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Enhanced photoemission by correlated atoms
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PHYSICAL REVIEW VOLUME 93, NUMBER 1 JANUARY 1, 1954

Coherence in Spontaneous Radiation Processes

R. H. Dicke
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey

(Received August 25, 1953)

By considering a radiating gas as a single quantum-mechanical system, energy levels corresponding to
certain correlations between individual molecules are described. Spontaneous emission of radiation in a
transition between two such levels leads to the emission of coherent radiation. The discussion is limited first
to a gas of dimension small compared with a wavelength. Spontaneous radiation rates and natural line
breadths are calculated. For a gas of large extent the effect of photon recoil momentum on coherence is
calculated. The effect of a radiation pulse in exciting “super-radiant” states is discussed. The angular corre-
lation between successive photons spontaneously emitted by a gas initially in thermal equilibrium is calcu-
lated.
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Observation of Dicke Superradiance in Optically Pumped HF Gas* o BMsy
BM, 3
N. Skribanowitz, I. P. Herman,T J. C. MacGillivray, and M. S. Feld BMy, 7FeBO,(111)
Department of Physics, Massachusells Institute of Technology, Cambridge, Massachuselts 02139 sian) Si(1222)
(Received 80 October 1972) _ _ _ _
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Superradiant emission from a collective excitation in a Single-photon superradiance from quantum dots: P.
semiconductor (plasmon): T. Laurent et al., PRL 115, Tighineanu et al., PRL 116, 163604 (2016)
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Trigger for presence of one photon in gas
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Size >> wavelength

M. O. Scully and A. A. Svidzinsky, Science 325, 1510 (2009)
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I Dicke vs. phase-controlled superradiance

Dicke Ladder

Ensemble of N two-level atoms (spin %) in terms of eigenstates o
|] = N/2,M) of total angular momentum (T: excited state, {: /=2 ?>
ground state)—2> Dicke ladder by Dicke states

j=§,M=%’—1>
* Emission rate of Dicke state |J, M) .
N N ) .
Fa(U{UZ>ZFa<E+M)(E—M+1) — ]=5,M:1>
— v +2) ~ N2 S
M=0 4 4 ' N I
bright state : _— |]=5,M=0> :

Ensemble of N two-level atoms in the same s

i N-atom Bloch Sphere 7 N N
uperposition state vl e ST ( 7%,5)
(N = 10)

|Watom) = Hi\/_lz (|ei) + €i¢|gi)) —>superradiant state

Largest contribution from the bright state, so
its emission rate

2
Nrapee + N(N — 1)Fa|peg|

, 1 _Taam
ey RN D ~ 2N

superradiant
state

Equally strong as the bright state!
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Phase control for every atom

* A nanohole array aperture localizes atomic position.
* Atom-cavity relative phases are aligned. A nanohole array aperture made of
SisNi; membrane of 30nm thickness
(Focused ion beam image)

r Z
ump propagation
X p propag

P
direction

pump laser

cavity phase
y 0 m 0 n 0 nm O
1 1

]
pump phase
o 83 o 1

a
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A=791.1nm

nanohole array 15,-3P, transition of 38Ba
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IMean photon number in the cavity

* The steady-state field from the master equation

|Ipfield) ~ |a),a = _ipeg(Nc>gT

Enhancement by the
superradiance

1 2
7pee<Nc>(gT) 2
(n) = (n)nc + (n)c = + (Nc)gt
Ne e = TG 17 ggn? T el (Nedg)
By non-collective emission By collective emission
of atoms o<(N,.) of atoms (N, )?

superradiance by time-separated atoms

]

atoms

OOOOOO‘O

T
(Nc)
participating in
collective emission

as if they are all in the cavity
at the same time for time 7,
repeatedly.
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ILasing threshold — noncollective case
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+ B = (g71)*=0.032 J. Kim et al., Science 359, 662 (2018)
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ICoherent single-atom superradiance

(N¢)Pee
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J. Kim et al., Science 359, 662 (2018)
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Photon statistics of thresholdless lasing

* |n conventional thresholdless lasing, output is incoherent below
threshold even when the threshold in output power disapperes.

* For coherent superradiance, threshold is absent and the light is
always coherent.

10°
3 i 3 Near thresholdless laser operation at room
5 L aF=072 1° % Thresholdless nanoscale coaxial lasers: M. .
8 10 oger | | = temperature: |. PRIETO et al., Optica 2, 2334 (2015)
& I Khajavikhan et al., Nature 482, 204 (2012)
o 2 a
; o 4 % Pump power (uW)
3 threshold | o2 & e
§ g 1002, -(a)
£ - T 3
i 0 B 0% S 2
1 100 10 E 10%._ § J g B
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2F | 5 1012 ] g L /
5 | incoherent |coherent © 101 gr Bp.LL
g k} T T T oy 2L p=0.40 ——
o £ 1070 109 109  10% 10 = /) pe060 ——
' ! Pump Power (Watt) $=0.85 ——
af=072 : A
Model 1 0.4 1 4
0 10 10° 10° Absorbed power (uW)
Pump (UW)

oluF FLE] Q)= 2jo] 4]

S. Kreinberg et al., Light: Science B = A AP ErE
& Applications 6, e17030 (2017)
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Enhanced photon “absorption” by correlated atoms
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IAbsorption by correlated atoms —
superabsorption?

e (Ordinary absorption) &« (Number of atoms in the beam path)

e Superabsorption, &< (Number of atoms)?, would be desirable for light-
energy harvesting (solar cell, photosynthesis, etc)

* |n nature, superaborption does not exist.

