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: EM wave

Light = (E,B) field following Maxwell equations. Reminder from PHY104 etc.
V.E = % V.B=0

VXxE=-0B VxB=u(+ €d,E)

i

J. C. Maxwell

State of the field = (complex) amplitude in each mode i.e.

Wavevector modulus (frequency)
Wavevector direction

Polarization

. Light moc



Classical light : EM wave

Light = (E,B) field following Maxwell equations. Reminder from PHY104 etc.
Plane waves E(I‘, t) — R (Sei(k.r—wt))
Dispersion relation W = kC/TL
1 ] .J. C. Maxwell
Energy w(r,t) = §€0E2 (r,t) + 5 B2(I‘,t)
Ho [J.m3]
E(t)xB(t 2
Intensity ] = < (t)xB( )> = 57— 1 |g‘ [W.m2]
210 HocC

Il. Light models



Classical light : EM wave - applications

Light = (E,B) field following Maxwell equations.

Electromagnetic spectrum
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Visible Light

Ultraviolet Infrared
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t : photons
Light = « wavefunction » for a given Hamiltonian Reminder from PHY205
thOyight = HRWight

Remember « Chef Schrodinger's recipe » ?

U= [ dr (SeoB?(r,1) + 55-B(r,1))

6 7
7 3, (1, fa? 1 F L%
HR = fd T (EEOE (I', t) + 2—B ( )) e

Won’t be addressed in this course

State of the field = linear combination of H eingenstates.

Il. Light models



photons - applications

Statistical behavior of light

detector
N
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t : « photons »

Light = massless particles with a specific energy-momentum relation

Momentum
|
| p = 'k « Classical » marble-like particle
Energy but with some properties
from the quantum world.

4 E =fw = [p|c

State of the field = number of « photons » in each mode.

Energy

o —> No notion of phase here !
Direction

(Polarization)

Il. Light models



Intermediate light : « photons »

W. E. Lamb, Anti-photon, Appl. Phys. B 60, 77-84 (1995).

It should be apparent from the title of this article that the author
does not like the use of the word "photon”, which dates from 1926.
In his view, there is no such thing as a photon. Only a comedy of
errors and historical accidents led to its popularity among physicists
and optical scientists.

| suggested that a license be required for use of the word photon,
and offered to give such license to properly qualified people.

My records show that nobody working [here] in Rochester, and very

few other people else where, ever took out a license to use the
word "photon”.

. Light models
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Models !
A scientific theory should be as simple as possible, and as complex as needed.
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ms : Lorentz model

Atom = elastically bound electron Reminder from PHY101, 201 etc.

State of the atom
Damping _

position and velocity of the electron

recall _ ,
Nucleus is usually assumed still (because m, >m,)

Coulomb force between atom and electron - elliptic orbit

For small perturbations = sprint-like restoring force

+ damping (purely phenomenological for now)

2
mej?r = —MWIT — mI’%r

[1l. Atomic models

H. Lorentz

12



: Lorentz model - applications
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Atom = elastically bound electron

Reminder from PHY202
infrared visible ultraviolet
2 — | . _
| _ : normal : electronic
vibrations  dispersion resonancgs
1.5F | 1 -
n I 1
r : |
c” I !
Optical index g 1F : :
- | 1
= I |
transparentlregion I
05F I | -
I I UV absorptign
: I 1 band
; A - '
: N~ . . P _ - .
10' 10° 107"

wavelength (microns)

I1l. Atomic models



-ms : Schrodinger model

Atom = wavefunction for a given Hamiltonian Reminder from PHY205

ihdp)e = Hipe

2m T 2m T

I1l. Atomic models | | 14



. potential well

25E, Key idea : Confinement - discrete energy levels Reminder from PHY205

Reminder from PHY205 : flat potentiel well

2
Eigenstates Energy spectrum En — n2 R L 1.2
16E, "

Applications for this model :

Quantum dots Molecules

il

A
Y

L

l1l. Atomic models




ms : Schrodinger model

Atom = wavefunction for a given Hamiltonian Out of scope for now...
1hoi e = Hp,e Will be fully treated in
Lecture 6
A ~2 62
H=L2 — < _Ey/25
2m T -E,/16
“Eo/9
1 -EO/4
H¢n — Enwn -
Energy spectrum e g
4 | $ Eigenstates “Eo
E = — 1 mee -
n n2 2h2 .

