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Light-matter interactions

Working definition: electronic
transitions (bound and free electrons)
leading to absorption, emission, or
scattering of the photon.
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Limitations of light-matter interactions

The interactions are very weak, are largely described at leading order.
« Coupling strength: (X

« Ratio of atomic size to optical wavelength: ka = 271'&/)\
 Scale of applied field to internal field: Eext/EO

All of these together, strongly limit the diversity of allowed interactions.
* Neglect “multipole™ decays [dipole approx.]
* Neglect “multiphoton” decays [first-order QED approx.]
* Neglect nonlinear phenomena [first-order external field approx.]



Collective excitations in solids
challenge these limitations

Plasmons in graphene
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Collective excitations: like photons but with
very different linear properties

» Wavelength —
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Photonic quasiparticles (PQPs) as
quantized solutions to Maxwell equations

Microscopic origin of electromagnetic response

et 1S HI B ocoecoo

Free charges Bound electrons Vibrations Magnetic moments
(such as in metals, (such as excitons, (such as optical/acoustic, (such as magnons, nuclear spins,
Cooper pairs) atomic transitions) molecular vibrations) electron spins, orbital moments)

Rivera & Kaminer. Nature Reviews Physics (2020).



Photonic quasiparticles (PQPs) as
quantized solutions to Maxwell equations

Microscopic origin of electromagnetic response
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Vibrations Magnetic moments

(such as optical/acoustic, (such as magnons, nuclear spins,
molecular vibrations) electron spins, orbital moments)

l Linear response theory

Examples of photonic quasiparticles
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Rivera & Kaminer. Nature Reviews Physics (2020).

Quantized PQP field:

E(r)=1i) 4 %(Fn(mn —h.c.)



Light-matter interactions with
photonic quasiparticles

Examples of photonic quasiparticles
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What happens when an excited
VW VWS> \WAVAVAVAVA = electron interacts electro-
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quasiparticles?

Rivera & Kaminer. Nature Reviews Physics (2020).



Elementary processes of light-matter interaction
between electrons and photonic quasiparticles

Rivera*, Kaminer*, et al. Science (2016), Rivera et al. Proc. Nat. Acad. Sci. (2017),
Rivera et al. Nature Physics (2019), Rivera & Kaminer. Nature Reviews Physics (2020).



Describing light-matter interactions with
photonic quasiparticles

Fundamental QED diagram
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Describing light-matter interactions with
photonic quasiparticles

Second-order processes described by MQED
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Rivera & Kaminer. Nature Reviews Physics (2020).



Higher-order processes can also be made
dominant, like two-photon decay

n-polariton emission rate:

['(nE1) ~ a™n’™(ka)*"wq

Rivera et al. PNAS (2017).



Higher-order processes can also be made
dominant, like two-photon decay
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polar dielectric &;(w)
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n-polariton emission rate:

['(nE1l) ~ a"n""(ka)*"wy

Rivera et al. PNAS (2017).
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Predictions: Rivera et al. Nano Lett. (2019).

Observations: Dai, Fang, Rivera, et al. Adv. Mat. (2019).
Li et al. Nature Materials (2021).

[collabs. with P. Narang (Harvard), D. Basov (Columbia)]



New physics In free-electron light-matter
interactions with photonic quasiparticles
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Rivera & Kaminer, Nat. Rev. Phys. (2020)

[for even more, see free-electron
quantum optics collaboration with
Prof. I[do Kaminer (Technion)]



New physics In free-electron light-matter
interactions with photonic quasiparticles
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Rivera & Kaminer, Nat. Rev. Phys. (2020)

[for even more, see free-electron
quantum optics collaboration with
Prof. I[do Kaminer (Technion)]

Cherenkov radiation, with and without PQPs

1
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Cherenkov effect Andersen et al., Science (2019)

Synchrotron Wong et al., Nature Photonics (2016)



Two-photon emission by a free electron
into an X-ray and a polariton

Photon—polariton
pair emission
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Optical medium

Bn(wpor) cos Opor — 1
1 — S cost,n

Wph — Wpol

Enables simultaneous emission of an
(entangled) polariton/X-ray photon pair

Rivera et al., Nature Physics (2019).



