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Outline

1. Introduction to quantum electrical circuits
2. Introduction to superconducting artificial atom
3. Quantum optics with superconducting artificial atom

. Single atom scattering

. Single-Photon Router

. An artificial atom in front of a mirror

. Amplification without population inversion
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Introduction to quantum electrical circuits
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Conventional electrical circuits

First transistor 1947
Basic elements:

o

—0—

—/M—

_D'_ Fig. from Intel

Dual-core Intel processor

Properties:

*Deterministic

*No quantum mechanics
*No superposition principle
*No quantization of fields

Fig.from Intel
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Quantum electrical circuits

Coherent superposition states:

Charge O
Flux d

Charge on a capacitor:

L L
T T

Properties:

The superposition states collapse
when measure.

Probabilistic character.

Current or magnetic flux in an inductor:

1 ey
_2( o0 +

Py
%
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Introduction to superconducting artificial atom
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Superconducting circuits are like LEGOS

What's good about circuits?
e Circuits are like LEGOs!

a few elementary building blocks
gazillions of possibilities!
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Basic Elements of Superconducting Circuits

Dissipationless!

J Osephson J l.mction: Tunnel barrier between
Non-disspative two superconductors
nonlinearinductance -
¥ (x) Y.(x)
A
—T1 C L L, s | 1 s | A
¥1 P2
D
I
Capacitance ST Ao 2y,
P Inductance I'=lIsm¢ "3 =g
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1. electron beam writing 2. development

3. first aluminum evaporation 4. oxidation
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Constructing linear quantum electrical circuits

+0 o
-0

Classical physics:

Q2 q)z
- 2C + o7 Analogywitha
5 moving particle in a
H = P + l ky?  harmonic potential
2m

[/ Quantization

\

N
3
S

Quantum mechanics:

Qz (i)z ; 1 Lol
H==2+— H=hw@a+~-) |DP.Q|=ih
¢ oL ( 2)[ |

M. H. Devoret, A. Wallraff, and J. M. Martinis. Superconducting qubits: A short review.
http://arxiv.org/abs/cond-mat/0411174v1, 2004.
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Constructing nonlinear Quantum circuit:

Replace linear inductance by
Josephson junction
(Nonlinear inductance)

U=-E, cos¢

C=1— > L,
I h
, =
4el cos(n q;;”)
0

Artificial atom

U“

Transition become addressable!

a
Emission
spectrum

Anharmonicity:
a =W, — W),
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How to operate electrical circuits
quantum mechanically?

Avoid dissipation

Avoid broaden energy levels 5

Work at low temperatures

Provide reset of the circuit(Ground state)

Superconducting
kyT << hw << A SPoeos

w/2m~4-8GHz T @mK
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Decoherence of artificial atom

(Effect from the environment)

Relaxation rate r()] Pure dephasing rate r(p
Enviroment Enviroment
+|1> IIIIIIIII-|1>
A\~ o,
|0> |0>

Random switching @g; —> @ + 0w, (1)

1) —0) Phase randomization e~""
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Studying/Engineering the matter-light interaction

n=3

n=2 / /\ /\

n=1 * VW )

) AE = hv \
Ze \ |1>
\J"

Natural atom Superconducting artificial atom
Optical photons Microwave photons

Compare with optical photon, the frequency of microwave photon is 10° less.
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ELECTRICITY - OPTICS
f(Hz) 100 103 108  10° 1012 10  10%8 102

L IR R S S S p— a—

A(m) 10° 106 103 1009 10-3 106 10-9 10-12
AUDIO VIDEO RF /uW IR |I UV RX Y
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Comparison of the toolboxes

Quantum optics  Superconducting circuits

%> Detect I, Q

Optical photons  Microwave photons
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Advantages of quantum circuit

Atom-light interaction on single photon level

1. Photons and “atom” interaction can be engineered
2. The photons can be guided by waveguides; beam alignment 1s not needed.

3. Standard on-chip fabrication technique
4. Tunable transition energy of the “atom™

5. Mechanical stable

lo-Chun Hoi
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Quantum optics with superconducting artificial
atom
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Resonant scattering

Fig: O. Astafiev, et al. 327, 840 Science (2010)
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Resonant scattering in 3D space

-l:*- 9 o ¥ E =Y

-5 o 5 10

-10
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Resonant scattering in 3D space

©)

r

| . . - 4. 
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-10 -5 o 5 10

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”

i ) o ) = O. Astafiev, et al. 327, 840 Science (2010)
Relaxation dominated by transmission line. ToChun, Hoi et al. PRL 107, 073601 (2011)
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Quantum circuit model

L L L L
¢2L 0 ¢1L 0 ¢() 0 ¢1R 0 ¢2R
CC
CO CO ¢J CO CO
CJS
Relaxation rate into 1D transmission line,
indicates the strength of coupling!
2 2
—_ wOICcZ = ﬁ
110‘? C;=C.+Cy 2= C,
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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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Transmission comparing to theory

Sample 1 Experiment Theory
w,/2n [GHZ] w,/2r [GHZ]
69 70 71 72 7.3 69 70 71 72 7.3

[dBm] -

0.2 0.4 0.6 0.8 1.0
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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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Two-Tone Spectroscopy
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Higher level eftect

1.0-
0.8- Pump @ 7.1GHz 3
—— Pump off
T o0.6- -135dBm Wy
— -131dBm — |
041 w,-w, — -127dBm —_——
-123dBm
i -119dBm
0.2 —— -115dBm
0.0 I I I I I I |
6.2 6.4 6.6 6.8 7.0 /.2 7.4
(Low Power) GHz w,/2m
Anharmonicity: w,, /2w = 6.38GH?
o =w, -0, =7T20MHz w,, /27 ="7.1GHz
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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
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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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An artificial atom in front of a mirror

|.-C. Hoi et al. Nature Physics 11, 1045-1049 (2015)
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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.

lo-Chun Hoi
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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

lo-Chun
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