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e Review of cavity QED

e Circuit implementation of cavity QED
e Dressed states

e Dispersive limit

e Experimental realization with a Cooper pair box

Sources

A. Blais et al., Cavity quantum electrodynamics for superconducting electrical circuits: An architecture for
quantum computation, Phys. Rev. A 69, 062320 (2004)

A. Wallraff et al., Strong coupling of a single photon to a superconducting qubit using circuit quantum
electrodynamics, Nature 431, 162-167 (2004)



Review of cavity QED

e Interaction between atoms and EM modes
e Optical cavity driven by laser

e Transmission properties — atom state

ttransil

H = hwy (aTa—i- %) + %UZ + hg(aTU_ +aot) + He + friky

e w;: cavity resonance frequency (bare resonance frequency)
e Q: atom transition frequency (qubit frequency)

e H,.: cavity decay (decay rate kK = wr/Q)

e H,: atom decay (decay rate )

e g: atom-cavity coupling strength, g = Ermsd /R

Strong coupling limit: g > &,



Review of cavity QED: typical parameter values

parameter | symbol 3D optical 3D microwave 1D circuit
resonance/transition frequency | w,/2w, Q/27 350 THz 51 GHz 10GHz
vacuum Rabi frequency g/, g/wr 220 MHz, 3 x 10~/ | 47kHz, 1 x 107 | 100MHz, 5 x 103
transition dipole d/eao ~1 1 x 103 2 x 10*
cavity lifetime 1/k,Q 10ns, 3 x 107 1ms, 3 x 10® 160 ns, 10*
atom lifetime 1/ 61 ns 30 ms 2 us

atom transit time tiransit > 50 us 100 pus oo

critical atom number No = 2vr/g> 6 x 103 3x10°° <6x10°
critical photon number mo = ~2/2g2 3x10°% 3x 108 <1x10°¢

# of vacuum Rabi flops NRabi = 28/(k + ) ~ 10 ~5 ~ 102

Jaynes-Cummings Hamiltonian

1 hQ
H = hw: (a*a+ 5) +5 o+ hg(ato™ 4+ ao™) + He + Hy




Dressed states

Jaynes-Cummings Hamiltonian

1 Q
H = iy (a*a+ 5) 4+ %az + fig(ato™ +ao™t) + He + Hy

Without cavity and atom decay,

|+, n> cosOn |4, n) +sinfy|T,n+1)
|—,n> = —sinbp|l,n) +cosb,|T,n+1)

Eigenenergies:

h
Er; = (n+1)hwr:|:§ 4g2(n+1) + A2
hA
Froo = =%
anltan_l <72g ntl
2 A

A = Q — wy: atom-cavity detuning
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Dressed states

Jaynes-Cummings Hamiltonian

1 Q
H = iy (a*a+ 5) 4+ %az + fig(ato™ +ao™t) + He + Hy

Zero detuning, A =0
|—|—7 n) < |—, n) lifted — splitting: 2g+/n + 1

Single-excitation manifold
o state: [£,0) = (I1,1) £[1,0)) /v2
e energy: E4 = h(wr £g)

e Vacuum Rabi oscillation
[4,0) = [1,1) — [, 0)

e oscillation frequency: g/

decay rate: (k+v)/2
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Dressed states

Jaynes-Cummings Hamiltonian

1\  hQ
H = hw; (a*a+ 5) +5 o+ hg(ato™ 4+ ao™) + He + Hy

Large detuning, g/A < 1 (dispersive regime)
Unitary transformation:

_ &+t
U=exp [A(aa alo )]
2 2
UHUY ~ b [wr—i- %UZ] afa+t Z [Q+ gK} o

P P58 (Jian L z t
UHU~22A aa-i—2 + Q| 0% + hwra'a

Interpretations

o shift of the resonance frequency by +x = +(g2/A)
Lamb shift of atomic transition by g2/A

e ac-Stark shift of atomic transition by
2(g?/A)(n+ 1/2) — backaction

Yiransit
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Dressed states

Jaynes-Cummings Hamiltonian

1 Q
H = iy (a*a+ 5) 4+ %az + fig(ato™ +ao™t) + He + Hy

Large detuning, g/A < 1 (dispersive regime)

Single-excitation manifold:

[7.0) ~ |4,0)+ (g/A)[11).