Two-photon emission by a free electron
into an X-ray and a polariton

Photon—polariton
pair emission

Optical medium

Bn(wpor) cos Opor — 1
1 — S cost,n

Wph — Wpol

Enables simultaneous emission of an
(entangled) polariton/X-ray photon pair

Rivera et al., Nature Physics (2019).
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The two-photon emission is strong,
due to strong nanoscale vacuum forces

4.2 2
e 4 —
P = il ( b )<O]E2|()> [Larmor’s formula]
24megm?c’
Incident e~ Virtual photons  Emitted X-rays \W

Quantum vacuum fluctuations

This TPE can be equivalently calculated as radiation by an accelerated charge,
which comes from a vacuum (Casimir-like) fluctuating force from zero-point
fluctuations of the photonic quasiparticle (here, plasmons).

Rivera et al., Nature Physics (2019).



New particle detectors (scintillators) based on
photonic quasiparticle interactions

Roques-Carmes*, Rivera* et al. A general framework for scintillation in nanophotonics. arXiv: 2110:11492.

Charles Roques-Carmes



Scintillators: an application of light-matter
interactions with photonic quasiparticles

Core phenomenon Application domains

Medlcal |mag|ng Non-destructive testing

lonizing
radiation
(e, X, 7)

A tantalizing prospect: enhancing scintillation brightness with
nanophotonic control over the density of states — but it's complicated!



The process of scintillation, from end-to-end
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Roques-Carmes*, Rivera* et al. arXiv: 2110:11492
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Nanophotonic-enhanced scintillation
induced by electron bombardment

(a) 0) Vacuum chamber (c) SEM (Photonic crystal) (d)
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Nanophotonic-enhanced scintillation
induced by electron bombardment
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Nanophotonic-enhanced scintillation
induced by X-ray bombardment

(a) scintillator (YAG:Ce)
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Optical nonlinearities and preparation of
macroscopic optical Fock states

Rivera et al. Macroscopic condensation of photon noise in sharply nonlinear dissipative systems. In preparation.



Photonic quasiparticles can also have
(much) stronger optical nonlinearities

Laser FP

Such systems realize a Kerr Hamiltonian

HKerr/h — WLP (pr + 5pT2p2)

where 3 ~ 107°. Compare to expected
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Using strong nonlinearities to generate
macroscopic Fock states of radiation

V(q) How Fock states are generated
5 Photons @ b

10
N €old g [Ptla
% j% “
‘

Heeres et al. Nat. Comm. (2017).

trigger beam

q pulsed laser

Fock states are the most fundamental states of
light, and yet extremely difficult to produce

 Few mechanisms naturally selecting Fock
* Fragile in presence of loss

Lvovsky, PRL (2001),
Bimbard Nat. Phot. (2010).



Two steps to producing macroscopic Fock
states of radiation

(1) Construct a special nonlinear (intensity-dependent) dissipation

* Time-dependent solution of master equation: quantum light states will
evolve into a Fock state transiently (or close, sub-Poissonian
approximation)

(2) Incorporate a gain medium into (1) [now it's a laser]

« Steady-state solution of master equation: Fock state or close
approximation



Dissipative preparation of large Fock states

Starting point: decay of light in a cavity with an embedded nonlinear medium.
The effect of the NL medium will be to induce an intensity-dependent dissipation.

ﬁ
Effect of decay on the photon probabilities?
p(n) = —L(n)p(n) + L(n+ 1)p(n + 1)

Flow of probability / \

- € €t
Rate of transition in which n Rate of transition in which

photons becomes n-1 n+1 photons becomes n

[master equation for probabilities]
» E(n)

Rivera et al. Macroscopic condensation of photon noise in sharply nonlinear dissipative systems. In preparation.



A nonlinear interaction that naturally
produces Fock states of light

-

=~ Dynamics of first two cumulants:

= [sharply falling:

= |noise expandé T n = —L(n)

t'qz) sharply rising loss: (An)2 = L(n) — 2(dL/dn)(An)?

8 n0|se condenses
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0)) p n,
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Rivera et al. Macroscopic condensation of photon noise in sharply nonlinear dissipative systems. In preparation.



