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Outline

1. Introduction to quantum electrical circuits

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

4. Single atom scattering
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Introduction to quantum electrical circuits
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Quantum electrical circuits

Coherent superposition states: Properties:
Charge Q The superposition states collapse
when measure.
Flux d o
Probabilistic character.
Charge on a capacitor: Current or magnetic flux in an inductor:

I I 1
T T ﬁ( <4 + &R )
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Conventional electrical circuits

First transistor 1947

Basic elements:

=

g

Dt

Properties:
*Deterministic

*No quantum mechanics
*No superposition principle
*No quantization of fields
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Dual-core Intel processor

820million

2007

Fig. from Intel

Number of transistors

Fig. from Intel
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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!

|
|
@

Capacitance

Inductance

Josephson Junction:
Non-disspative
nonlinear inductance

L,
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Tunnel barrier between
two superconductors
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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

Classical physics: " &
2.2 | Quantum mechanics:
T oC 2L Analogy with a . . .
5 moving particle in a O () + A :
p_ .1 ' ' H = H=hwa'a+—) |P.O|=ih
H = . + Ekx harmonic potential °C + 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:-_— * LJ

Artificial atom

U“

Transition become addressable!

A
Emission
spectrum

Anharmonicity:
a =W, — W,

lo-Chun Hoil
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How to operate electrical circuits
guantum mechanically?

Avoid dissipation

Avoid broaden energy levels E

Work at low temperatures

Provide reset of the circuit(Ground state)

Superconducting
ki << hw << A Spoeen

w /2w ~4-8GHz T @mK
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Family of superconducting artificial atom

Cooper Pair Box —
1

Quantronium —
10

Transmon —*
100

1000
10000

100000

E,/E,

Focus on Cooper Pair Box and Transmon!

!

|

I

—

¥

v

Fluxonium

- E, |E,

@ <«— Flux Qubit

@® «— Phase qubit

Fig. from

Michel Devoret.

Linneaus summer school

in quantum engineering. 2010.

J. Clarke and F. K. Wilhelm.
Nature, 453:1031-1042, 2008.

G. Wendin and V. S. Shumeiko
Low Temp. Phys., 33(9):724-744, 2007.
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Artificial atom |:
The Single-Cooper Pair Box £//£ <1

1 1 : o 4 11 10>
_ - Map to a spin 1/2 particle in > EJ/Ec=0.5
H = o) L 9 2 L 194 magnetic field.
LDepends on external flux 3-

Co

1/4/2(10>-11>)

Energy(Ec)
N
|

14
019 1/7/2(105411>) S 1>
e | | | | =1
—_— 0.0 0.2 04 0.6 08 1.0
Dyl nd _ . _
E] = > COS(}TO C, Cg+CJ O,,0  :Pauli matrix
(2e)’

E,=E,1-2n,) Eg=4E. = 2C n, = Cng /(2e) But the coherence time is short (few ns)due to charge noise!

=
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Decoherence of artificial atom

(Effect from the environment)

Relaxation rate r(n Pure dephasing rate F(p
Enviroment Enviroment
+ | 1> ---------- ; I 1>
/\/\/\/\f> w,,

Random switching Wy = W, + 0w, ()

1) —10) Phase randomization €

-1t
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Artificial atom |l: The transmon
20<E,/E <100

55 EJ/Ec=30

Energy(Ec)
o
|

0.0 0.2 04 06 08 1.0
ng

Insensitive to the charge noise

Long coherence time. Jens Koch et al.
Physical Review A, 76(4):042319, 2007.
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3. EJ/Ec=0.5 5. EJ/Ec=1

\"'2 6+ g 6 -

[®)) >

< 4 (@))

2 5 4"