Decay rates:

(g/D)Py+ k&
v+ (g/A)%k.
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Dispersive readout

Cavity drive

o drive at wyw
Hyw (t) = he(t)(afe™@nw 4 getiwnw)

e initial state: ground state |1,0)

e go to rotating frame o =Q-A
e transition at w, — g2 /A with weight : -
777777 2
(1 0] Huw [= 1) ~ € I3} —— :;
—zNh
e transition at Q + 2g?/A with weight 2y —— o +g2/A
RS g |1)= """" A$__
(1,01 Hpw |+, 1) ~ N (Dr'QZ/AI Q |o+2¢%/A
1) ¥

Dispersive Hamiltonian

2 h 2
UHUY =~ h [wr + gKUZ] ata+ 5 [Q—l— gx} o



Dispersive readout

Cavity drive

o drive at wyw
Hyw (t) = he(t)(afe™@nw 4 getiwnw)

e initial state: ground state |1,0)

e go to rotating frame o =Q-A
e transition at w, — g2 /A with weight : -
777777 2
(1 0] Huw [= 1) ~ € I3} —— :;
—zNh
e transition at Q + 2g?/A with weight 2y —— o +g2/A
RS g |1)= """" A$__
(1,01 Hpw |+, 1) ~ N (Dr'QZ/AI Q |o+2¢%/A
1) ¥

Dispersive Hamiltonian

2
UHUT ~ h [2g_ (aTa—i— 1) +Q} 0% + hwrata
2 A 2



Dispersive readout: |T| or phase

Transmission spectrum

measuring at w, & g2/A: information is in |T|
measuring at w,: information is in the phase

photons become entangled with the qubit
— coupling of qubits through a cavity
— quantum communication

Phase shift (degrees

Transmission (arb. units)

O —T g4A O),T+ g%A o
|| )
5 4 3 -2 -1 01 2 3 45

OO, (x107)



Realization of cQED with the Cooper pair box

e Cavity — 1D coplanar waveguide resonator
Typical values:
fr ~ 10 GHz (hf,/kg ~ 0.5K)
V0. ~ /hwy/cL ~ 2 uV
Erms ~ 0.2V /m
Q ~ 10°

e Atom — Cooper pair box

EJsCy

10.1103/PhysRevA.69.062320



Realization of cQED with the Cooper pair box

e Cavity — 1D coplanar waveguide resonator

e Atom — Cooper pair box

Ho = 4Ec) (N—Ng)*|N)(N|
N
—%ZN:(|N+1)<N|+h.c.)

For 4E. > E; and Ng € [0,1],

E, E
Ho = ——15% — =15~
2 2
with E;] = 4Ec(1 — 2Ng)
Double JJ — tunability: E; cos(m®ext/Po)/2

10.1103/PhysRevA.69.062320



Coupled resonator-CPB system

Resonator — ac gate voltage v = VO _(af + a)

(a" +a)(1 — 2N — 57%)

E Ce [hw,
Hg = —2Ec(1 — 2N3)5% — %5* —e £

Cz Lc

Total Hamiltonian

H = hw: (aTa + 1) + gaz — egﬂﬁ(alf +a)(1 — 2Ng — cos(0)o” + sin(0)c™)
2 2 Cy Lc

With 6 = arctan[E; /4Ec(1 — 2Ng©)] and © = \/E3 + [4Ec(1 — 2Nge)]2

Special case:

e For Ny =1/2, neglecting rapidly oscillating terms — 6 = 7/2,Q = E; and g = g;;\/ ﬁ:‘l’_’

o Away from N = 1/2: coupling reduced by sin6 and an extra term o (af + a)



Experimental realization

A. Wallraff et al., Nature 431, 162-167 (2004)
Resonator

e v = 6.04GHz
o T* = hw:/kg ~ 300mK

T <100mK — n < 0.06 E

o Vims = /hw:/2C ~ 1 4V, Exms ~ 0.2V /m

* Qint ~10° = L
T, =1/k > 100ns even for Q ~ 10*
Qubit 4

e Cooper pair box
e qubit energy
E. = hw, = \/EJZ oy COS2 (D) + 16E2 (1 — )2

e gate — ng

Energy, E/E,
N

e external coil — flux bias ¢,

Gate charge, ng



Experimental realization: measurement setup

Attenuator  Bias T Cin Cou

Transmission

amplitude
and phase I
RT
—_—,— e e = o e = =
b
@
el
=
=3
2
@
2
£
G
g
3
s
6.042 6.044 6.046 6.042 6.044 6.046
Frequency, vge (GHZ) Frequency, vge (GHz) Gate charge, ny