How to create such a nonlinear loss?

~~~ / — 2]
i 0]
“‘|;3’ o % 3 !harp
f rising
Frequency, w Photon number Photon number
[Sharper transmission
Z_Z — 3_52_‘; ~ B3/y  &stronger NL, yield

stronger effect]
A physical picture of what's happening:

* As light leaks out, intensity changes

« As intensity changes, index & mode freq. changes [Kerr effect]

« Variation of mode frequency relative to mirror freq. changes loss



An explicit construction of nonlinear loss

U A
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Image source: Cernotik et al. PRL (2019).
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Rivera et al. In preparation.



An explicit construction of nonlinear loss

Master equation for an anharmonic oscillator

Uw d ’—\)\‘ W
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Rivera et al. In preparation.



Nearly complete condensation of optical
photon noise using this nonlinearity
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Rivera et al. In preparation. n



Nearly complete condensation of optical

photon noise using this nonlinearity
(a) = (c)

2
Fano mirror 01 - ==(AN)?

. c
20020 9
~ Ay = 10
output E 27
— -1 \ -
i 10
/ o 04 . 0.0 05 10
QW 0 , 10
(d) , 8
(b) 10
0.05
< <
=5 210" {—
—=0.00 =
¥
|
J I I I I I 100 ! '
0O 2000 4000 6000 8000 10000 0 1

Rivera et al. In preparation. n t (ps)



This nonlinear interaction enables a
new kind of laser emitting Fock states

(a) Emission
Nonli
mmmmd Gain medium oninear —)
Pump cavity
Absorption Leakage
Decay
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Rivera et al. In preparation.



Characteristics of an optical Fock laser

Schematic Input-output curves
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Condensation of optical noise In the
deeply macroscopic regime?
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Macroscopic QED as a technique to study light-
matter coupling in dissipative systems

Rivera*, Kaminer*, et al. Science (2016), Rivera et al. Proc. Nat. Acad. Sci. (2017),
Rivera et al. Nature Physics (2019), Rivera & Kaminer. Nature Reviews Physics (2020).



Confining light on wavelength scales to
control light-matter interaction

« Many of the applications above: light is a plane wave, with energy delocalized
over a volume >» A3.

* The interactions are very weak, and are largely lowest-order (e.g., in
coupling strength, atomic size, field strength)

« A promising “way out” is nanophotonics
« Controlling & confining light with polarizable media with spatial variations on the scale of
A (nanophotonics), we can enhance the interactions.

« Intuitively: changing basic properties of the photon (soln. to Maxwell)



Confining light on wavelength scales to
control light-matter interaction

« Many of the applications above: “ " ol
light is a plane wave, with energy
delocalized over a volume > A3.

» By controlling light with polarizable ‘
media with spatial variations on the
scale of A (nanophotonics), we can N
enhance the interactions.

_ Akselrod et al. Nature Photonics (2014).
* Very representative: Purcell effect

- Still, the interactions are very
weak, and are largely lowest- Iy= 32 Q S
order (e.g., in coupling strength, an” (V/Aq)
atomic size, field strength)




Relation to textbook EM field quantization

Table 1 | Levels of quantization of the electromagnetic field

Type of medium Vector potential Conditions on vector potential
Vacuum z lk r- Wkte a te ~ik- r+1wkt S i k- &= O;wk=ck
kSk Zeoka k k€ k k£k

Homogeneous, lossless, 5 ( er-iogt, o grikertiogt s ot ) k-e =0;w,=ck/n
non-dispersive, isotropic keek A 26 g n2V k™k,eg kK.
