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Overview of superconducting circuits

from qubits to on-chip quantum optics

resonator as coupling bus
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Comparison: Quantum optics and pw circuits

Similarities
Essentially the same physics
Electromagnetic fields, quantum mechanics, all essentially the same... but there are some practical differences:
Differences
Frequency / Temperature

Microwave fields have orders of magnitudes lower frequencies than optical fields. Optics experiment can be at
room temperature or at least much higher temperature than microwave circuits, which has to be at cryogenic
temperatures due to the lower frequency

Controllability / Dissipation

Microwave circuits can be designed and controlled more easily, which is sometimes an advantage, but is also
closely related to shorter coherence times

Interaction strengths

Microwave circuits are much larger, and can have larger dipole moments and therefore interaction strengths

Measurement capabilities

Single-photon detection not readily available for microwave fields, but measuring the field quadratures with linear
amplifier is easier than in microwave fields than in quantum optics

Question: Are there quantum mechanics problems that can be studied experimentally
more easily in pw circuits than in a quantum optics setup ?




Circult model for a transmission line

classical description

e Lumped-element circuit model — size of elements small compared to the wavelength

e This is not true for a waveguide, where the electromagnetic field varies along the

length of the waveguide.

e Obtain a lumped-element model by dividing the waveguide in many small parts:

Lossless transmission line
(e.g. superconducting)

transmission line

V(z) AzR

AxL

V(z + Ax)

=\

L

[ ]
\J

L = inductance per unit length

C' = capacitance per unit length

R = resistance per unit length — 0

G = conductance of dielectric per unit length — 0

Telegrapher's equations:

0 0
%V(az,t) = —Lal(x,t)—RI(x,t)
0 0

Wave equation:
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Circult model for a transmission line

quantum mechanical description

For later convenience, use magnetic flux instead of voltage:

f dt'V(z, t') p =219 /P

Divide the transmission line in small segments:

transmission line
Azl 11)71—2 n— Azl @n ArL qJn+1 Azl CIJTH-Z

'
Ax £
Construct the circuit Lagrangian and Hamiltonian, conjugate variables with

canonical commutation relation: [®,,, P,,| = ih, P, = 0L/0®,,

I 1 :

n

Continuum limit Az — 0

H— %/dw (0[@@(9;,75)]2 + %[830@(9:,15)]2) 0n®(2,) — 75

L o, B, 1)

=0
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Circult model for a transmission line

quantum mechanical description

e For later convenience, use magnetic flux instead of voltage:
f dt'V(z,t') @ =21d /P

e Divide the transmission line in small segments:

transmission line
ArL g ., Azl g | Azl g Azl ¢

Azl §

n+1 n-+2

X
Az

* Quantized flux field [a(w'),a’(wW")] = 6(w — ")

|hZ . .
:Bt 47TO \/_ CLL ) —z(-l—k:wx-i—wt)_i_aR(w)e—z(—k:wx—l—wt)_'_h.c.)

Superpositions of Fock states

Is a quantum model . . .
of the waveguide | m— e —
justified/necessary?

UCSB 2009



Josephson junction

A weak tunnel junction between two superconductors phase ¢ o D
. flux ® o
 non-linear phase-current relation [ = /. sin ¢ .
* low dissipation
C Charge energy:
insulator | |J Ec = (2¢)?/2C;
superconductor 8 superconductor I a
U (R)evr ~ Up(R)eivr E;
~_ 7 " Josephson energy:
Y =pr— YL Y Ey=d/2nl,
A
Equation of motion: U(®)
[ =1,sin (27® /D) + C
Lagrangian: Lﬁ—/
| o
L= 5(JJcI>2 +1® + Ejcos(2n®/®y) mmmp
N N - >

kinetic potential L6))



Josephson junction

A weak tunnel junction between two superconductors

 non-linear phase-current relation [ = [.sin ¢

* low dissipation
insulator

superconductor 8 superconductor
Uz (R)etr T Up(R)eien
\___/
Y =¥R — ¥L
Canonical quantization

— conjugate variables: phase and charge

Ec .
E_ —  Well-defined charge or phase?
J

If Eo < Ej (phaseregime)and small current

) 2
— inductance: — (Do ___ 1
Lj= (27r> E jcos(yp)

valid for frequencies smaller than the plasma frequency: w, = +\/2E;Ec/h

C Charge energy:
Ec = (2¢)*/2C;

~—_7 Josephson energy:
Ej = ®/2r1,

Discrete energy eigenstates,
Spacing ~ GHz << SC gap
>> kBT

»




SQUID: Superconducting Quantum
Interference Device

e A dc-SQUID consists of two Josephson junctions embedded in a superconducting
loop

super- super- L2 "
conductor conductor —~ 00 Lua symmetric
— | —

L ® d 1 o), L=0
ext — t or— bEj1=Ej9
Cr1=0Cyp2

—000H B2
L/2 |

* Fluxoid quantization: single-valuedness of the phase around the loop

(I)ext
27 + 1 + 2 =271
Of)

* Behaves as a single Josephson junction, with tunable Josephson energy.