1. Atomic models State of the atom = wavefunction = sum of eigenstates 6



te atoms : Bohr model

Atom = electron with a Coulomb force + wave consideration

Bohr assumption :

« Classical » atom but
with some properties

from the quantum world.

De Broglie interpretation :

_ 1 mee4
271'7“:72,)\ En—_nz 2,2
and A = % E:é Same spectrum as
i A Schrodinger model !
N » rXp=ng-
’ v

I1l. Atomic models 17



Atom = electron with a Coulomb force + wave consideration

AR
S
\

[1l. Atomic models

te atoms : Bohr model - applications

Main application : hydrogen spectrum Reminder from PHY207

Rule 1:

Rule 2 :

Iy-a Ba-a Pa-a Bra Pf-a  Hu-a
} l ! l }
L 1
visible
100 nm 1000 nm 10 000 nm
E = — 1 mee®
n n2 2h2

Possible transitions correspond to hv = E,,, — E),
Same spectrum as
If more than 1 electron, store up to 2 electrons / level,

] /
starting from low energy states. Schrodinger model .

18



Models !

A scientific theory should be as simple as possible, and as complex as needed.

|. Models for light
Il. Models for atoms
lll. Models for light-matter interactions

IV. Focus on the semi-quantum model

l. Introduction to PHY208
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IV. Model map

Q@ o

Classical

z
A

e v
\ = f‘3 X

Semi classical

Classical +

Susceptiblity x

~N

J

Semi quantum

20



ms : Lorentz model

Atom = elastically bound electron Reminder from PHY101, 201 etc.

State of the atom
A/E position and velocity of the electron

Lorentz

Damping

Recall , .
Nucleus is usually assumed still (because m, >m,)
H. Lorentz
2
meg?r — mewgr mI‘ T — q&
L _ —wt
Under a planewave excitation, we take I' = I'g€

2rg = 2r + imwl'rg — g€

—MeW Ty = —MewWyro +1mwlryg — ¢

I1l. Atomic models 21



Atom = elastically bound electron

Lorentz

Damping

\

Recall

I1l. Atomic models

s : Lorentz model

Reminder from PHY101, 201 etc.

Dipole = dielectric moment per atom

P = —gqr E=—-pE

Polarization (of matter) = dielectric moment per volume

P = —ng(r) = eoxE

22



s : Lorentz model

Atom = elastically bound electron Reminder from PHY101, 201 etc.

Dipole = dielectric moment per atom

Qlib é égg p=—qr E=—-p.E

g i@w g é Polarization (of matter) = dielectric moment per volume
% g é P = —ng(r)

No field With field nq2 1

?

with XLorentz — mep w2 —w2—iwl

Reminder from PHY202 & 204
Related notions : 2 1 + Y €

Optical index , permitivity, susceptibility,... =

I1l. Atomic models

23



IV. Model map

Q@ o

Classical
F=q¢(E+v xB)
n?=1+y
P =ng(r) = ¢ xE

Semi classical
H = —et.E
n?2=1+ X

P = nq (1| £ 9) = coxE

Classical +
F=q¢(E+v xB)
n?=1+y
P =ng(r) = ¢ xE

Semi quantum

A:p hoton
Fatom = z; .

Rate equations

24



Models !

A scientific theory should be as simple as possible, and as complex as needed.

|. Models for light
Il. Models for atoms
Ill. Models for light-matter interactions

IV. Focus on the semi-quantum model

l. Introduction to PHY208

25



v radiation

Radiation universally radiated by all bodies at the same temperature

One of the hottest topics a 100 years ago !

T = 5800 K

IntenSIty SpeCtrum : R _____ ______ S _\ _____________ ______________ ---  Rayleigh-Jeans | |
§ SN | — Planck
~ SN | -- Wien
= / | 1 | | ;

Low energy : *? ’,' High energy :
. c . : : } } : : .

Rayleigh-Jeans law ool N Wien law

% '__I:_'_ _____ S T SR S S S
2 Q g1 124
u(v) = ¥ kpT gt u(v) = v*f ()
/
/ i i i i i :
0 200 400 600 800 1000 1200 1400 3 ( hu )
v [THz] x voexp | —
g . kgT
- u(v) = = »
How to model the photon density in a eXP( kBT)_l
blackbody ?
y Ad hoc formula :
Planck law

IV. Focus on the semi-quantum model 26



densities |

Energy density per frequency, wavelength or energy ?

hv
(i)

Units: J/m?/Hz

per nm ? pereV ?

u(v)dv = u(N)dA = u(FE)dE

__ 2hec 1 B3 1
u(A) = N5 he u(E) = A73R3¢3 B
e (st ) -1 exp (fr) 1

Energy density or photon density ?