Inhomogeneous, lossless h —iw,t R w?

: L . ——(F.(r)e ”a+Fre"a) =e(r)—= 5
non-dispersive, anisotropic 2 Ve ( n(F) nt Falr) n V xVxF,(r) = &(r) = F,(r);

fd3r Fr-&r)-F =

Iqhomqgenequs, loss.less, weakly 5 /2 7 (Fn(r)e a +F (r)ew ot T) V x V xF.(r) = &lr, ) Fn(r);
£0Wn

dispersive, anisotropic

w £(r. w)) _
) - SR, Fn) =1
Inhomogeneous, lossy, dispersive, )@ w? / ,
isotropig, localu Y, dispersiv /nsoj dwjd3 —/Ime(r’, w) (V><Vx—s(r,w)c—z)G(r,r,w):8(r—r)l
(G(r,r,w)f(r,w)e L G, 0)f T (r, w) €Y
Inhomogeneous, lossy, dispersive, p @ 7 N L / /
anisotrogpic, non—loca>l/ P /"50 f dwfd3 < JIm g(r,r’, w) (V ><V><—fd3r s(r,r,w)c—z)G(r,r,a)):8(r—r)l

(G(r,r,a))f(r,w)ei +G*(r, v, )T (r, w)e™)

Rivera & Kaminer. Nat. Rev. Phys. (2020).



Additional details on the general framework for
nanophotonic scintillation & experiments

Roques-Carmes*, Rivera* et al. A general framework for scintillation in nanophotonics. arXiv: 2110:11492.



A general framework for describing
nanophotonic scintillators

* Time-scale separation leads to an approximate non-equilibrium distribution

« Spectral & angular density of emitted light in scintillation
0 [specified by
dP(i) 2 Eﬂf ( r/’ r,w E(i) / — Maxwell solutions]
= = /dr/ G ( ) () Sik(r', w)
dwd()  8mege Ei(;)c(r/vrvw)‘ Ei(fl)c(r/’rjw) \

_ + [specified by microscopics: energies,
k1,2, W) ~ (J; (r1,w ro,w
Sjk< 1, %2 ) <JJ ( 1; )Jk< 2 )> matrix elements, occupations]

« Some similarity to description of thermal radiation (but non-equilibrium electrons
require more

Roques-Carmes*, Rivera* et al. arXiv: 2110:11492



Out-of-equilibrium physics of defects
controlled by nanophotonics

(a) green peak
1e-7 ~ 500
3.0 ——15 keV
(o)) / 20 keV
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()] |
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Roques-Carmes*, Rivera* et al. arXiv: 2110:11492

0 200 400 600 800
Deposited beam power (mW)

« Beyond predicting “nanophotonic” features
the framework also, accounts for features

L

requiring microscopics+nanophotonics

* Nonlinear dependence of emission on
pump + “cross-over’ from green to red
« 3-level dynamics of self-trapped holes

( dp1
dt
dps
dt
dt

—I'13 p1(1 —p3) +I'31 p3(1 — p1)
—D'23 p2(1 — p3) + I'32 p3(1 — p2)
I'y3 p1(1 —p3) — 31 p3(1 — p1)

+I'23 p2(1 — p3) — I'z2 p3(1 — p2)



The end-to-end numerical pipeline for
nanophotonic scintillation, summarized

INPUTS METHODS OUTPUTS
( 1 [ Monte cario HEP E Loss ) ' . o '
onte Carlo ner 0ss .
Geometry 4+ e ad I | E(I)(r, w,Q) ‘2 !
: : / : 2
T:ree—dlmensmnal ;}‘.,"; Energy loss map v Einc(')(w,_())‘ :
shape o
. e (Diffusion) : Field enhancement .
g \
\ MK /[ ; 1 )
- 7 7 \ hk;,lr
HEP .' i Full-wave nanophotonics \ tsﬁ;
i c - . .
‘11*1“-' Type of particle Absorption (spa- \L]. Scintillation signal
4\1{; Angle of incidence ~ : tial-spectral-angu- é dpG)
lF- . . ‘: t: ’: _ 1 H '
_. Kinetic energy 7 lri; F[:;ola|r|zat|cm) ) ,,- AT
L l i o ) ’;:‘;\'.{\I"ﬂl 0
4 ™ 4 ™ w |
Materials | Density Functional Theory )
Bulk permittivity € _ Scintillation energy | f I I
Effective atomic — ’ \l/;\/ levels - K S(r’ (U) I
= = . 1
number Z . h/ Oscillator strengths 1 Non-equilibrium occupation :
. " Defect doping J L ) v functon ’

Roques-Carmes*, Rivera* et al. arXiv: 2110:11492.



Electron-beam scintillation setup

(a) Picoammeter

SEM chamber -
P

SEM control
(beam
and stage)

5 Objective
positioning

Roques-Carmes*, Rivera* et al. arXiv: 2110:11492.



Theory of nonlinear lasers and transient Fock
state generation

Rivera et al. Macroscopic condensation of photon noise in sharply nonlinear dissipative systems. In preparation.