* In the phase regime, we get a tunable inductor:

B\’ 1
L (I)ex —
(Pext) < 27T) 2F 5 cos(mPext /Do)

L — (tunable)
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Frequency tunable resonators

SQUID-terminated transmission line:  Wallquist et al. PRB 74 224506 (2006)
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See also:
Yamamoto et al., APL 2008
Kubo et al., PRL 105 140502 (2010) 11
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Frequency tunable resonators

SQUID-terminated transmission line: Wallquist et al. PRB 74 224506 (2006)

transmission line resonator SQUID
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Quantum vacuum effects

Examples of physical phenomena due to quantum vacuum fluctuations (with no classical counterparts).

Casimir force (1948)

Experiment: Lamoreaux (1997) Dynamical Casimir effect

photon pair

~ S

vacuum
~ 0

fluctuations

—_ position

Unruh effect

Lamb shift
(Lamb & Retherford 1947)

4 2S%
4.372 x 107% eV

Y

2p1

2
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A review of quantum vacuum effects: Nation et al. RMP (2012).



A review of quantum vacuum effects: Nation et al

Quantum vacuum effects

Casimir force (1948)
Experiment: Lamoreaux (1997)

Unruh effect

. RMP (2012).

Examples of physical phenomena due to quantum vacuum fluctuations (with no classical counterparts).

Dynamical Casimir effect

photon pair

~ S

vacuum
~ 0

fluctuations

—_ position

Lamb shift
(Lamb & Retherford 1947)

4 2S%
4.372 x 107% eV

Y

2p1

2
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The dynamical Casimir effect

Moore (1970), Fulling (1976)

* A mirror undergoing nonuniform relativistic motion in vacuum emits radiation

e In general:

Rapidly changing boundary conditions or index Dynamical Casimir effect cartoon
of refraction of a quantum field can modify the --

mode structure of quantum field nonadiabatically,

resulting in amplification of virtual photons dinsforigd
into real detectable photons (radiation). g

» Examples of possible realizations: = e

vacuum
fluctuations

e Moving mirror in vacuum (mentioned above)

 Medium with time-dependent index of refraction
(Yablanovitch 1989, Segev et al 2007)

* Semiconducting switchable mirror by laser irradiation Single-mirror photon
(Braggio et al 2005, Agnesi et al 2008 & 2011, Naylor et al 2009 & 2012) production rate:

e Qur proposal: N Q o2
Superconducting waveguide terminated by a SQUID ER— (_)
(PRL 2009, PRA 2010, experiment Wilson Nature 2011, review Nation RMP 2012) T 6w \c

16
Reviews: Dodonov (2001, 2009), Dalvit et al. (2010)
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Superconducting circuit for DCE

PRL 2009
(I)ext (t)
applied magnetic flux
®i1, coplanar waveguide Josephson junction
*
. A >
DPout
ot \_/ Josephson junction
iti i =0)- Tunable resonators:
The boundary condition (BC) of the coplanar waveguide (at x=0): Somabers (2008)
Palacios-Laloy (2008)
* is determined by the SQUID Yamamoto (2008)

« can be tuned by the applied magnetic flux though the SQUID
* is effectively equivalent to a “mirror” with tunable position (1-to-1 mapping of BC)
* harmonic modulation of the applied magnetic flux results in DCE radiation.

No motion of massive objects is involved in this method of changing the boundary condition.