Each photon carries an energy hv u(v) = hv x n(v)

IV. Focus on the semi-quantum model

ECOLE
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T =5800K

I~ ‘ : —
T | /S .-N | Rayleigh-Jeans | |
= EAE : — Planck
\ | ‘I’r H !
hmh 1

]
ztoiff
(%] N
[ N
Q 'y
© Ny
> r - ’I
oo g
S
c [
(NN} '/ H | H H A L

0 200 400 600 800 1000 1200 1400
v [THz]
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<

rate equations

T=5800K
= two levels atom
|:|_: L : e - Rayleigh-Jeans | |
: SN —  Planck . .
E 5N | == wien System: at thermal equilibrium
> L . .‘IJI e e : 4
>t i — . with a radiation of frequency v
21
& |/ NG Hypothesis : thermal distribution
[J] /
c |J
w 0 260 460 GCIJO S(IJO IOIOO 12I00 1400 N E —E
v = o (~Fr
g B

Hypothesis : transition rate

For an atom in the ground state,
T'abs = Bgen(y) [5_1]

For an atom in the excited state,

oL

Tem = Acg [7]

IV. Focus on the semi-quantum model

Numerics : At 300K, for 400 THz, Ne < 10— 25

What is the corresponding
steady state density for the

radiation ?

28



Sic accounting

1/ Write explicitly the balanced considered (What ? Where ? When ?)

Balance of atoms in the ground state
in the whole system
between time t and time t+dt

2/ Write the balance as ~ Quantity in the system at time t+dt

Ny (t + dt)
quantity in the system at time t _ Ng (t)
guantity entering the system during dt
: . . + remdt N (1)
= quantity leaving the system during dt
— Tabsdt Ng (t)

quantity created during dt

= quantity destroyed during dt

dNg,
3/ Simplify infinitesimal terms dt TemN e (t) — Tabs N, g (t)

IV. Focus on the semi-quantum model

29



alysis

dcji\;g = Tem{Ve (t) _ TabsNg (t) dé\ie = —Tem{Ve (t) + TabSNg (t)

Comments :

1/ The total number of atoms N, +N, is conserved

2/ If no absorption, exponential decay of excited population

3/ Steady state : dé\ig = 0 = remNe(t) = Tans Ny (1)
Detailed
Population in state i Population in state j Balance

X ) X
Transition rate from i to j Transition rate from jto i
fromito]  wmm fromJ i) Tiosj = D TGT i
: . . . JF#u JFu
= Nb of jumps from i per second = Nb of jumps to i per second

IV. Focus on the semi-quantum model
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T = 5800 K

N : -
T | = - Rayleigh-Jeans | .
= 7N
~ S — Planck
mE /N == Wien
~ | : ;fm.
jumN S

: !
> | o N
=t Sl
(7)) g
c toofr
Q A0
© N [’
> q1
[o10] 1!
o Il, ,,,,,,,,,,,,,,,,,,,,,,,,,
(]
c |/ ; ; ; ; ; ;
W 200 400 600 800 1000 1200

v [THz]

A
%
"

IV. Focus on the semi-quantum model

1400

ECOLE
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guations

Hypothesis : thermal distribution
E.—E,
kT

Numerics : At 300K, for 400 THz, % < 10_25
g

Ne
Ng

= exp (—

Hypothesis : transition rate

For an atom in the ground state, For an atom in the excited state,

Tabs — Bge’l’l,(l/) [8_1] Fem = Aeg [8_1]

Steady state: dé\ig =0 = rem Ve (t) = TabsNg (t)
AegNe(t) = Byen(v) Ny (1)
A, Ae E.—F
» n(v) = 5+ %Z = B,. &XP (_ kBTg)
Happy ?

