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LEH What do you need for building a laser

An amplifying medium = an energy converter

An electromagnetic radiation = an electromagnetic wave that
propagates

A resonant cavity = a set of mirrors facing each other = a
« Fabry-Perot » cavity
That’s true for both an oscillator and an amplifier.

For many reasons, a Master Oscillator Power Amplifier (MOPA) is
the most commonly used

FREQUENCY
SOURCE k [::r;plification k AMPLIFICATION —|CONVERSION
10° J <1J 15to20kd 7,510 10 kJ
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’W Laser-matter interaction: the Blackbody radiation
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/- ® Laser-matter interaction: the Blackbody radiation theory

Semi-classical model between electromagneticradiationand a
population of atoms:

— The spectral energy density is defined as p (v) = U(v) dN(v)/ V the
product of the average number of photons perenergy mode

times the photon energy times the modes density between v and
v+dv.

oANdv =hv 1 37V 4y,
. eXp( -1 ¢
— Photon energy

7

— Average number of photons per mode

— Photons density between v and wdv
— That’sthe Planck formula from the Blackbody radiationtheory

3
pdv = —1 8NV 1y,
eXp( ) 1 c
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- . J J o o
/ Laser-matter interaction: the atomic system is made of

many levels
Any 2, 3 or 4 level system can be seen as a 2 level system:

— Degeneracy g =2m+1 (related to the number of sub-levels of a given
kinetic momentum: orbital L, m,, total J=L+S, J, m,, F=J+I, F, m;)

— Homogeneous broadeningrelated to the lifetime of the atomic
system (free atoms, electronsin the crystal field, molecules):

— Lorentzian g(w)= A
271’[

<a)—wb)2+AZ]

— Inhomogeneous broadening (Doppler effect of moving atoms and
molecules)

-G ; _2 [In2 _ (a)—wa
aussian g(a)) A p Exp( 41n2 A )

A is the Full Width at Half Maximum (FWHM) of the line shape when A = 1/T,

+1/ Tnon rad aN d
f o(w)dw=1
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Emission, Fluorescence, Phosphorescence

Fig. 5 Un cristal de calcite placé sous une lampe UV émet de la fluorescence dont la couleur n'est
oas la méme selon la longueur d'onde d'excitation (254 nm ou 366 nm). Aprés suppression du
rayonnement UV, I'émission de lumiére persiste : il s'agit de phosphorescence.

Bruno Le Garrec LPA school Capri 2017



Einstein’s coefficients (1)

At thermodynamicequilibrium, each process going “down” must be balanced
exactly by that going “up” and thetransition probability can be written:

Po—=Byo(v)t

Levelj, g
e N, the population (or populationdensity) of level i
* N=Ny+N;=cste
Absorption
°  ONy?=-NyByp(v)odt
Stimulated or induced emission
o ONyt=+N;B; p(v) 6t
Spontaneous emission Level 0, g,

g (SNO spont— 4 NjAJO 5t

e
I
N

lated emission

Spontaneous
emission

Absorption

e The balance ANy= 0Ny + 0Ny st + 0Ny °" =[(N; Bjp - Ny By; ) p(v)+ N; Ajp ] Ot
L4 ANJ:'ANoz[(NO BO] 'Nj Bjo)p(V)'NjAjo_]ét
e Commonly written dN;/dt, dN,/dt
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LA Einstein’s coefficients (2)

Relationship between the coefficients :

e Because N; « g; exp-E;/kT and absorption = sum of emissions
* g9By=9;Bj

o Ay/Bjy=8mhv/c’

* N;is the population (or n;the population density) of level i
p(v)dv=p (w)dwthen p (w)=p (v)/27

e Bjp (v)/Ay=n(v)is the number of photons per mode

o (v) = 8mv2/c3 hv n(v) with thermal radiation included then

n(v) = 1/Exp(hv/kT)-1) one finds hv >> kT in the optical domain and
stimulated/spontaneous = Exp-hv/kT while in the thermal domain hv << kT and
stimulated/spontaneous ~kT/ hv