: 5
N 2-\/
e ol
0.0 O. 04 06 08 1.0 T -1

na 0.0 O. 04 0.6 0.8 1.0
ng
25=- EJ/Ec=30
3. EJ/Ec=5
- 20=
N Ll
& O < 154
P o
(@))
L \_///—_
2= 5
O_=l ; ; l— Oﬁ
0.0 0.2 04 06 0.8 1.0 0.0 0.2 04 00 08 1.0
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Studying/Engineering the matter-light interaction

n=3

n=2

1 A /\ 2)

. AE = hv
i \ h>
—/10)

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 10'8  10%8 1020

B RN B S P S

A(m) 10° 108 103 100 10-3 106 10-° 10-12
AUDIO VIDEO RF /pW IR II UV RX Y

lo-Chun Hoil



B -y L

NATIONAL TSING HUA UNIVERSITY

Comparison of the toolboxes

Quantum optics  Superconducting circuits

N

v =

<
R | 5
- | -O-

“”D 4> Detect I, Q

Optical photons  Microwave photons
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Advantages of quantum circuit
B |d

O

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 is not needed.

3. Large vacuum field Ey e =02V /m due to small mode volume
4. Standard on-chip fabrication technique

5. Tunable transition energy of the “atom”

6. Mechanical stable

lo-Chun Hoil
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Quantum optics with superconducting circuits
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Rabi oscillations

>

NEC: Nakamura, Pashkin, Yu, Tsai;
Nature 398, 786-788 (1999)

Atoms = Qubits
3D Cavity = 1D on-chip resonator

Wallraff ef. al.; Nature 431 162 (2004)
Chiorescu ef. al. Nature 431, 159 (2004)

i ——

'
0.8} o ¢ QA n -
| ) ]
1 --Al

602 603 604 605 6506 607
Frequency, vig: (GHz)
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Resonant scattering

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

4 [ ] 4 [ - ,-'.‘ /" : /
f ¢ : -
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Fig. from

G. Wrigge et al. Nature Phys. 4, 60 (2008). M. Tey et al. Nature Phys. 4, 924 (2008). Spatlal 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)

SN~ AW~
W~

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

| 1>

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

o lad

Fully coherent: no transmission, perfect reflection.

W\~
V.
Point like atom/dipole! A, >> Ve
A ~ cm Wavelength of EM field

d~ Hm  Size of “atom”

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

| 1>

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

o lad

Fully coherent: no transmission, perfect reflection.

Fig. from
— E. Olsson & S. M. Nik

Point like atom/dipole! A, >> Ve
A ~ cm Wavelength of EM field
d~ Hm  Size of “atom”

O. Astafiev, et al. 327, 840 Science (2010)
lelaxation dominated by transmission line. loChun, 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
— (UOlCcZ = ﬁ
Ir',= 4C. Cy,=C.+C, Z= C

lo-Chun Hoil
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Transmission and reflection

Vf” | 1>
r:<VR> W’M": J\NV\f-> t_<VT>
<Vm> V —O0— 0> VT (Vm}
R
Reflection coefficient Transmission coefficient
r:_l“m 1—-iow, /Y, PR
20| 14(8w, 17,0) +Q2 /Ty,
n resonance, low power 00, :Detuning
T 1 I',, :Relaxation
‘r(ﬁa) =0,QQ < 710)‘ =10 _ F(p :Pure dephasing
’ ’ 2y, 1+20, /T, V=T /2+T,

Strong interaction limit:

| l_'go ‘r((‘}a)p =0,Q <y, )‘ ~1 Fully coherent.

lo-Chun Hoil
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Flux VNA

Tuning tyr
RT |

4K
1K

50mK

teF| N 2048 N ZP
| ~10dB |

I | s e I_
N o0 N !
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Saturation of transmission

1 0- B Almost full
1 transmission at
0.8 - high power
2 ]
=l oo
il P,
4 WNe) =T 72 )
0.2- A Sample T DLl 270
Almost full == ® Sample 2
reflection at (y ) jesssst | | .
low power -140 -130 -120 -110 -100
P [dBm]

Nonlinear nature of the atom!