31



T = 5800 K

N ,
T | = Rayleigh-Jeans | |
= N
~ / N — Planck
ME "'I/" | == Wien
~ L N
jumN ol

: !
> | .
=t Sl
n i
c bt
(] A
-c | : ,'
> J1
[o10] 1!
o I
Q /
c |/ :
o i i i i n

0 200 400 600 800 1000 1200

v [THz]

R
(D) %
<l

IV. Focus on the semi-quantum model

1400

ate equations

Hypothesis : thermal distribution

Ne
Ng

E.—E,
kT

Numerics : At 300K, for 400 THz,

= exp (—

Hypothesis : transition rate

For an atom in the ground state,

T'abs — Bgen(]/) [8_1]

Hypothesis : stimulated emission

For an atom in the excited state,

T'stim — Begn(y) [S_l]

e —25
f= <10

For an atom in the excited state,

Fem = Acg [577]

32



Absorption

+ (2

Tabs = Bgen(v) [s

1)

/\ usually written with energy density, not photon density

IV. Focus on the semi-quantum model

CESSEeS

Stimulated emission

(2]

Tstim = Begn (V) s

i
i~

_1]

....................

Spontaneous emission

-

Tem = Acg [s7]



Energy density [J/m3/THz]

T =5800K
N - Rayleigh-Jeans | .
]/ — Planck
/N == Wien
/
Y . :
i
!
AN
I
[
[
!
]
I
200 400 600 800 1000 1200
v [THz]

R
(D) %
<l

IV. Focus on the semi-quantum model

1400

&
.

ECOLE
POLYTECHNIQUE
UNIVERSITE PARIS-SACLAY

guations

Hypothesis : thermal distribution
E.—E,
kT

Hypothesis : transition rates + stimulated emission

Ne
Ng

= exp (—

Tabs — Bgen(y) [8_1] Tem = Aeg [8_1] Fstim = Begn(y) [S—l]

Population balance : % g = (Acy + Bgen(v)) Ne(t) — Begn(v)Ny(t)
Steady state : ?’L(V) = ;1 gy
Beg exp( - Tg) Bge
Happy ?
34



T =5800 K

N : -
T | = Rayleigh-Jeans | .
— : PR
~ Y ‘ — Planck
mE S A \ == Wien
~ L ;fm. :
jumN [

1)
> | o N
=t Ry
[7,) 0
c toofr
Q g0
© N [’
> q1
[o10] 1!
o Il, ,,,,,,,,,,,,,,,,,,,,,,,,
(]
c |/ ; ; ; ; ; ;
Wy 200 400 600 800 1000 1200

v [THz]

L PR

A
%
"

IV. Focus on the semi-quantum model

1400

guations

Hypothesis : thermal distribution
Ne _ . Ee_Eg
N, — exp( ko1 )

Hypothesis : transition rates + stimulated emission

ECOLE
POLYTECHNIQUE
UNIVERSITE PARIS-SACLAY

Tabs = Bgen(v) [s71] Tem = Aeg [$77] Tstim = Begn (V) [s71]
- Aeg
Steady state : n(V) — jopy o

Beyg exp(—kBT ) —Bge
Three consequences :

Bge 3

Bey = Bye hv = E, — E, Aeg _ 8mv?

Probability absorption e
Equilibrium .
= radiation Relation between
Probability stim. emission abs. and spont. recombination

35



perspective

Application : propagation of a light beam of frequency span Av (semi quantum model)

O I(z,t) =n(v,z,t)Av X hv X ¢

W W Balance of energy for photons of the beam

O

WWM O Q Aw/\/mm\,\» inside a slab of thickness dx and surface dS

O between time t and t+dt

hvn(v,z,t +dt)AvdSde = hvn(v,z,t)AvdSdx + I(x,t)dSdt = I(x +dz,t)dSdt
4+ hvrggmNe dt = hvraps Ny di

Be
%dl + 4L — A (ne —ng) 1

dt dx Interaction cross section :
. d - L ol
Steady state : %I =) (ne — ng) )i Tabs = Tstim = 7~

IV. Focus on the semi-quantum model Beer lambert law
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Basic models for light, matter and interactions

Fundamental processes

A 812
, By =B eg _ 8my
Q’WW‘W J"‘(ty " . Bge c3
ol Absorption Stim_ulz?lted Sponfan_eous
emission emission
Classical Semi classical Classical + @ @ MN
Semi _ _ _
- - quae;rr:t:m Tabs = Bgen(v) [s '] Tstim = Begn(v) [s 1] Tem = Aeg [$ l]
Light propagation : Beer-Lambert law Interaction cross section
d ( ) ol
—_ — —_ T — T ats = -—
dr I g \Ne — Nyg I abs stim o
Lecture 1 Take home message 37