18



@iy, coplanar waveguide

) i osephson junction
I 1\ \\ R
I rC u I O e ¢ — \ u y
out \ \\E Josephson junction

Circuit model of the coplanar waveguide and the SQUID
e Symmetric SQUID with negligible loop inductance:
Eji1=E;2, Cj1=0Cj9
L=0 =®;;—Pj2=Dext

ALELO (I)2 A.I‘LO (I)l ACUL() (I)J Ej;1,Cra

® (I)ext —9
Ej2,Cyo
— AxCy —=—= Az(C) “=
Do
= >
0 xT
N -/ )
" Y

transmission line SQUID 19



Circuit model

Circuit model of the coplanar waveguide and the SQUID
e Symmetric SQUID with negligible loop inductance:
Eji1=E;2, Cj1=0Cj9
L=0 =®;;—Pj2=Dext

e The SQUID behaves as an effective junction with tunable Josephson energy

Ej(®ext) = Eg\/2 + 2 cos (2nPext /o)

EJ((I)ext)
ACUL() (1)2 ALUL() (I)l AQTLQ (I)J
——
C
— AxCy —= Az(C)
= >
0 x
—_ A _J
' Y

20
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The boundary condition

Circuit analysis gives:

« Hamiltonian:

L=/ (P)? 1 (®q — ;)2 1 (Py)? ®;
H== - - —~
3 (CoAx T Az T3 g, T B @exlt)) cos | 2m

1=

 We assume that the SQUID is only weakly excited (large plasma frequency)

(I)J 2T 2
COS (QWQTO) ~ — ((}To) @3

* The equation of motion for ®; = ®(z = 0,¢) gives the boundary condition
for the transmission line:

(2—7T) E(£)®(0,1) + ;O wéi’ )

0%®(0, )

+ =0
L o
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Quantized field in the coplanar waveguide

The phase field of the transmission line is governed by the wave equation and
it has independent left and right propagating components:

|hZy [ d L
O(z,t) = 4—;/0 \/—g (afe_f‘(&kwwwt) —|—h.c.)

propagates to the right along the x-axis

| o dw t ,—i(+kwrtwt)
ou 7 wt+w h. )
i 4%/0 \/c;(a"" ‘ A The

propagates to the left along the x-axis

a™ = annihilation operator for photons propagating to the right

out
w

Zy = characteristic impedance of the coplanar waveguide

a2 = annihilation operator for photons propagating to the left

Insert into the boundary condition and solve using input-output theory:

/ dw'S(w,w’) [O(W')(al + all") + O(—w')(a™, + a® )] + ik, L (a) — al™) =0

1 > o



Input-output analysis for a static flux:

Equivalent effective length of the SQUID

a

koLl < 1

out _ __ 1+ kaLgﬁ ain —
“ 1 — ik, Lo

Physical interpretation of the effective length

The effective length is defined as }iI)(x,t) e (1)
(I)o 2 1 _@;1 coplanar waveguide squiN E7.1, C1
Leg(t) =
et (1) (%) LoE; (1)
Can be interpreted as the distance LO Effective
to an “effective mirror”, i.e., to ST mimor

Transmission line

the point where the field is zero.

With identical scattering properties.

[
z=0
Effective length of SQUID:
function of the Josephson energy, or the applied magnetic flux — tunable! ’
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Oscillating boundary condition

iy, coplanar waveguide
—>

707 Effective
eff ™.

s  a__~._Mirror
— =N

Transmission line

out

photon-flux density 7,

— I3
r=20 :<>%
L't
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Effective-length vs. applied magnetic flux

Modulating the applied magnetic flux — modulated effective length

0.5

Leg (mm)

wd!{w;nax

T or

dc bias point

| B

0
o Lef['

(I)ext/q’(]
Applied magnetic flux

1/2

Josephson energy of the SQUID
E;(t) = EY + 6E; cos(wat)

Effective length

Leg = Lgﬁ + 0L eg cos(wgqt)



Input-output result for oscillating BC

Perturbation solution for sinusoidal modulation: Leg = L g+ 6Lcg cos(wqt)

5Leff

(%

. 5Leff
—1

Vw(w — wa)ain(w + wy)

Aout (W) = R(w)ain(w) — 4

» Vwlw — wy [ain(w — wg)O(w — wq) + al (wg — w)O(wg — w)}

1 L . . .
V= reer T speed of light in the coplanar waveguide

D
€

) = the Heaviside step function

Now any expectation values and correlation functions for the output field can

be calculated:
(f(aout(w), aous (W), ...)) = ...

