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L.A.S.E.R. : Light Amplification by Stimulated Emission of Radiation

Two main ingredients :

An optical cavity (« oscillator »)

An amplifying medium (« gain »)

(an output mirror)

l. A simple laser



light propagation (1/2)

2
Lorentz model : me%r — _mewgr — TTLF%I’ Y qE

_ —wt
g éw Monochromatic excitation : I' = I'()€
‘% Susceptibility definition : P = —nqgro — €0XE

Classical model

o

ne? 1 ne? Wi — w? . ne? wll

Lorentz susceptibility : X — — 5 2 il = o2 + 1 2
meg w<—ws+iw 2 _ 272 2 _ 272
0 0 meo (w? —w§)” +w 2 me (w? —wg)” +w r?

l. A simple laser 4



|. Reminder on light propagation (2/2)

Dispersion relation : k‘2 w2n?
Wave vecteur < frequency

Linear homogeneous isotropic medium : n2 — 1 4 X
Optical index €<= susceptibility
X/ W -XH W
Small susceptibility limit: ke~ |1 T ? — +1 9 R
o C C
Wave vector < susceptibility o P ——
i];: kl/

Propagation through this medium :

5(35.) — 'Lkaf:g( ) —k T zk :138( )
Notion of gain :

" o__ _
Intensity: Beer Lambert : —2k" = —a = g

] =

Wave number Abs. Coeff. Gain

2uoc ‘5‘ I(z) = I(0)e~2K"®
Units : [(c)m™] sometimes [dB.m™]
l. A simple laser



Consider the field propagation in a cavity round trip

£(0)

» « Amplifying medium » of tickness d

» Reflexion on the output mirror
» Propagation in the empty cavity
» (Two additionnal reflexions)

> Parasitic losses

R ol W . . .
E(L) = E(0) x re”F de™ 72" x ¥ dgiko(L=d) 0
amplitude phase

l. A simple laser



g(L) — 8(0) X re_ag—Le_k”d X eik,de":kO(L—d)eiQ

A . _/ N _J/

Y Y

amplitude phase

Steady state : E(L) = E(0)

Two conditions are necessary to allow such a steady-state :

- Condition on amplitude : - Condition on phase :
/
r exp (—k"d)exp (—28%) =1 k'd+ ko (L —d)+0=2pm
Amplification compensates losses Constructive interference

—> X' <0

c L, 2?9

—7 meo (w2—w?)’+w2I? O o C

A A

l. A simple laser
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version

Reminder from lecture 1 :

O

WWWU\AN» Q O ”“WW\J\/» Energy balance on the radiation traveling through a slab :

@ Interaction cross section Beer lambert law
Q _ ol d
MWW\IW)M[\WMM C%D T'abs = Tstim — hy %I =0 (’I’Le — ’I’Lg) 1

Semi classical
Interaction cross section
Gain depends on <
Population inversion

To provide amplification, we need more atoms in the excited state
than in the ground state.

Il. Population inversion



Option 1 : Increase temperature ?

Thermal equilibrium : % — exp (_ Ee—Eg) <1

g

Thermal equilibrium has to be broken

-emes 2 I system

How to get more atoms in the excited state than in the groud state ?

Ne — hvy, hvp < 1
Ng T _|_<TLIL +"p1p —
eg T Thuy, T Thop

Can’t pump a 2 level system to inversion
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hemes : 3 Ivls system

Trick : introduce a 3rd level

W Lasing transition between excited and ground state.

Pump atoms from the ground state to the « up » state

(Spontaneous and stimulated emission to ground state also occur)

If this decay is fast, atoms accumulate in the excited state

‘ Optical pumping strategy

*/, ) 1966, "for the discovery and development of optical methods
' for studying Hertzian resonances in atoms."

/§§1§ The « up » state can spontaneously decay to excited state.

Alfred

Kastler
Il. Population inversion 11




Trick : introduce a 3rd level

2.k

0

s
W§
%

Balance of population on the up state :

g

ny(t +dt) = ny(t) + Wy ng(t)dt

-)

Il. Population inversion

hemes : 3 Ivls system

Pump atoms from the ground state to the « up » state

u—g _ Ouglp u—g u—g _
Tabs hv, Wp Vstim = Wp Tspont Fug

Pump rate, usual notation.

The « up » state can spontaneously decay to excited state.

u—e

Tspont — Lue

Lasing transition between excited and ground state.
— I _
g—e _ Oeglp e—g _ OeglL T‘ — Feg

Tabs = hvr, Tstimm — hUL Spont

— Wy ny(t)dt — Tygny, (t)dt — T'yeny, (t)dt

c?t = Wyng(t) — (Wp + Tug + Tue) nu(t)
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Il Inversion schemes : 3 vis system

Trick : introduce a 3rd level

Rate equations :

iy = Wyng(t) — (Wy 4 Tug + Tue) nu(t)

%ne _ OeglL ng(t) 4+ Fuenu(t) . (O'egIL + Peg) ne(t)

huvr,

Oegl
Ly = (FEL +Teg) net) + (Wy + Tug) ()

hvy,

_(UegIL —I—W) ()

Hypothesis : fast decayu - e Population inversion dynamics:
_ Wp ~ Wp iATL: W —F ’I’Ltt—(W —|—F —|—2Geg )An
'n/u, - Wp+Fug+Fue ng — Fue ng dt ( p eg) o g

Il. Population inversion 13



Trick : introduce a 3rd level

Hypothesis : fast decay u - e

%% w.