Wr — Wa

2 1 2
th(wr—i-%az) afa+ §h<wa+gK)az A



Experimental realization: read-out

a b Gate voltage, V, (V)
-1 0 1 2
20 20
Read-out 3 10
c g
. . . <15 po3
e continuous wave with low drive > : 0 v
: % 10 £-10 '
o fixed read-out tone at w, g % 20
g _
S £
e phase shift A¢ = tan™! (2g2/kA) g * a0
Parameter extraction 0 -0
-2 1 0 1 2
e periodicity — calibration of ng, ®, Gate charge. ng
c d Gate voltage, V, (V)
1 0 1 2

e cavity-qubit resonance on a set of [ng, ®,] (red)
EJmax = 8.0 (40.1) GHz
Ec =5.2(+0.1)GHz

a
S

b

IS
o

Magnetic field, B (uT)

Flux bias, ¢

Flux bias, @y,
5
S

E,= \/Eimax cos?(m®dp) + 16 E2 (1 — ng)?

)
&

Gate charge, ny



Experimental realization: vacuum Rabi oscillation

Swept read-out frequency

e spectrum at large detuning (g2/Ax < 1)
k/2m = 0.8 MHz
n =1 at resonance

o spectrum for A =0 at ng =1
reduced the power by 5 dBm, n =~ 0.5
VRabi ~ 11.6 MHz

Swept read-out frequency and n,

o A # 0, dispersive shift

e A =0, avoided crossing
Vacuum Rabi splitting

Frequency, vge (GHz)

o + G218 =11}
b

10}
) AL
o - g2

Transmission, T2/Tg

0|
6.02 6.03

Gate voltage, V, (V)
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Lifetime: zero detuning

Strong coupling g >, Vacuum Rabi splitting
e decay rate: (k+7v)/2

1
e Rabi splitting oc v/n+1 ‘
. . c 08 29 ¢
e measurement time estimate S] i
v =10 GHz HEMT amplifier 206 i
Namp = kg Ty /hw ~ 100 photons g 0.4 (K-PY)/_Z, — '
tmeas = 2namp/<n>f€, § 0.2 ::::I
~ 32 pus for (n) ~ 1 - L i
Low Q cavity (g < k) 0 - =

e qubit decay enhanced by a factor @



Lifetime: large detuning

Qubit outside cavity Qubit inside the cavity
e voltage fluctuation — relaxation e noise is filtered by the cavity
1 £? e\2 /G, 2 e lower Re[Z(Q)]
T = EZ+E2 (ﬁ) G Sv(+9) e approximation:
e spectral density SU(Q) = 2hwr r/2
v =T A (k/2)2

Sv(+9Q) = 2rQ Re[Z(Q)]
e estimate 1/Ty = v, = (g/A)%k ~ 1/(64 us)
o estimate Ty ~ 1ps o large detuning — lifetime enhancement
EJ,C‘J o total decay rate
Y =7 +t7L +INR

e 1D superconducting resonators: 7, dominates




Quantum non-demolition readout




Quantum non-demolition readout

Generic linear detector
Dispersive Hamiltonian

Axrr Bxrr

2 2
UHUT%ﬁ|:wr+gKaz] a’fa+h {Q+ A] z

Input Output "Load"
Operator

Signal
source

Detector

e Interaction H in the dispersive limit
Les Houches 2011, A. Clerk

2
e qubit Hamiltonian Ay, = 25, Hine = hZoZ.aTs
e interaction Hamiltonian I:Iint = A6, F 2

o F=4ta=nh

if [Hinty qul =0 e measuring n is QND

— non-demolition w.r.t. &,

[I:Imt,&z] = [I:Itot, I:'] = 0 — constants of motion

e allows continuous or repeated measurements



Measuring at w, + g2/A

e pulse centered at w, + g2/A

N T~ T 3 1.0 2_<’
[9] =3 .
.§ 100~ ',’ \ a) g e pulse duration ~ 15/k
1
4 | % e tanh rise and fall
5 / g
% ! D e photon power
<
£ ! ° P = (nYhwek/2 = (Vous)? /R
2 ! o
= = e homodyne voltage
=1
o (Vout) = VRhwrr(a+ at) /2

Time (us) e simulation with quantum state diffusion method
Ao 00 T e qubit states are mixed, but low transition
m@ g_ probabilities
¥ = e information in the transmission (photon number)
- [V}
E 4 —4-0.2 <
s s
£ &
z 8l b) ,fg
3 1 1 H-04 <
© o 1 2 3
Time (us)

