531 PHYS-LN2

Interaction of Radiation with Matter

This lecture treats the case of the active medium interacting
with optical radiation. The approximation done here is to
neglect real many-body effects and take mostly atomic, ionic
and molecular systems which interact weakly with other
systems in the active medium. In most cases this is rather valid
since lasers utilize often gases or impurity ions in solid lattices.
The related material for calculating the Einstein A coefficient

will be performed in a demo exercise.
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1. Plane Electromagnetic Waves- Review

Classically, the EM radiation is described as a transverse
wave, consisting of an oscillating electric field and an
oscillating magnetic field, mutually perpendicular.

Av =C ;c-= speed of light in vacuum = 2.998x108 ms!
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Electromagnetic Waves Spectrum

Wavelength in meters

[ 0¥ 4x 007 70" 10

531 PHYS Dr. Abdallah M. Azzeer

E
H

1., = —
} aa[e'(“’“k” = c.c] two independent polarizations(transvese waves)

Propagation of constant phase front;
wt-kz = constant and o = angular frequency = 2rnv
k = wave vector = 2r/A

If we assume E(t)= E,coswt

= : _1 gl 2 1 2 _l 2
p = Energy DenS|ty_§gE +E’UH - 255<E >—§e E,

c, I n)(g,n* i
_ (& /n)(&N") ;(80 )E(f:EcogonEoz

Where ; n = refractive index, & = permittivity , p = permeability

- - - - 2k
| = intensity or irradiance = cp = EC&‘EOZ
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2. Stationary Quantum system vs conservative classical system

Newion’s 279 Jayy Schridinger Equetior]

Example;

For stationary system ® H=H; independent of time

Let w(r,t)=u(r)p(t)
Hou(r)=Eu(r)

ih%[u(r)(o('[)]= Hou(r) o) =

. 0Q
ih—=Eop(t
= o(t)
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There are many possible states (stationary)
w,(r.t)=u,(r)exp[-(iE,t/ n)]
With stationary energy E,

Hnun(r)= Enun(r)
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qlassical mechanics
F= v —kx
X

All energy are allowed
Simple harmonic oscillator for trajectory

Potortial energy, V'

——i+£kxz v=Ey
2mox> 2 / :

Eigen-values:

== =(n+%] hw; n=012,.

K 1/2
=6
m

+ Energy separation : constant = hw

Polential energy, V

* Zero-point energy : E, ;=2 hw
sclassical limit : for a huge mass m, w is small and the energy levels

form a continuum
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2
‘U ‘ Gives probability distribution of particle location

n

1
Very important, the ground state energy is Eﬁa)o , hot zero
This means: even at ground state, the particle is not at rest; it move with

the zero-point energy giving rise to zero-point fluctuations.

The stationary wave functions are orthogonal

m=n

HOun(r)=Enun(r) ’ J‘u;(r)un(r)dvzé

mn
0 m#n

This means that when the system is left alone (stationary, no

perturbation), stationary state are independent (i.e. no mixing)
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3. Time dependent perturbation theory

Suppose the system, after t=0, interacts with an external force represented

by an interaction Hamiltonian H

'/’(rat)=Ui(r)eXp[_(iEit/h)] l//(rat)=iak'/’k

m

= kzr:;ak(t )i% exp[— l(ik)t}

We assume the system has m
stationary states

la (t )12 = probability of finding the system in state k at time t

Sl (1) =1
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By the time dependent Schrddinger equation;

.. 0 :
Hy/=|h§w, H=H,+H

Substitute

in 66‘:/ =ik aatzk:{ak(t )u, exp[— |(E]kjt}}

m . a
= Z(|hak+ Ekak] u e~
~ " at

LHS  (H,+H)y =D a ()™ (Hou )+ a, (t)e™"" (H'u,)
1 1

EyUy

i

mn Pa = I m = ’ -
Z(Ihatk)uke Ekt/}‘=zak(t)e Ekl/f(H uk)
it

Multiply by u; ( r )e —IE /1 gng integrate over \VV
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i(E, - En)t}

h

Where; H/, (t)= I u (r)R"(r,t)u,(r)dv (Orthogonality of uy, t)

= matrix element describing the transition
between nand k states.

We get m differential equations for m variables

No approximation at this point

For a m level system, there will be m equation solvable if initial
conditions are known.
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For a two level system,

.. 0a = =
ma—tl:H s(t)a,+H', (t)a, e

i(E,-E,)

oa

= -
ma—;:H'ﬂ(t)ale +H', (t)a,

Now approximation , we assume the interaction is weak (H<<H,)
and therefore (az(t)ﬁo,al(t)ﬁ 1), i.e. at all time, the system is barely

off thermal equilibrium — most of the time, the electron is at

ground state.

ih%= H', ~0

(Ez — El)

.. oa i
in—2~H' e @ =
ot 21 Where = P
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a,(t) is not equal to zero but it can be determine by the equation
_ da i(EZ_El)t
===t

For Harmonic perturbation;

: : H'O eia)t _e—iwl

Ho(t)=H; cosa)t=21[ = ]
|

a,(t) can be obtained by direct integration
‘0
de = ih(e'a’t = e_ia’t )eimut
dt in 2i
For a,(0)=0, electron not in |2> initially

a,(t)= ';i%[exp[i(zz s Z)t]_ 1 eXD[iaEf)i; w)t]}
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For ® » ., near resonance condition, the second term can
neglected

‘0 —iat
a (t); “Hae " -1 where Ao=0-o,
: 2i hAw
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Let

Ast—> o Yy(4w) becomes higher and narrower

Also

Ty(Aa))da):fg

—00

For large value of t (t— ),

V(Aw) = I;t&(Aa)) Dirac 8 function

Dirac é - function
f(x)=0 -4nlt 2wt

=00

and j f(x)dx =1
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]2
z|H
o) = thj t5(Aw)

Recall that the radiation induced transition probability from 1 ® 2 per

unit time is designated as W,,.
W,, tells us the chance of finding the atom in level 2 per unit time.

i.e

To calculate W, explicitly, we must calculate the quantity
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