When the refraction index is n, v = ¢/n and one defines the (laser) intensity as
w~cp(v)/n

° de./dt: (NO BOj -Nj BjO) p(v)'NjAjO
o de /dt=(nl,/c) Ajp (S /n’)/ 8ahv? (N, gj/go 'Nj) -N; Aj
° de/dt= ‘Ajo (A'Z/gﬂnz )(Iv/hv)(N] 'NO g//gO) - NjAfo
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Einstein’s approach (3)

Transition (lifetime) broadening:

General case p(v)and g(v):

A becomes A’=A g(v)and B becomes B’=B g(v)

Different cases to be considered :

Narrow transition g(v) <<p(v) then g(v) =8(v—v,)

Broad transition g(v) >>p(v)then p(v)=1, /c=1,9(v —v,) /c

Relationship between the coefficients:

Spontaneous emission isotropic and un-polarized

Stimulated emission : transmitted wave has the same frequency, is in the same
direction, and has the same polarization as the incident wave.

There is a relation between gain and intensity

Bruno Le Garrec LPA school Capri 2017 page

9



'®

Amplification (1)

One writes the intensity balance Al = I;,4nsmitted * Ispontaneous™ lincident @S @ function of the
Einstein’s coefficients in a two-level atomic system (1, 2) for a given medium

thickness Az

Al = hV821 IV/Cg(V) NzAZ
-hvB,;Iv/cg(v) N, Az

+hvA,; Av g(v)N, AzdS2/4n
AI/AZ=hV321 (NZ_NI gZ/gl)g(V) /V+ hTZl AV g(V)AZdQ/4.7T

Incident intensb

There is
gain if :

e N,>N;g,/9;

With a « noise »
contribution
even without
incident light
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LA y Amplification (2)

The gain factor reads:

div/dz = A,,(A%/ 8an? )g(V)(N, =N, g, / g )IV =y,(v) Iv
This y,(v) or gy(v) is the small signal gain when I, .. is Small compared to a
so-called « saturation » value | g, qation

The first part of dlv/dz is the transition cross section. There is a difference
between stimulated emission cross section and absorption cross section.

YolV) = Ay(A%/ 87n? )g(V)(N, =N, 9,/ g,)
Oye = Ayi(A°/ 8n? )a(v)
Oap = Ax(A%/ 87n% )a(v) g,/ g,
AN =N, -N;g,/4g;, sofar:| ylv) = o, AN

When dIv/dz can be integrated over z then: IV(z) = IV(0) Exp[y,(V) z]
Gy(v) = Exp[y,(v) z] = IV(z)/ IV(0) is the gain.
Another very important factor is the saturation fluence : F,,,=hv/o
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prsr/s Population inversion (1)

Assoonas:N,>N;g,/g;orv,(v)>0, thereis population inversion or populations are
said to be “inverted”

When there are relations between Einstein’s coefficients or rate equations
Population inversion <> amplification

At thermodynamic equilibrium, level populations are given by the Maxwell-Boltzmann
relationship: N; « g; exp-E;/kT

E IfFE2 > E1, then N./g,< N./g;
So far:
* N,/g,> N,/g,is an abnormal state of
Level 2, g, affairs.

This state has to be sustainedto
compensate for emission losses.
» The extractedenergy E = AN hv tells
us that anytime 1 photon is emitted <>

Level 1,
I the atom “goes” from E, to E;

N/g
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/‘ > Population inversion (2) : 2-level system

e |n a 2-level system, population inversion is impossible

[\

«closed» 2-level «open» 2-level

v v

e The probability to empty level 2 is always greater than that to empty
level 1. In the « open » case, le upper level will be progressively drained
to the meta-stable level and the lower level will be “depleted”: this
process is called « optical pumping ».
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o
/ "~ Populationinversion (2) : 3-level and 4-level systems

e According to selection rules between levels (parity, AL, AJ, AF=0, £1),
absorption, spontaneous or stimulated emission are or are not possible
between any set of 2 levels.