Ground /excited: blue/red
Dashed: left scale



e pulse centered at w,

5 1035

£ 100 g e pulse duration ~ 15/k

=}

= @ e tanh rise and fall

S 05 &

_‘g 50 : % e photon power

o 3 P = (n)hwrk/2 = (Vout)2/R

B 2 e homodyne voltage

o 0 ] 0.0 8 i
(Vout) = VRhwrk{a+a')/2

Time (us) e simulation with quantum state diffusion method

e qubit states are mixed, but low transition
probabilities

e information in the phase

Cavity Amplitude <ag,(t)>
(Ar) abeyop suApowoH

0 1 2 3
Time (us)

Ground /excited: blue/red
Dashed: left scale



Measurement backaction

Dephasing

changing n
changing ac Stark shift (g2/A)no?
suppose we measure at w, and x < K

phase difference between g and e state

g2 ¢ 1ot
t) =2=— dt' n(t
olt) =25 [ de'n(e)
mean phase
(p) = 260N

with 0y = 2g2/kA and N = kit/2
weak coupling, long-time limit:
Gaussian noise

evaluate the correlator
(cr+(t)a_(0)> — (eifof df,tp(t’))
_1 é 2 t ot
e 2 250 ) Jo Jo dtadtz (n(ta)n(t2))

1

dephasing rate
r, =402 5
® 05
measurement time to resolve the phase change §6 = 26y

1

=—>5 = Tmly, =1
YT

quantum limit: Ty, =1/2

origin: reflected photons carry information

+ Mixing of states
+ Driving transitions



Coherent control

Coherent control

readout: wyw near w,
control: wyy near Q2
dispersive limit, rotating frame —
h 2 1

Hiyg = 5 |:Q+2gK (aTa—&- 5) —wuw} o
ge(t) «

A
+h(wr — wyw)ata + he(t)(al + a)

+h

choice of wuw = Q2+ (2n+1)g2/A

— ox (rotation around x),

with Rabi frequency ge/A

choice of wyw = Q+ (2n+1)g2/A — 2ge/A

with t = 7TA/2\/§gE

— Hadamard gate # (rotation of 7 around x + z)

o HoxH = o, — complete set

g 10 ! T 010 3
£ g
=1 Q
z »
5 51
2 05- Ho05 @
T 3
E 2
H 2
S 00 . 00 §

0 100 200 300
Time (ns)

Remarks

e n depends on ¢

e cavity is only virtually populated with
A e?/A%2~0.1

o reflected photons carry no information about the
qubit state (no entanglement)




A. Wallraff et al., Phys. Rev. Lett. 95, 060501 (2005)
Setup (a)

bias tee Cin Cout RF amp mixer

e qubit: Cooper pair box

e qubit frequency wa /27 ~ 4.3 GHz

e read-out at wrp /27 = wy /27 ~ 5.4 GHz
e phase shift ¢ = tan! (2g2/kA) 0,
e @~ 0.7 x10* < k/27 = 0.73MHz

e large A — defining ¢ =0 (b) nee| nsI wea:) ::n;_mn:eas_

e prepare ground state |/ ops 1 A s 50us
e work at the charge degeneracy point (© os~0a  0s-~0a ORF ~ O

e goto A/2r~ —1.1GHz nf2 H

o here ¢,y = —35.3deg ¢ g/27 = 17 MHz ops AU 6us 50 s

e check: apply long microwave pulse,
Pu) = P|T> = 1/2, get p =0



Measurement protocol

40 e continuous read-out

20 e prepare ground state

o

e pulse at t = 6us: 7,27 or 37

|
ny
o

e repeated every 50 us, averaged 5 x 10* times

Omin

|
I
o

e risetime 2/k =~ 400 ns

o

e decay T; ~ 7.3 us
e contrast C = (¢max — Gmin)/(¢1) — P|1)) ~ 85%

|
N
o

phase shift, ¢ [deg]
S
S

S
o

n
o

-20

—40

5 10 15 20 25 30 35 40
time, t [us]



Future talks (hopefully)

Resonator-qubit coupling: direction of £ field, inductive coupling
Correspondance between classical circuit description and the J-C Hamiltonian
Purcell effect, Purcell filter

Classical analogy: readout of polarizability; quantum capacitance?
Input-output theory?

Strong coupling, ultrastrong coupling

Novel qubit types: Andreev level qubit, Andreev spin qubit, Andreev molecule
Scalability

SNR in dispersive readout

Further sources

Alexandre Blais - Quantum Computing with Superconducting Qubits - CSSQI 2012

https://www.youtube.com/watch?v=tbnxusm_Umk (Part 1)

https://www.youtube.com/watch?v=K0ZCP1_DyDU (Part 2)


https://www.youtube.com/watch?v=t5nxusm_Umk
https://www.youtube.com/watch?v=KOZCPl_DyDU

Thank you for your attention!
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