A “microscopic model” of nonlinear loss

Inspiration: Cernotik et al. PRL (2019).
« Could we find the posited dynamics resulting

from the exact description of a system?
* Need a quantum optical model (Lindblad
theory) of a frequency-dependent reflector.

« Compared to Cernotik et al.: we consider the
case of an anharmonic oscillator undergoing
dissipation, as would be from inserting a
nonlinear medium.

_ t P kgl f i
H/h= H, + wad'd + (Aad' + X*a'd) *Zk:”’*bkbk » Model of Fano resonance (asymmetric

abt 4 arath ordbl 4 vrdth) scattering lineshape; great recent interest
#3 (owand aalon) + 30 (vnatl i) hen et al. Nat, Rev. Mat. (2016)])

Rivera et al. In preparation.



Lindbladian for an anharmonic oscillator
coupled to a frequency-dependent loss

- When two systems (a,d) are coupled to the 7= —(a'ap+ pala —2apal)

same reservoir, the jump/transition operator Z nesG-
i ; : I 5 Wd — Wn,n— 1) +v
In the Lindbladian describing loss couples n=0

+ i C ) an n
pad = —i[Haa /R, pad) + (X X pad+ paaXTX —2X paaX'). & O—e(wd—wn n— 1>+f
> 7/ TN ’n, + 1 C+
X = \/Ea- = ﬁd ! m%:[) —1 wd — Wn41, n) + 7 Tm-—l._m.an—l—l,-n.
 In the adiabatic limit, where d (mirror mode) + Z \/w n: 1)( 0+) SF N .
. . d — Wmm—1
decays much faster than the round-trip time, ~ ""=° ’
we adiabatically eliminate d from Liouvillian l
* This enables us to find an EOM for a L
» Also verified numerically (“exactly”) Prn = —n (H — 2Re L(wd SR o /QD prnt

G.G_
n—+1 Kk — 2Re | - n+1,n+1;
( ) ( lt(u}d - f*L}nJrl,-n.) + 7/2]) Prot et

Rivera et al. In preparation.



Description of the nonlinear loss in terms
of a number-dependent Langevin forces

 We can associate a Langevin equation with the density matrix equation

Tn.,-n, — _L-n.Tn,-n. + L-n.—|—1Tn+1;n.—|—1 + ann
 Which, from the Einstein relation: 2(D,.) = —(AuAy) = (A4uDy) = (DuAy) Implies

2(Dn.n) = (L(n)) = (nr(n))

« This is then converted to a Langevin equation for the photon number

(Fn (t» =0

(Fn(t)Fn(t') = (L(n))s(t —t')

« Advantage of Langevin: easy to get moments, noise spectrum (corresponds
to a common experimental observable), especially with important classes of
gain (solid-state & semiconductor lasers)

n=—krn)n+ F, with

Rivera et al. In preparation.



Relation to “textbook” quantum laser
theory, e.g., of Lamb & Scully

o “Textbook result’
* “De-phased” coherent
states (well-beyond
vl threshold)

 Here, saturation comes from

e,
LT

photon NL rather than gain
Glauber, Nobel Lecture (2005) . Here, we develop a new

| quantum theory of these
“nonlinear lasers”
Strong oscillating polarization current j=% o Covers many mOre CaSGS
than presented here




Relation to “textbook” quantum laser
theory, e.g., of Lamb & Scully

« Dynamics of the resonator photon probability distribution

p,can be shown to follow a rate equation
Conventional

n

pn — ann—l — (Ln + Gn—i—l)pn + Ln—l—lpn—l—l- a

@)
« Textbook case of the quantum optics of a laser: o D
_ An _ k= A '

Remit(n _ 1 _)n)_ 1+n/ns_Gna 8

Photon number, n
* Res(nN—=n—=1)=kn=Ln

An= (1= Gy /L)

« Key to the “coherent” state: "negative feedback” from
atomic saturation (as intensity increases, gain decreases)



Infinite-order nonlinearities and Fock-state lasing
in the deep-strong coupling regime of QED

Rivera et al. Infinite-order nonlinearities and Fock-state lasing in the deep-strong coupling regime of QED.



These effects may also be realized using
exotic new excitations in cavity QED

_ O et ipo i . il
TLS coupled to a cavity ol d i bbbl
[ 3 Do o' -
hwo h A 102 _ ¢  Electron cyclotron <r;sonance