S N 3 f R

3 levels 0
4 levels

e Non radiative transitions are possible: collisions (gas), crystal vibrations.
These transitions can allow fast population transfers between neighbor
levels.
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(A7
4 The laser was born in 1960, May 16t .

e Maiman has used a flash lamp (GE
FT-506 model) inside a simple
aluminum tube.

e Therod has a 0.95 cm diameter (3/8
inch) and a 1.9 cm length (3/4 inch)
with end faces coated with silver.

e On one face, the central part of the
silver coating is removed in order to
let the radiation escape from the
rod.

Flash tube A 1980 TRW news release photo at Lawrence Livermore Labs shows the
evolution of their ‘Nova’ from the first laser.

N
Trigger electrode Quartz tube Ruby

Figure 6.4 Apparatus used by Maiman for the first ruby laser®,

FIG. 4. Ruby laser (photograph of essential parts).
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dN, /dt = (No By, =N, Byg) pp(V) = N; Az - Ny A
dN; /dt = (Ng By =N; B1o) 0, (V) = N7 A+ N, Ay
dNy /dt = (-Ng Bo; #N; B1g) p (V) + N1 Ago+ (-Ng
Boz +N; Byo) Pp(v) + Ny Ay

d(Ny+N,+N,)/dt=0

To achieve N,>N,( N,>50% N,):
- le\lz//Cit:=()
— A,;greaterthanA,,and B, pp(V)

2
High pp(v), means high pumping intensity
3 levels: Al,0; , Ruby laser
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4-level system

22777723

L
e dN;/dt=(NyBy;—N; Bss) 0p(v)—N3As3p-N3 As, N
e dN,/dt=(N;B;,—N, By;) p1(v)—N; Ay + N3 A, T
o dN;/dt=(-N; By #N; Byy) (V) + Ny Agy-NyAyy ) — P
o dNy/dt=(-NgBps +N3 Bsg) pp(V)+ N3 A3+ N1 Agp ; s il F——
o d(Ny+N;+N,+N)/dt=0 £ TN =T
e att=0, N;=N,=0 I S
e IfAs,is much greater thanAsyand Bs, pp(V), as I J o =
soon as N3 #0, then dN, /dt = N3 As;, soN, #0 T ::i
e Thereis always gain when N,>N, | S

e Inordertosustainthecycle, A;, must be large
enough, otherwise a « bottleneck» effect can 3

A A32
occur. %

e 4levels : Nd3*: Y;Al;0,, , YAG laser (garnet)

Pp(V) PL(V)

4 levels
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A Quasi 3-level system

* dN;/dt = (N Bys =Nz Bsg) Pp(V) = N3 Asp-N3 3 T As,
A31_N3 A32 % 2
* dN,/dt=(N; By, —N,B,;) p,(V) =N, Ay — N,
faoNa Az pe(V) Y,
* dN,/dt=(-N; B, +N, By;) p,(v) + N, Ay+Ns
Az~ N1 Agp v
* dNy/dt = (-Ny Bos +N3 Bso) pp(V) + N3 Azpt N ? A 1
Azt NiAgp 0
o d(Ny+N+N,+N,)/dt=0 4 levels
e IfA;, greater than A,,and B, pp(V), as soon
as N; #0, then dN, /dt = N;A;,and N, # 0 E | u
e there is no gain since N,<N,because N, , u, Z_
related to temperature Fs, ) u 5
e Inorder to sustain the gain cycle, the pump
intensity must be greater than a threshold I,
value. ) ;
e Ytterbium ion Yb3* can be pumped ’F,, L, 2
either 1-6 or 1-5 , !
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7 e

/(/@ Amplification : intensity and/or fluence

e Thereisgain « g ory= ocAn»