Mu = W i TwotTwe V9 = Toe

Il. Population inversion

Il Inversion schemes : 3 vis system

Rate equations :

iy = Wyng(t) — (Wy 4 Tug + Tue) nu(t)

huvr,

%’I’Le = TeglL ng(t) + Fuenu(t) o (afilgfiL + Peg) ne(t)

Oegl
Ly = (FEL +Teg) net) + (Wy + Tug) ()

hvy,

Oegl
o ( hVLL + Wp) ?’Lg(t)

Stationary state :

IfW_>T
ne —n, = Wp—leg 1 n S
€ g — W,+T., 14 20cg1p, tot
hvp (Wp+Teg)
Happy ?

14



Il. Population inversion in practice

The historical 3 levels system (Ruby laser)

ECOLE
POLYTECHNIQUE

-9 '
Excited State (10~ Sec) ) ) Plosh laump (Xenon )
E, Pump with a flash light . Ry o P
Metastable State -5"0“[ | GRREER “t"':i‘tﬁi:\:{
JW [ Ez (10‘ Sec) g WP P~ A) \ o
SRR W co43 4 " | - i
AW\ Convert energy from incoherent light ' " e b
E, .
i into a laser beam

Energy Level Diagram of Ruby LASER

Side remark : Technological application (Erbium doped fibered amplifier)

E3 41172 ) )
Fast Decay Pump W|th d Iaser I|ght
(non-radiative emission)
um aser E2 4'
. 988 rEm T L
— Stimulated
Spontaneous absorption Stimulated
- | =050 Convert energy from one laser beam
¥ E1 Yy Into another beam

Il. Population inversion



inversion strategies (1/2)

Improved scheme : 4 levels system (YAG)

less population on the lasing ground state

!

less absorption of the laser beam

Gas laser : electrical discharge (He-Ne)

Energyi S
L Nen

055 s s Accelerated electrons collide with atoms

Metastabie, #3391 i ]
States ¢ Ea

19.84 E3 RS ) QLY
J )5 632.8 [nm]

Energﬁ/ Transfer Ez

by Callisions 14152 il

Direct (e -atom) or indirect (e - atom - atom)
S = energy transfer

0

Il. Population inversion
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ECOLE
POLYTECHNIQUE

ture : inversion strategies (2/2)

Laser diode : electrical injection

Qﬁantum Ca#cade Lésers

P — Extract electrons from low energy levels <4 [ Gasb |
\eo900e/ | e 5 .
LI |
E N«/WV:/\V ,\V,\\,fv\,\v\ E; (active) GaAS |V_V|
555552338389 Inject electrons in high energy levels L. IR
Valence Band 0.2 05 1 2 5 10 20 50 100
Wavelength (um)

p-type semiconductor active semiconductor n-type semiconductor

Ammonia Maser : state selectivity

Reminder (Phy205) : ammonia molecule in a field

MASER CAVITY
FREQUENCY wp

LﬁLL Ej: — EO :l: \/J2 _l_ q25282

N

Lt :
cectric il £ Select only molecules in ¢, state

vT |

Il. Population inversion
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al gain

Population in a 3 level system : )
_ Wp—Tey 1 — ——
Neg —Ng — W4T, 14 20917, Ntot €
hvp (Wp+Teg)
Gain in a 3 level system : g
(actually, very generic form) L Jo
g o OATL 1‘|‘I/Isat

Unsaturated gain  [m™] Saturation intensity  [W.m2]

gO —t0 I p_l_]_" gn ot sat 2069 ( P —|_ eg)

lll. Laser operation



I1l. Back to optical gain

Gain in a 3 level system : Unsaturated gain  [m™] Saturation intensity  [W.m?]
S _ go Wy —T¢y __ hvp
g=0An= 137/ 90 = Ow, 4T, "ot Lat = 2525 (Wp +Teg)

» Unsaturated gain increases with pumping rate (W), interaction cross section (o), atomic density (n,,,)
» Unsaturated gain decreases recombination rate (Meg)

» Amplification or absorption dependingon W, - T,

All atoms in g state — O Ntot S Jgo S O Ttot, All atoms in e state

» Gain decreases with laser intensity

At low laser intensity, 4§ = 40 At high laser intensity, g ~ Qo Lsat — 0

I>>Isat 1
lll. Laser operation



‘ Rexp(gd) exp(—apL) =1

‘ 1-|-L(}O/C;sat — Q{()L +1

Optical gain Optical losses
Laser intensity Necessary condition for I>0 :
_ god
I'= Lsat (T+aoL 1) Lasing threshold god > T + aglL