HR: —Uz+—033 _|_ e @ ° °
2 2 L Yo o
hwa'a + hjo,(a + a') 0
_ 10 s 9 m e orD|' t al.
Deep-strong coupling (DSC) o o Nat. Phys. (2017).
regime (COUpIing >> bare 1081590 - 19|9 20|00 20|O 20|0 20|1 2020
energies)

Forn-Diaz, et al. Rev. Mod. Phys. (2019). =
Devoret, et al. Ann. Phys. (2007).

Yoshihara, ef al.
Nat. Phys. (2017).



An extremely high-order nonlinearity
arising from a TLS coupling to a cavity

Spectrum and harmonicity of strongly coupled light-matter systems

15 - 105 _Perturbative Ultrastrong
5 1.0 4
R u% 1.00
210 - 0.95- g=0| 084 g=04
2 g 0 100 0 100
2 | 2 Deep strong
wS § 1.1 - 1.05 4
S 10- 1.00 -
0 4 T 09 _
: , , . , | 0954 9=10I
0.0 2.5 5.0 7.5 0 100 0 100
Coupling strength, g (hw units) Photon number
* The eigenstates are an effective photon (DSC photon) with a pseudo-spin
L e-2lgl? 2 L (pt
FEno =hw|{n+ 50€ L, (4]|g]*) n,o) = 7 (D' + z,n) + oD| — z,n))



These form the basis for a Fock maser, for
example, with sharp NL gain

(a) Example realization of Fock lasing based on sharp gain (c) Laser output and quantum statistics
f . Coupling - “Normal laser”
Gain TLS |Oscillator =" 15 - . c - 1 ormal laser
10 3 < ot noise 1
Pump b/ W | A » I 0.005 -
TR *? B | v £ -
L= — —— 1310 3 g I
Nonlinear oscillator = € 10° 4 8 I 0.000 -
. > =1 ] 3 1 " T T
formed by coupling =) c = 10 - I 0 2000
[1}] | = E 1
Potential realization & S 2 -g [
Microwave r - ‘I 2 5 I 021
Q 10 A c 1
signal | Eﬁ c € | 2
i¢) T T T T g E 'cau
00 25 5.0 75 0 o Sub-Poissonianl | S
Slngle qult Flux qubit & LC Coupling strength, g (hw units) 10 T 109 : Ll & 0.0
‘gain” resonator 1 2 1 2 0 100
(b) Nonlinear gain in the deep-strong coupling laser Pump rate (/ threshold) Pump rate (/ threshold)
“Fock laser”
2 ] g=103 —1 5 1 10 1 18 2 oo pump = (0.75, 0.9, 1.0, ,2.0)r, g=10
Sz 1 5 Thermal Near- 0.1 7
S g (T>0)
c —1.00 o Fock
'© N o 4 i h{ o hold (nearly uniform state) i
(D T 0 0 —l#' 0 T 0.0 I T T T 0.0 T T
0 1000 0 100 O 100 0 250 0 20 40 60 80 100 0 250

Photon number Photon number Photon number



Stimulated emission of DSC photons

« Consider an ancillary TLS coupled to the field of the DSC photon through
the JC interaction: €0 em(a + a')

 The stimulated emission rate is found to be:
REG)—H) / N 27“a€2 (n -+ 1)
T T L4 (n 4+ 1) + A2

* Notice the similarity to textbook laser physics:

0.000002 A

50,0’

R(n+ 1, n)

0.000001 -

0.000000 ~

Xl - w-v)]
X= "0 + I/L) + (wv)2 ﬂ




Gain dynamics of a laser based on
emission into DSC photons

* For the photon probabilities p(n) of having n photons:
pn — ann—l — (Ln + Gn—l—l)pn + Ln—l—lpn—|—1

* Which, for our problem, reads

~ 2rné 2r(n + 1)e
TR AR P 1)

pnn + /iﬂ) Pnn + /{(n + ]-)pn—|—1,n—|—1

. . 1 )
« where the nonlinearity F(n) = 4ne’ + Zuﬂe—‘lg (Ln(4¢%) — Ln_1(46°))?

n

* The steady-state solution is: r. = % 11 F22:-€F/(Rm)

m=1




Emission
i
P- Gain medium m N(();r;\llri]qe/ar )
ump
(rate r) Decay Absorption Leakage (k)
(r)

* AKkey realization from previous
slide: “gain” can be provided by a
single emitter,

* arepeatedly pumped qubit

« or multiple emitters, such as
microwave-active molecules

T (L te
|

THE




Condensation of optical noise In the
macroscopic regime

Rivera et al. Macroscopic condensation of photon noise in sharply nonlinear dissipative systems. In preparation.



Noise properties of lasers with
nonlinear dissipation

(a) Emission

. * Presence of saturable gain adds
s Gain medium m Nonlinear L terms to master eqn. (Lamb, Scully)

Pump cavity
Absorption Leakage Pn = Gppn—1 — (Ln + Gny1)Pn + Lng1Dnt1-
Decay
(b) “Conventional” Sharp loss Fock « Admits steady-state solution:
— 1 —~ n
3 Net gain Net loss 3 \ B i H G,
‘E’ ‘g’ Sharp Pn = 7 L.,
3 @ rising m=1
- - . .
= = loss  Noise given by
& ) —1/2
An = (1= Gmys1/Liny 1)
Photon number Photon number

Rivera et al. In preparation.



Condensation of optical noise in the
macroscopic regime?

0108
/YAG ,‘

HR@laser HR@pump F 0'0 \[

HT um HT @ laser '
A ey oo’ @ pume @ -2 0 2
| p p NY

source: Newport

How would sharp loss affect existing devices, e.g., a “garden-variety” laser?



Condensation of optical noise in the
macroscopic regime?

* Master eq. for probabilities corresponds to a Langevin equation for the
photon number n» = —x(n)n + F,,. with F, an operator-valued, Langevin
force with statistical properties dictated by the Einstein relation (FDT)

(Fn(t)) =0
(Fn(t)Fn(t') = (L(n))s(t — 1)
« Combining this with a description of the inversion a la Lax, we have:
n = (RspS — k(n))n + F,
S =A— (y + Rspn)S + Fs

(o) = CO ™ i) (52) + (2)

Rivera et al. In preparation.



Condensation of optical noise in the
macroscopic regime?

(@)

HR @ Iaser
HT @ pump

(c)
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Rivera et al. In preparation.
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0 2

related to overall noise via

o

(An)? = [ o 5,()

0

Note: incomplete condensation because
the NL here is weak, but we still get a
fairly strong effect due to inclusion of a
very sharp freq.-dependent element.



Confining light on wavelength scales to
control light-matter interaction

« Many of the applications above: “ " ol
light is a plane wave, with energy
delocalized over a volume > A3.

» By controlling light with polarizable ‘
media with spatial variations on the
scale of A (nanophotonics), we can N
enhance the interactions.

_ Akselrod et al. Nature Photonics (2014).
* Very representative: Purcell effect

- Still, the interactions are very
weak, and are largely lowest- Iy= 32 Q S
order (e.g., in coupling strength, an” (V/Aq)
atomic size, field strength)




Collective excitations as generalized
photons, or photonic quasiparticles
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Ni et al. Nature (2018).
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Iranzo et al. Science (2018).

Can be used in
many of the same
ways as photons,
but very different
linear properties:
« Wavelength —
>100x smaller

» Polarization —
often circular

« DOS - very high

* Mode volume —
very small



Outline

1. Intro to light-matter interactions and photonic quasiparticles

2. Systematic study of elementary processes of light-matter
iInteractions with photonic quasiparticles

3. An application of enhancing light-matter interactions — novel high-
energy particle detectors based on scintillators

4. Photonic quasiparticle nonlinearities, new nonlinear dissipative
phenomena, and large optical Fock state generation



NEn)/I(E1)

Putting it all together

Light-matter interactions with photonic quasiparticles

Examples of photonic quasiparticles - Fundamental QED diagram
e e
k ’ e K CICICICICICICICICN Photon
Vtv"'k k || (] ©ecccecco0o;
(w) - Flectron Flectron
Homogeneous Bloch Cavity Surface Bulk plasmons )
medium photon photon photon polaritons and bulk phonons Time
Interactions arising from linear properties & nonlinear properties
10!
10° Photon—polariton o arbirary
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s 300 400 _ 500 f .
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Some potential applications of these interactions
Detectors Spectroscopy Partlcle detectlon Quantum light
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