— —No L
I, = [je " 7abs

ordinary absorption
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Absorption by correlated atoms —
superabsorption?

a Dicke ladder and energy shifts b
" Rate State Shift Spectrum )
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“Superabsorption of light via quantum engineering,” K.
D. B. Higgins et al., Nat. comm. 5, 4705 (2014) [Theory];
“Light-harvesting with guide-slide superabsorbing
condensed-matter nanostructures,” W. M. Brown and E.
M. Gauger, arXiv:1803.08036v2 (2019) [Theory].
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ISuperabsorption — our scheme

e Superabsorption - time reversal process of superradiance

Superradiance

® Atoms

H less energy

\
M

h -Qemiss X Nz

output field
« el(@t+)

- -
t

ime reversal

Superabsorption

more energy input field
H e ei(—wt+(l):

No input = Large

Output

Kyungwon An

No Output € Large input
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ISuperabsorption — our scheme

e Superabsorption - time reversal process of superradiance

Jaynes-Tavis Hamiltonian
N
A = hg Z(fﬁ&i +674)
i

Time-evolution operator

_ _iHt
U(lt)=e n
mt-rotation in photonic phase space
R = p-imd™a
Then
R*aR = —a,R*a*R = —a*

Consider a superradiance process
U\(t)ltp>a|0)p = |qjl>a|a>p
Then
UO)|9Y)gl=a)y, = UBRTRIV)g|—a), = URRY W) g a),
= R*U(=0)|¥)ala), = R*|¥)a|0), = [¥),]0),
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Phase locking setup

 The phase of the input laser is locked to that of the pump laser
(preparing superposition state) with a phase offset, which is adjusted to
induce superabsorption.

a interference signal b

pump laser - onr
4 O : 5
fast phase feedback Z o

pulse generation

| P -

, ND filter gavity
input laser £

o /\
n : :
o £ o L
AOM: Acousto-Optic Modulator —— hanohole array a |
BS: 50:50 Beam Splitter aperture -1k . i . i
PD: Photodiode ial 0.0 12.8 25.6 38.4 51.2
APD: Avalanche Photodiode atomic beam time (us)

Phase lock measurement
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IExperimentaI results

OA: ordinary absorption D. Yang et al., arXiv: 1906.06477
SA: superabsorption

pump

200 400 600 0 300 600 900
Time (ns) Time (ns)

N=6.8 for both. For OA, N=35 atoms are needed to
get the same degree of absorption as SA
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IN2 dependence of superabsorption

12_""|""|'"'I""I""I L L
10 F E SIope=1.86iO.O3nU
[ o o
- 10°F il
sf .
g 6f ]
ok -:
2 b -
0 2 4 6 8 10 12 14 16

(N) D. Yang et al., arXiv: 1906.06477

*  Maximum number of photons completely absorbed during a time interval T is
proportional to the square of the number of atoms in the cavity.

—> definitive evidence of superabsorption.
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I Free-space superabsorption

one-atom Bloch sphere N-atom Bloch sphere

Ordinary ground-state absorption Superabsorption

An N-atom superradiant state as a macro dipole emits a stronger output, which
destructively interferes with the input field, resulting in superabsorption.

The cavity is not needed in this picture = free-space superabsorption should be
possible.
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Direct optical frequency synthesis by repeated phase injection,
axion dark matter detection, etc.

EEAML S8: HEH Y
Fota2| gd, AXION HE7| S
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7|27 501 M RIHA CIR|Z Zt4 $4 (direct digital frequency
synthesis) O 2 5t 242 D{0| 22T} YOPER| BHS0f & 4 IS,
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A|Zbof] 1E3HS 217 224510] Yot R0 THES UEL 7|22

DOFS (direct optical frequency synthesis) 2t £ ==

FREQUENCY SYNTHESIZER
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Master | Fixed Phase Lowpass  Controlled
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m Programmable : Y Rer
fREF ounter "
ﬁ‘ 1
=N |

|
___________________ |
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=n

H - L

ol ; =1

C = _m__ W Frequency
= Selection

©o SRR O Logic

direct digital frequency synthesis
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nanohole array 15,-3P, transition of 138Ba

J. Kim et al., Science 359, 662 (2018)
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