

A.A. Abdumalikov, Jr et al. PRL 104, 193601 (2010)
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The Single-Photon Router

1(R) 2(T)

Probe input | | | Control

AVAVAVAS: . L VAVAVAY

By turning on or off the control tone, we can
decide which port the go to.

I.-C. Hoi et al. PRL 107,073601 (2011)
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Measuring both T and R simultaneously

P, ,P. on
(N,)<1
Off || _Off
&> .
w time

1.0
0.8+
0.6+
0.4+

On-Off Ratio

W

+R
—o—T

Sample 1

0.2+
0.0+
| | | | | | | | 1
1 2 3 4 5 us
1.0 M
O 0.8-
o]
&
Z 0.4+ - T
(@]
0.24 ! Sample 2
0.0 , M

1
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Photon-Photoninteraction via a three-level atom
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Photon-Photoninteraction via a three-level atom

Q
2)
o X
0)
AQ,
o Parameters
PP ’PC ;Wp, W
W = W,
Ag 2)
A Bk DA
, )
0. W/
4
0)
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Photon-Photoninteraction via a three-level atom

6.8

7.0 7.2
, /27 [GHz]

7.4
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Nonlinear interaction between two microwaves

)
C )
D
» time
lus
At other flux bias. PP
47 Device 1 ® -140 dBm
® -127 dBm
2- ® -117 dBm
Acpp
[Deg.] O

(N.)=0.3

c

/.15 7.20 7.25 {7.30 /.35
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The Giant Cross-Kerr Phase Shift

_30*

2T
A Device 2 1,, =1+1 Q1o (o)
-25- e Device 1 p
_204
Acpp
[Deg.] -15- .
t,y =1+i—(0_)
-10- P
Ag, o< <NC>
-5- 1.-C. Hoi et al. PRL 111, 053601 (2013)
ng x x x x x
0.0 0.2 04 0.6 0.8 1.0
(N,)<1 "
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The Giant Cross-Kerr Phase Shift

. 2T ‘
CDevice2 1y, =1+ Kerr medium
25 e Device 1 P ® ‘ 2>
W ()
-20- 6 pAaE-T7N T ‘ 1>
|
A0, o, W
[Deg.] -15- D \
0)
-10-
Ag, o <N C>
-5- I.-C. Hoi etal. PRL 111, 053601 (2013)
0- I I I I I I
0.0 0.2 04 06 0.8 1.0 Nonlinear photonic crystal fibres, 0.05 degrees/photon
<NP> <1 /N \ N. Matsuda, et al. Nature Photonics 3,95(2009)
e/ V. Venkataraman, et al. Nature Photonics 7,138 (2012)
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What is the photon statistics of the scattered field?
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Intensity-Intensity Correlation

Single photon source Beam splitter Photon counter

Source X I
— >
1
T

HBT measurement

Source o © © © @ i (1) = (I, ()1, (t+7))

Il(t) ® @ O (LWLt +71))

Hanbury Brown-Twiss
12 (t) @ © Nature }1]77’ 27 (1956) correlation function

Second-order

lo-Chun Hoi
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Photon statistics from second order correlation function

A comparison between different light sources:
' |J“| (photon bunching)
I
thermal light time

intensity

Coherent g 1

state = 0 .

laser light time T time

TJ\N\V > (photon antibunching)

single photon & -

source time _ . T time

Nonclassical field!
ESONN 2010 lecture

lo-Chun Hoi



&) =y

NATIONAL TSING HUA UNIVERSITY

Photon number filter

Poisson probability distibution

V)= a|0)+a 1)+ a|2)+ .

< —— >
320um :

D.E. Chang et al., Nature Physics 3, 807 (2007)
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Photon number filter

Poisson probability distibution

V)= a|0)+a 1)+ a|2)+ .

e R ™

= Vo) =t,]0)+¢t,|1)+1,(2)+ ...

V) =1,10)+1|1) < = > Vi)=0]0)+4[1)+15,]2)+
Antibunching! '

Bunching!
small

D.E. Chang et al., Nature Physics 3, 807 (2007)
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Second-order coherence of microwaves

Wy

\VJ

P& 5
TR A
Commercial “beam splitter”

1 2
Hanbury Brown-Twiss measurement of output state @l . |
LPF 20dB' ﬁmp"f'% N0 42K
Noise temperature of detection chain is about 7K

10dBl DDC BIockD - 10d8 1K
Noise of two amplifier is uncorrelated. '
3048 D BPF : B-30d8
~50mK
g(z)(T): 1+ <A})1(I)AP2(t+T)> / |
(RO) = (P ) [{R0) = (P )] E @
| =@
Covariance % ko “"Atom”

APAR, =[P —(BY][ P, ~(P,)] -

Gabelli et al. PRL93 056801(2004)
D. Bozyigit et al. Nature Phys. 7, 154(2011)

C. Lang etal. Nature Phys. 9, 345(2013)
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Transmitted field: Superbunching Statistics

2.4+ g’ (0) 1.0- _

P 2.47 0-81 ® Data
2.27 @ -129 dBm Z_ZJ\ T 067 — Theory

0.4-

20 ® -128dBm 2.0- 02, /

® -127 dBm 1.8+ 0.0 meetere|
1.81 ® -125dBm 1.6- -140dBm -130 -120  -110

2(‘l?) 1.4+ P
5 1.6 .
1.0 —

1.4+ 1%
1.2
1.0

£ BRI

-150 -100 -50 0 50 100 150
g?(r=0)=2.31+0.09 > 2
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Reflected field: Antibunching Statistics

1.0 _
1.0+ 0.8 ® Data
T 0.6- — Theory
0.9+ 0.4
0.2
. 0.8 00kt
g (I) -140dBm -130 -120 -110
P
0.7+
P
0.6
® -132dBm 2TI;y e data, computed
® -131 dBm
0.5- and averaged over 17 hours.