For example, the photon flux in the output field for a thermal input field:

_in oL ft ? —in oL ft ;
no" x~ plh 4 ( Ue ) w |w—wal Mgy, + ( er w |lwg —w| O(wg — w)
\ i \ )
Y Y
Reflected thermal photons Dynamical Casimir effect !
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Example of photon-flux density spectrum

Predicted output photon-flux density vs. mode frequency:
— broadband photon production below the driving frequency

Radiation due to the

/ th&rmal

% 0.5 1 15

Red: thermal photons
Blue: analytical results

Green: numerical results

Temperature:

- Solid: T =50 mK

- Dashed: T=0K

0E; ~ EY/4

wp = 274/ EY/C®3

~ 46GHz

(plasma frequency)

wg ~ 18GHz

(driving frequency)
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DCE In a cavity/resonator setup

PRA 2010

Single-mirror setups Cavity and resonator setups

(a) mitcor (b) | semivensparent

W

o0

Q

(c)

transmission line SQUID resonator SQUID

@—ﬁp T Heok

\Izt) \IEt)




DCE in a SC coplanar waveguide resonator

Resonator circuit:

(a)

Resonance spectrum for different Q values

............. ™ ™ | |
CPW CPW resonator
(b)) 20 _
ground plane o e
. : > ~ g | =30
T L W0
0 Cll r = [ - -
3
< wo °
oy oy ey C. |} el o — 10F o weor | -
— w
—e—TIIN——TTI |—s—TT——TT—g— - - Vg 3 ?
AxLg AzLy AxLy AxLg
:|:AxCO —|:AacC'0 AxCy :|_ AxCy :|—
W_/
Ax

Advantage: On resonance, DCE photons are parametrically amplified

29

Disadvantage: Harder to distinguish from parametric amplification of thermal photons.



DCE in a SC coplanar waveguide resonator

Photon-flux density for DCE in the resonator setup

resonance frequencies

8x107F I Ji l 1 1 Symmetric double-peak structure when
o the driving frequency y is detuned
@) from twice the resonance frequency

ﬂ ~ Ores

)
[
—

The resonator concentrates the DCE
radiation in two modes w; and ), that
satisfy:

Nout (L‘J)
N

W1 + W = Wy

-/ Photons in the ; and &, modes are
A correlated.

Open waveguide case:

single broad peak 20



Example of two-mode squeezing spectrum

* DCE generates two-mode squeezed states (correlated photon pairs)

* Broadband quadrature squeezing

Awwgy

} with resonator } variances in X g+
} without resonator } variances in Xy
1.4 .
- - T= -
1.0 = >
---------- squeezing spectrum
for a parametric oscillator with
a Kerr nonlinearity
0.6 _ g
|
-0.5 -0.25 0 0.25

0.5

Advantages:

e Can be measured with
standard homodyne detection.

* Photon correlations at different

frequencies is a signature of quantum
generation process.

Solid lines:  Resonator setup
Dashed lines: Open waveguide
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Experimental results

Wilson et al. Nature 2011

Lahteenmadki et al., PNAS (2013)
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The experimental setup

Schematic Experiment
a . . i »
(I)ext (t) Drive line s
applied magnetic flux s
/
@i\, coplanar waveguide BRR-Phson junction I #
3 R ¥ ;x CPW |:|
out \/ Josephson junction oy "
g
.
c (T RERERESEE R R R S s B R R RE S TS T T 5 RREEEE S 2
— -
LNA
BP
s 28l <€—T<50mK

transmission line SQUID

PRL 2009, PRA 2010 Wilson (Nature 2011)



The experimental setup

Schematic Experiment
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Measured reflected phase

Testing the tunability of the effective length:

Measurement of the phase acquired by an incoming signal that reflect off the SQUID as a
function of the externally applied static magnetic field.

0_
=)
Q
Lo
0 -90- ) 73l i A
]
i

» >
- CPW
£ -180+
Q
5
o (Nature 2011)
-270
| | I | |
-1.0 -0.5 0.0 0.5 1.0

(I)ext [@0]

The reflected phase is directly related to the effective “electrical length” of the SQUID.

o (¢0>2 1
ff = \or ) LoE; (P
7T 0 J( ext)
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Measured photon-flux density: |

6

Measure at this

Sweeping the pump frequency and measuring the photon frequency

flux at half the driving frequency (where DCE radiation is ~
predicted to peak) as a function of the pump power. ]

Photon production is observed for all pump frequencies, =2/
but the intensity varies significantly due to nonuniformity
of the transmission line that connect the circuit and ‘ v ‘
measurement apparatus. 0 0.5 1 L5 2

Sweeping this
parameter

Sample 1

-55

15

»
o

IRl

Pump Power [dBm]
>
(4]

4

o

[w] Ausuaq jenoads Jamod
Pump Power [dBm]

[w] Ausuaq [enoads Jamod

-75

8 9 10 11 12 8 9 10 11 12

Pump Frequency [GHZz] Pump Frequency [GHZ] s



Measured photon-flux density: Il

Fix the pump frequency and vary the analysis frequency:

We expect to see a symmetric spectrum around zero detuning from half the pump
frequency.