100
0.8}

- 0.6f |

= 0.4f ] Laser intensity adjustes to unsaturated gain and losses,

0.25— so that total gain (including saturation) = total loss
)| — '

21



‘ Rexp(gd) exp(—apL) =1

‘ 1+L(}(}C;sat — Od()L +1

Optical gain Optical losses
Laser intensity Population inversion
god
I'= Lt (T+aoL a 1) A W-TI 1
of T ] = Mot WIT T/ Tow
0.8f '
5 _ T'+aoL

508} g -~ od
=04t "5 _____________ e

0.2 Such that gain = losses

R Fererererr——— 2 No explicit dependence on |

00 05 10 15 20 5 1‘ 5 3 n
god / (T+ag) haser 11,



ate
‘ Rexp(gd) exp(—apL) =1

‘ 1+L(}(}C;sat — Od()L +1

Optical gain Optical losses
Laser intensity (inside the cavity) Population inversion Laser intensity (emitted)
_ god in = d
I =1, (%aOL — 1) Such that gain = losses T =T X It (T—Ig—?xoL _ 1)
--------------------- W=l i T
1.01 ] wer| 0.08
0.8} ' :
: i ] 0.06¢
= 0.61 S | o i
— - < | : | 3 :
= 04l R S 7] i i 0_04:
0.2} 0.02}
)| — _ _ o0of . . . . N\
0.0 0.5 1.0 15 2.0 0 ] > 3 4 00 01 02 03 04 05

god / (T+ap) haser 11, T



lIl. Laser operation

Two conditions to have a laser :

Gain compensates losses

Constructive interferences

‘ Requires population inversion
(What ? Why ? How ? How much ?)

‘ Resonant cavity

(Not addressed with semi-quantum
model)

24
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S

So far, we have been working with only one frequency.
The cavity allows lasing at any frequency satisfying the phase condition  k'd + ko (L — d) + 6 = 2pm

The interaction cross section is maximal for resonant frequency, but has finite width

o (w)

Wn—1 Wn+1

‘ Several frequency could be considered

More generally : several modes (frequency, polarization, transverse profile...) can be considered.

lIl. Laser operation 26



ECOLE
POLYTECHNIQUE
UNIVERSITE PARIS-SACLAY

Increasing pumping

N
7

rg = o(w)An \g = o(w)An \g = o(w)An
T—l—é‘toL //\\ /
// ‘n , // ] R ] .
Wn—1 Wn+1 Wn—1 Wn+1 Wn—1 Wn+1
No No Yes

Because the gain is too small
to compensate for losses

lIl. Laser operation

Because the gain is too small
to compensate for losses at
frequencies permitted by the

cavity

The gain is just sufficient to
allow lasing at w,,

27



lon

We further increasing puming, such that one
mode is well above threshold

!

Population inversion adjusts so that
total gain = total losses

lIl. Laser operation

T—I—O:()L

lg:a

uuuuuuuuuuuu

55555555

Y
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on

Which atoms are responsible for which gain ?

Inhomogenous

Oa

tom 1

OAtom 2

Otom 3

O-total

hv

lIl. Laser operation

.....................
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lon

Which atoms are responsible for which gain ?

Inhomogenous

Ox

tom 1

OAtom 2

Otom 3

O-total

lIl. Laser operation

hv

Homogenous

/\
/\

/\

hv

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

30
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etItIOI l ECOLE
POLYTECHNIQUE
UNIVERSITE PATIS-SAGLAY

We further increasing puming, such that one

mode is well above threshold T+§“0L \
l / W, \ N
>

Population inversion adjusts so that Wn+1
total gain = total losses
Homogenous Inhomogenous
Homogeneous gain : bg=o(w)An | — o(w)An
All atoms are addressed by all modes TtaoL b
d /
Inhomogeneous gain :
Different atoms are addressed by different modes W, | | | | W, | |
| = [ I [ [~
Wn+1 Wn—1 Wn4-1

lIl. Laser operation 31
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[ ] [ ]
etItIOI l ECOLE
POLYTECHNIQUE
UNIVERSITE PATIS-SAGLAY

We further increasing puming, such that rg = o(w)An
two modes is well above threshold -

d
Inhomogeneous gain : / \

Laser intensity in 1 mode decreases gain ‘*"n+1
in this mode

Modes are independent Homogenous/ \ Inhomogenous

Homogeneous gain :

K2

. . . . THagl
Laser intensity in 1 mode decreases gain 7

in all modes

Mode competition !

/

lIl. Laser operation 32



sage

/ An optical cavity (« oscillator ») = condition on phase \ / Introduced a 3 level systems.
An amplifying medium (« gain ») = condition on ampl. / intensity
_ ol __
) Tabs = Tstim = 3, — W

—(—

Qe

o /
4 N

N
AN

Basic laser properties

Impossible in Lorentz model, g = 1_|_fq/01’ ¢

requires population inversion.

Need gain to compensate losses (output + parasitic)

Laser threshold,

g = Oeg (ne — ng) Gain saturation,
W - .
Steady state intensity,

An .. .
K / K Steady state population inversion /33