-150 -100 -50 O 50 100 150

T [ns]
¢?(0)=0.51+0.05

The antibunching behavior reveal quantum nature of light!

I.-C. Hoi et al. Phys. Rev. Lett. 108, 263601(2012)
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Reflected field: Theory

1.0+
0.8+
P=-132 dBm
0.6-
g () T=50 mK,BW=55 MHz
0.4 —— Complete theory
- No leakage
—— Partial theory
0.2 Partial theory (T,BW)
0 mK, 55 MHz
— 0 mK,1 GHz
0.0- T T |
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An artificial atom in front of a mirror
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An artificial atom in front of a mirror

50mK

Reflection coefficient:

Single ion:
J. Eschner Nature, 413, 495 (2001)

@/\(QM Mirror shapes the modes of the

Changingthe normalized distance:L/x vacuum that couple to atom.
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Changing the spontaneous emission rate

2o LY
Weak drive: Experimental data
6.0 promren e e
1.0+ 5.8
0.9 |
0, /25 5.61
0.8 4| [GHz] |
5.4
0.7 _
0.5 50{ :
s L
-0.2 -0.1 0.0 0.1 0.2
D/P,
A (D)
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Changing the spontaneous emission rate

20 KLy
Weak drive: Experimental data
6.0 e
1.0 5.8
0.9 |
0, /25 5.61
0.8 —| [GHZz]
5.4
0.7 _
0.5 50{ :
4ot N
-0.2 -@.1 0.0 0.1 0.2
D/P,
A ()
L = )\/2 Atom decoupled from vacuum fluctuations at node.
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Changing the spontaneous emission rate

2, Ly
Weak drive: Experlmental data
L] RSSO
Ir, 6'0_i e 480 4.82 4.84 4.86 4.88
1.0 5.8 | _ 19 i
1 I
0.9 Wl o
W, /2m 56' I 1.0 '“"ﬂll'lllll’! ,A i m\mln it
p IA' v' I ”,]‘hlulhﬂ frim
084[GHz] || | “'M‘ Tw f
541 | Inl 08" :
0.7 I | "«l )({
0.6 5-2': : : 0.6- \r I
= '
0.5 500 | 04 Y I''2x
| i
48}, = 02l 118MH;
-0.2I -0.1 0.0 0.1 0.2 5. 52 553 5 54 555
D/P, 0, /271 [GHz
A (D) p/2m [GHZ]
L = )\/2 Atom decoupled from vacuum fluctuations at node.
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Spontaneous emission rate as a function of normalized distance

125, : :
| |
10- l - Ty(®) = 2Ty cos’[B(D) /2]
| | | .
T2 | | O B(®) =2 x 2rL/N(®)] + 7
AL, 2 | S
[MHz] © —: I ”%% Fl,b laxation rate of bare atom
|
4 i : ; @ phase difference between
A Coh scattered field from the same atom
2 o
| % 4 |
0- :. A RERARRARENRARE |—|—|—|—|—|—|—|—|—|—|—|—|—|—|—|—|—|—|—|—|—|—r| T z m
044 046 0.48 050 052 0.54 1 g

L/x | @W ....
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alibrating atom-field coupling K

O
&)

">
©
o

T T NN SN N SO SR SN SR SN RN MU S

|
o
un

| | |

=
o
I

® Real

® |maginary

III]I]II]IIIIIIIII]IIIIIIIII]ITITIT_

=150 =140 =130 =120
P (dBm)
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Probing quantum vacuum fluctuations from

spontaneous emission rate

b) :
207 Theony——— i
] ® Data
1.5
s [ iron
[hwa] 10- Irroriess
] vacuum
0.5-
] Node
O-O_ """ [rerrrrreT IR R [rrrrrrrrT [rrrri Vacuum
0.44 0.48 0.5 0.56 03 04 05 06 0.7
L/X L/X
— I'y = k%S — S = 2hw, cos®[0(®) /2]

k: coupling constant
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Conclusion

Quantum node:
Generating, processing, routing quantum information.

The photon-number filter (Generating)

quantum
node

The cross-Kerr phase shift (Processing: phase gate)
The single-photon router (Routing)

The quantum spectrum analyzer (Probing fluctuation)

Hoi et al. Physical Review Letters, 107, 073601 (2011)
Hoi et al. Physical Review Letters, 108, 263601 (2012)
Hoi et al. Physical Review Letters, 111, 053601 (2013)
Hoi et al. Nature Physics doi:10.1038/nphys3484 (2015)

|.-C.
|.-C.
|.-C.
|.-C.
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