Sample Ej/h Ec/h Ej/Ec wio/2m wyn/2m Tyo/2m Ty/2m Ext.

1 12.7  0.59

21.6 7.1 6.38 0.073 0.018 90%

2 107 0.35

31 5.13 4.74 0.041 0.001 99%
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Transmission comparing to theory

Sample 1 Experiment
w, /2 [GHZ]
70 71 7.2

0.2 0.4 0.6 0.8 1.0

lo-Chun Hoil
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Coherent vs Incoherent scattering

Sample 2

€2 /2w [MHz]
10

? 67829, ¢ P F 2 678
| f (U
12 Total scattered { - !l
(v:) ® BW=10MHz | T T o \

)l

104 ® BW=100MHz ,',n' .,'0...v p ﬁ 30 MHz

<VR>2A Elastic scattered ,,-"' . ) ° — 83 MHz
Output o Input field ,:"' o 250MHz
Power ! 4
(nW) N l

Q /2m l
| - ] - T . :
140 135 <130 -125  -120 -400 -200 B(\)/v 200 400
Pp [dBm] 6(1)p /21
Qp < 710

(V) = (V) = (Vi) || ~1

1.-C. Hoi et al. Phys. Rev. Lett. 108, 263601(2012)
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Tunable artificial atom

Low power Only 0-1 transition occurs! | Only two-photon transition occurs!
7.5x10 - High power - ¢ .4° ]
1.0 7.0 1.00 7.0-
0.9 -
= 6.5 - |
0.95 6.5
0.8 o
0.7 § 007 N 6.0
R E: L 0.90 | T
- 0.6 S| 5.5 5.5
o5 § 0.85
- § 5.0 5.0
I:OA 8 0.80
4.5 - 4.5 -
0.3 1,
4,018 — £ 4004
-0.4 -0.2 0.0 0.2 0.4 -
" (St o) /2
(I)ext /(I)O " "
Extract: _— —_—
E, .. =13GHz
E.=590MHz _4\ Two-Photon
E,/E =23 Transition
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| 1>

o -

Fully coherent: perfect reflected by the atom.  V,,

Emitted fields can propagate
in one directions

¥, measure the phase coherent signal.
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B) P, [dBm]

-140 -120 -100
1.04— ' | | ' -
0.8- -
‘,.m 0.6 -
0.44 ° -
0.2- -
O'O- L ! L L ! LI ! —

,2 4 g2 A o 2 4
10 10 10
Q,/2n [HZ]

2, < 710

The missing power are

Transmon at the end of transmission line incoherent scattered.
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setup VNA

Flux —Jt T

Tuning
RT y —zf(r? X
4K  [LPF i—ZOdB [] A
1K !—IOdB ]

i—30dB [] l

50mK @

C T Ce

g E l_[_} i " Aton
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Higher level effect

1.0
0.8- Pump @ 7.1GHz
—— Pump off
T o06- ——-135dBm
—— -131dBm
0.44 w,=w, —— -127dBm
-123dBm
_ -119dBm
0.2 —— -115dBm
0.0_| | | | | | |
6.2 6.4 6.6 6.8 7.0 7.2 7.4
(Low Power) GHz

Anharmonicity:
a=w,—-w,=720MHz

a)p/2n

w,, / 2m = 638GH?
w,, /2w =7.1GHz
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Mollow triplet

Py [dBm]
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B.R. Mollow, Phys.Rev. 188, 1969 (1969)

O. Astafiev, et al. 327, 840 Science (2010)
|.-C. Hoi et al. New Journal of Physics 15, 025011(2013)
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Autler-Townes Splitting

P_ [dBm]
T 130 -125 -120 -115

e
10 98 o, ||\
0.8 —> v
o6 /O R < ____________ A g
0.4 c
0.2 7.2 @y, AN
W, /27 ' [
GHz * u v/
QP <<’}/10

A. A. Abdumalikov, Jr et al. PRL 104, 193601 (2010)
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To be continued...
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