Measure in
this range of
frequencies

0 0.5 1 15 2
Wq ) )
Fix this
parameter




Measured photon-flux density: Il

Broadband photon production is observed, and the measured spectrum is clearly
symmetric around the half the pump frequency (zero digitizer detuning in figure below).
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Measured photon-flux density: Il

Broadband photon production is observed, and the measured spectrum is clearly
symmetric around the half the pump frequency (zero digitizer detuning in figure below).
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Measured photon-flux density: Il

Broadband photon production is observed, and the measured spectrum is clearly

symmetric around the half the pump frequency (zero digitizer detuning in figure below).

100

=k

Photon flux density

Pump power (pW)
i
[ }

-100 -200

100 200
207 €
350-500 MHz
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10- i 4 : &
1
54 . [ ]
]
Oman= T a

40 60 80
Pump power (pW)

100

-300 -400 -500

-600

300 400 500 600
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20- d
= 650-850 MHz { z
2 15 ® Negative 2
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210 ; { 3
5 g 5
5 5 g ! B
£ =
o [ ] o
0 e = T 1 1 I
40 60 80 100
Pump power (pW)

15
-700 -800 10
5
0
700 800
254 @
20 4 e Data
= Theory
154
10 -
5 4
0 se®"
20 40 60 80 100

Pump power (pW)

Averaged photon flux in the ranges indicated above

Aisuap xnj} uoyoyd
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Measured photon-flux density: Il

Broadband photon production is observed, and the measured spectrum is clearly
symmetric around the half the pump frequency (zero digitizer detuning in figure below).
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Photon flux vs pump power for the cut indicated above
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Measured two-mode correlations and squeezing

a0 (1) Voltage quadratures:
204 mm

1 ol
:;z: ___ Qi — _7/\/ hWSj;TZO [aout ((.Uj:) — Qout (w:l:)T]

-30 I I I I I 1
-600  -400  -200 0 200 400 600

Delay time (ns)

—_
o
|

Correlation (%)

Symmetric around half the driving frequency:

00
> —_— —_—
5‘3 B 207 o muormode T wer =wi/2+éw =  witw_ =uwg
— + One-mode, o ®
/QL\ 154 ¢ One-mode, v, .l..
O
Qt s ..°' Strong two mode squeezing is observed (only) if
~ 2 10- .
3 o Wy +w- = wa
*\! 0’83- 5 - .0.. T . .
a ...o — strong indicator for photon-pair production.
I 0 —mmm Also, single-mode squeezing is not observed, as
5 ' ' J ' J expected from the dynamical Casimir effect theory

PUMp power (pW) (where only two-photon correlations are created).

42



No correlations without pump signal

The correlations vanish when:
- the pump is turned off
- the two analysis frequencies does not sum up to the pump frequency: Wi +w_ # wy

Compare to ~25%

squeezing in the
figure on the
Previous page.

w
o
|

| (1)
m (Q+Q-)

o N
O O
| |

!

N .
o O
| |

Correlation [0.01 %]
-]

-30 B | | | I I |
-600 -400 -200 0 200 400 600
Delay Time [ns]

The parasitic cross-correlations intrinsic to the amplifier are very small.
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Experimental results

Wilson et al. Nature 2011

Lahteenmadki et al., PNAS (2013)
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Experimental setup

Ldhteenmadki et al., PNAS (2013)

Trigger source

a b
{09090 1 Reference

10.8 GHz i 5.4 GHz
T @

c
R DC bias
T '-.-.__’—-‘-_-\- i K
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Measurements: two-mode correlations

Ldhteenmadki et al., PNAS (2013)

5

=
£
200
3
@
15E
£
10c
2
®
5o
e
]
0 (8]
‘u- L i i e i i
}.5 -1 0.5 0 0.5 1 415
5.35 5.4 5.45 Delay Time t-t'(s) x10
" Frequency (GHz) d
1 == XX ) . R —_—
IIIIG{!V:‘] /—-_-4u§
@ w— (XX JO(X X )
0.8 * s
L 000, 30
@ ° -
306 ° 120 ©
o o EE}( 2
@ =
0.4 ° A s
3] »
» A~ @
0.2 -t 0 8
=L X « 2
o A i
of " 8
0 2 4 5 6




v (MHz2)

a 400 b 400
200 200
2 L
g
0 = 0
01°

v (MHz)

Measurements: photon flux

Lahteenmadki et al., PNAS (2013)
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More theory: nonclassicality tests

PRA 2013
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Theory: Quantum-classical indicators

Two-photon correlations and two-mode squeezing are nonclassical, but what about
the entire field state including of thermal noise?

