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Physics of atom-field interaction

e Quantum information

— Ideal single-photon sources

— ldeal single-photon detectors

 Nonclassical light generation
— Highly sub-Poisson intense light

— Quantum-dipole lasing

 Manipulation of vacuum fluctuation
— 3D imaging of vacuum fields

— Diverging spontaneous emission in a non-

Hermitian system

— Thresholdless lasing
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l. Ideal single-photon detectors

e Needs

— A near ideal single-photon detection efficiency is needed in many
photon-qubit-based quantum information processing schemes.

— Detection of axion dark matter requires a high-efficient microwave
photon detector.

* Current technology

— Superconducting Josephson-junction-based detectors have very
high efficiency but do not have single-photon resolution

(~vlarge dark counts). % &‘%’/

— Avalanche photodiode detectors in the optical region have

Sy S
single-photon resolution but have only about 50% single- Sg/ @
photon detection efficiency. RLE@MIT

e Qur goal:

— torealize an ideal optical/u-wave single-photon detector by using
e qguantum dipole material

* cavity-QED principle
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Il. Quantum-dipole laser

Incoherent dipoles

 Whatis the quantum-
\ [ dipole material?

(W \/\/\:N — A collection of identical
quantum dipoles*
~/ prepared periodically in

space with the same
phase

same superposition of ground

m and excited states with the
U V same phase
/ (total dipole

moment )OCN o

Coherent quantum dipole
\ ﬂ V\:NZ *Quantum dipoles: atoms in the

Introduction ro Research 2016 Kyungwon An (Seoul National University) 28 April 2016



How to realize the same phase

Pump laser (ri/2 pulse)
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How to realize the same phase

Pump laser (11/2 pulse)
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Thresholdless lasing with QDM
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Preliminary data of N* emission
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Preliminary data of N* emission
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lll. Diverging spontaneous emission

According to our theoretical study, atomic spontaneous emission
can diverge in a non-Hermitian optical system.

e Hermitian Hamiltonian, Ht = H

0 = (up|H — H|up) = (up|H" — H|uy)
= (Ep — En)(umluy) using (upm|H™ = Ep(uy|

=2 (U, luy,) = 0 (m # n), orthogonality, E,,=real.

* non-Hermitian, H* # H (e.g. Energy decays)

0= {pml|H — H|uy)
= (Em — En){(@mlun) using (@m|H = Ep{@m| adjoint

2 (@, |uy,) = 0 (m # n),|bi-orthogonality|] E,,=complex.
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Exceptional Point (EP)

In a non-Hermitian system (e.g. deformed microcavity), two

eigenmodes coalesce to a single eigenmode when the intermode
coupling equals their differential decay rate (2g =y, — )
- exceptional point (EP)

H = [(1) _gl)/1 g

e %];Ei = =iy, £V g? — 2, wherey, =y —121/2

eigenvalues

Deformed microcavity

S-B.Leeetal., PRL88, 033903

Experimental observation of an EP in a
(2002)

EP in an atom-cavity quantum composite
deformed microcavity Y. Choietal., PRL 104, 153601 (2010)
S-B.Leeetal.,, PRL103, 134101 (2009)
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Why Petermann factor diverge at EP

Petermann factor is defined Fus o ormalized
n’rn

(@nlon)uy luy) =»/ 1
[{@n lun)? [{@nlun)|?

Assume two interacting modes |u4) and |u,) coalesce into a single
mode |ugp) (at EP):

Knn

0 = (pqluz) = (pgplugp) = 0

1 1
N CP— - )
1 [{p4 |{l1>|2 {@Ep |ilEP>|2 )
K22 — 00 unity reels y

— —
|(<P2|U2>|2 |<§0EP|UEP)|2

/<<P1 |u1)
(‘P1 |u1)
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Simulation, near EP lasing

P ; = 1400 is the strongest. B, = —0.5 because of the large detuning.

* Thresholdless lasing

* Upperbound of K,,,, ~ 103 (breakdown of dipole approximation)
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Conventional approach

e Allthresholdless lasers are based on the Purcell factor:
spontaneous emission enhancement due to a small mode volume

and a high Q
e To achieve thresholdless lasing, the mode volume > A3

* Relatively low Q = high pump density = heat dissipation
problems, short life time, low temp operation
4factorof5

Output power (W)

0
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M. Khajavikhan et al., Nature 482, 204 (2012)
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Further information

e Visit our homepage, http://sal.snu.ac.kr.

* Send e-mail inquiryto kwan@phya.snu.ac.kr or call 8286.
 Drop by my office at 56-324.

NRE) ool teet . BKQ1 Prnsuned VL PP

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Introduction ro Research 2016 Kyungwon An (Seoul National University) 28 April 2016



SUPPLEMENTARY MATERIALS

Introduction ro Research 2016 Kyungwon An (Seoul National University) 28 April 2016



Highly sub-Poisson intense light

 Photon number stabilization occurs in the saturation region.
* Theoretical prediction, Mandel Q=-0.7

— variance (An?) = 0.3(n), only 30% of the shot-noise variance.

(2) W. Choi et al., PRL 96, 1.0004
g (7) 093603 (2006)

T
1.0000 -

0.9996 4

0.9996 —— ' T T —
'5 O 5 0.9992 4

time delay (us)
Latest Mandel Q=-0.6
0.9988 T T T T T
3 -2 -1 0 1 2 3
time delay (us)
2 2 Q > 0 super-Poisson
9(2)(t) =1 +£e—t/r Q= (n”) — (n) —1 Q = 0 Poisson
(n) (n) [ Q < 0 sub-Poisson|
e epEehie all Mandel Q photon statistics

correlation function
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Extension to practical forms

s SEM 1000x

* Develop FIB technique for fabricating
various microjet nozzles

e Simulate a stationary QDM by using
an optical lattice in a cavity

* Design a thresholdless quantum-field
microlaser with artificial atoms (e.g.,
excitons, polaritons, surface
plasmons, etc.)
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FIB technique for microjet nozzles

* FIB precision: 10nm Sectional view

. | , *4 SEM 1000x
* Simulatingvarious o
cavity shapes & array

of cavities

 Compactoptofluidic
packaging possible

a stadium a rounded triangle coupled disks
Lee et al., Phys. Rev. A78, 015805 (2008) Kurdoglyan et al., Opt. Lett. 29, 2758 (2004) Peng et al., Nat. Phys. 10, 394 (2014)
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EP in various physical systems

Various examples of EP
Microwave cavity
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eformed. microcavity @ @ ca @ )

Atom-cavity quantum [ VI SR -

composite (atom-photon) @D\ :-Ep A o
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010

Excition-polariton in
semiconductor
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8

C. Dembowskietal., PRL 86, 787 (2001)
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Y. Choietal., PRL 104, 153601 (2010) M. Brandstetter etal,, Nat. Commun. 5, 4034 (2014 T. Gao et al., Nature 526, 554 (2015)
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