Intensity : I
Iout = Iin Exp(g.l)
Fluence
F out = Fin Exp(g.l)
4,5
4 -
35 /
T 3 W
S 25 i
8 —
S 45
i 1 A/
0,5 M/
o+t @
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
n° de tranche
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%’ Amplification : intensity and/or fluence

The medium is splitin «n» slices (or «n» amplifiers are lined)

The blue curve is the initial gain, the rose curve is the gain after one pass
Since 1 photon is emitted <> the atom “goes” from E2 to E1

and because y = 0An, the extracted energy is AE = AN hv

The more the amplification, the more the gain decreases

Same phenomenon on the temporal side

0,3

0,25 -

0,2

c
‘® 0,15
o

0,1

0,05

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Slice n°

L. Frantz & J. Nodvik : « Theory of pulse propagation in a laser amplifier », J. Appl. Phys. 34,8, 2346 (1963)
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L&D Rate equations from Frantz and Nodvik*

e Startingfrom Maxwell equations, one getsa propagation equation
«Helmoltz type» and a set of population equations (one equation per
level) that can be reduced to:

of _ 0AN __20l
P OIAN et o hVAN

e Thisisthe Frantz et Nodvik model thatis a function of one single «z»
coordinate, and a function of time «t»

e Thissystem has no analytical solution

e Thissystem can be integrated formally as a function of time to lead to an
energy relation (or fluence) in which the saturation fluence appears
F...=hv/o

JOURNAL OF APPLIED PHYSICS VOLUME 34, NUMBER & AUGUST 1963

Theory of Pulse Propagation in a Laser Amplifier

A
a Lee M. FraNTZ AND JouN S. Nopvik*
- Space Technology Laboratories, Inc., Redondo Beach, California
\\\c : (Received 7 March 1963)
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/‘ Frantz and Nodvik

Starting from the integrated formula (F is the fluence = energy E / surface

AS) Fou=FsaLn(1+Exp(gl) [ Exp(Fin/ Fsa))-1])

It is straightforward to show that :

Exp(Fout! Fsa))-1=Exp(gl) [ Exp(Fin/ Fsar)—1]
with Fin<<Fsar : Fourl Fin=Exp(g])

Fin>>Fsar . Four—Fin= g [Fsa: OU AE=gvaatAS

For a given amplification slice, one computes the residual gain after
amplification:

gil=—Ln[ 1< Exp(—Fini-1)/ Fsat) Y 1—Exp(—gi-il))]

An EXCEL file can be made easily.

L. Frantz & J. Noavik : « Theory of pulse propagation in a laser amplifier », J. Appl. Phys. 34,8, 2346 (1963)
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Frantz et Nodvik : 2 rates or regimes

. . FoutJ/cm2
Linear behavior when F;, R
<F., thenF_,/Fi, =\2; =
; .
Exp(g*) T B et
0.5
Example : ' Fin g e
[ = 5cm 0.050.10.150.20.250.3
— g =0,0461 cm™ FoutJ/cm2
36
- (G=10) - ~
— F.:=4,5)/cm? 26—
— 15
106 /
Saturated behavior when F; 5
Fi J 2
>>|:sati then I:out:Fin + g*l* S 10 15 in J/em
Fsat
Brunociée grfg [ve approximated SO/LEBA’ Srceiqool Capri 2017 page 23
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LA Temporal variations (1)

e Atagivenzcoordinate, fora thinslide of
medium, att =0, the gain equals g,.

e Atanytimet >0, thegainissmallerthan
g, because | have used some part of the
populationinversion

e Thereforea squareinput pulse will be
changed into a decreasing exponential
shape

e Inversely, for a given square output pulse,
| have to generate anincreasing
exponentialinput

e Inthecase of a Lorentzianora Gaussian
shape, the risingedge is more amplified
than the leading edge. It seems that the
pulseis going forward steeper and steeper