Use a nonclassicality test based on the Glauber-Sudarshan P-function:
<: fo :> < () — nonclassical (See e.g. Miranowicz PRA 2010)

For DCE in our circuit:

A

f@ — ewij_ + e_wlA)T_ + i(ei9b+ — e_w[;:_) (good for cross-quadrature squeezing)

<: fifo :> = 2(n'l + ') — dcos 20%Lett T (1 + nih + nth)
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Theory: Quantum-classical indicators

Alternative measure:

logarithmic negativity A/
Stronger indicator than
Gfif) <o

but has the additional caveat
that it is only valid for
(Gaussian states.

Calculations with realistic
circuit parameters suggests
that both (: f7f:) and the
logarithmic negativity
indicates strictly nonclassical
field states for the DCE
radiation in a
superconducting circuit.
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Conclusions

Overview of superconducting circuits and quantum vacuum effects

Introduced a circuit for the dynamical Casimir effect (DCE) in a superconducting
coplanar waveguide (CPW):

e Terminating the CPW with a SQUID allows the boundary condition to be tuned

* We showed that this tunable boundary condition is equivalent to that of a perfect mirror
at an effective distance that can be associated with the SQUID

» That sinusoidally modulating the SQUID (effective length) results in broadband
dynamical Casimir radiation consisting of two-mode correlated photons.

Showed experimental measurements of:
* The predicted broadband radiation

e The expected two-mode correlations and symmetries.

« Experimental demonstration of the dynamical Casimir effect.
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Comparison between DCE w and w/o resonator

DCE in open waveguide, DCE in resonator and parametric oscillations/amplification (PO)

Single-mirror DCE

Low-Q resonator DCE

High-Q resonator DCE/PO

Comments

Classical analog?

Resonance condition
Threshold condition

Number of DCE photons
per second

Spectrumat 7 =0 K

Photons created due to
time-dependent boundary
condition

No, requires vacuum f{luctuations

No resonator

~nlwy /2)wg

Nout (W)

W
=

Broadband spectrum with peak
al cwy ,"' 2

The resonator slightly alters the
mode density, compared to the
single-mirror case

No, requires vacuum fluctuations

Wrps = ’wdf(z
€res ™ Q_1

~(Wes )

off resonance

wa

Broad peaks at resonance frequency
wrs and the complementary
frequency wy; — wres

on resonance

n':nlt (LUI}

DCE in a high-Q resonator is
equivalent to a PO below threshold

Yes, vacuum and thermal fluctuations
give similar results

ey = Wy .;2

s ~ Q7' & 1 Above threshold,
nonlinearity dominates behavior

~ 1 Wes )

et (W}

\'.A.—I

.
o

Sharply peaked around the resonance
frequency g, = wy/2
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Symmetry between pump and analysis phase

We also observe the symmetry between the pump and analysis phase of the correlator

U= (L 1) — (QeQ) +i (1:Q-) + (1-Q4))

that is expected for two-mode squeezed states.

Analysis Phase [deg]

Color scale = Re( \IJ)

0 90 180 270
Pump Phase [deg]
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Recent experimental results

Acoustic Analog to the Dynamical Casimir Effect in a Bose-Einstein Condensate

J.-C. Jaskula,™ G. B. Partridgef M. Bonneau, R. Lopes, J. Ruaudel, D. Boiron, and C. I. Westbrook

Laboratoire Charles Fabry, Institut d’Optique, CNRS, Université Paris-Sud, 2 avenue Augustin Fresnel, 91127 Palaiseau, France
(Received 5 July 2012; published 26 November 2012)

We have modulated the density of a trapped Bose-Einstein condensate by changing the trap stiffness,
thereby modulating the speed of sound. We observe the creation of correlated excitations with equal
and opposite momenta, and show that for a well-defined modulation frequency, the frequency of the
excitations 1s half that of the trap modulation frequency.
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