Porl
A

N
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/ /3/4./ {°

Exact solution : an amplifier without loss

e Exactsolution from Mathematica
e @Gain = blue curve and intensity = red curve

I*0.5410"-8 W/cm2 et g en cn™- 1

Bruno Le Garrec
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— S : —— : £93.108
5 10 15 20 25 30
LPA school Capri 2017 page

25



/’ ‘ Laser oscillation

R;, R, are the intensity reflexion coefficients of the mirrors

g is the small signal gain

o arethelosses, L. the cavity length, L the gain medium length

The oscillation conditionis gain = losses on a single round-trip:

R.R, Exp (2gL-2cL )=1
Linear behaviour above threshold

1 Pout

n
»

P threshold P pump

—
P pump
i ?>R1I I ExpgL I::> % i
El <::I I ExpgL f -
Bruno Le Garrec LPA school Capri 2017
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Pt Exact solution: cavity with losses
Gain ratio = gain/losses
2t
e Cavitylossesconsidered as a 1.75 §
threshold for gain : R;R, Exp L5
(2gL-20L)=1 el
1(30 -O 360 40-0 5(30
e Time
0.5F
Intensity
0.0003
0.00025
e When this gainratio equalsor 0.0002
is greater thanl, intensity 0.00015
increases until gainratio goes 0.0001
back to 1, then intensity 0.00005
decreases
100 200 300 400 500
Time
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LEw Single pass amplification
| Expgl. > | Expgl. [T >

16

1,4 0,180
0160 | &——¢—¢—¢—¢_—¢_—¢_—¢_—¢_¢_¢_¢_¢_¢_¢_¢¢
o 12 /// 0,140
§ |
=

Ga

7 0,120
2 08 £ 0,100
Q — ’
s 06 o 0,080
" od ./,/.%/‘/v 0,060
0,2 0,040
0,020

0000 +—1r—+—"7—"—"7"—""7""T""T"T""T"T"T""TT
12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Slice number

Fou=Fsaln(1+Exp(gl) [ Exp(Fin/ Fsa)=1])  gil=—Ln[ 1< Exp(=Fini-n/ Eai) Y(1-Exp(—gi-i))]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Slice number
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/ 4 Double pass amplification

2,5 0,12
0,1
o 2
g 15 0,08
- —a— Firstpass
() 0,06
Q 1 —a— Second pass
5 0,04
L
0,5 0,02
o+—F/—"7—F—F"—"———T—T—— 0

Slice number

Slice number
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w Double pass amplifier

e Angular multiplexing

Mirror Amplifier Lens Pinhole
1st pass
< ——

—
2nd pass

e Polarization multiplexing 2nd pass

_ « S » polarization
Mirror Amplifier 2]

1st pass
« p » polarization
S —

Quarter wave plate Polarizer )




’% 4 pass amplifier

1! pass 4th pass
Quarter wave plate Polarization « s » & Polarization « s »
Amplifier
Mirror P &
— <
2nd pass Polarizer
Polarization « p » 3 pass

Polarization « p »

e (Quarter wave plate=4 pass
e Pockels cell to switch « on » and « off »




n pass amplifier

1st pass 2(k+1) pass
Polarization « s » Polarization « s »
Quarter wave plate @
Amplifier
Mirror P &
— <
2k pass Polarizer
Pockels cell Polarization « p » (2k+1) pass

Polarization « p »

e Phase difference: /2 (A/4) between the 2"? and the 3" pass

e Qutputpossibleatthe 2(k+1) passif the phase difference -m/2 (-A/4)
between the 2k and the (2k+1) pass
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/ Optimization : 1w output energy as a function of injected energy
in a four pass amplifier with 14, 16 or 18 slabs

2-5104 ! LI ! T TTTTI I LI | LU

210*

1510*

110

—— 18 slabs
—— 16 slabs
—— 14 slabs

5000

Output energy in Joules

0
0.001 0.01 0.1 1 10

Injected energy in Joules
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LA End of part 1
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