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Since 1960 the Laser has become s useful device in many
areas of phyeics and technology. A description of the lassr
oan be done from two points of view, namely:

1)} physice of the stimulated smission processes;

1i) coherence and cocperative phenomena in rediation-matter
interaction,

¥We shall discuss the two aspects in sequencs, defining
the terms and giving the orders of magnitude,

1. FPhysios of the stimulated emismion processss

If the e.m. cavity where we are considering the radiation=-
atom interaction is a rectangular cavity of sides X, X_, X,
volume V = X XX, then the solution of the wave aquitiof, with
periodic bou&dar} conditions, yields the plane wave expansion
for the field (% s Yyyeryz)

E(xv2,t) = 2 E(5E)2 B

where X =n; . '..’“'/I1 (4 =1,2,3; n = 1,2, y .

For esch set of ki we have & different field configuration or
mode.

The dispersion rolntign 1np8n- [ 3 ogna.ltm.nt between f. quency
w and amplitude k = (k,“ + k,* + x, Y20z the k vector

W =ok ()

In k space each mode occupies an elementary volume
Sk = (2mP/V, (3
In a spherical shell of radius k and thickness A k thers
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modes, The extra-factor 2 accounts for the two posmible polari-
zations for each k vector, If the cavity contains radiators
(atoms on the walle or inside) in thermal equilibrium at a tem—
perature T, then the electromagnetic energy density in the cavity
is given by Planck's blackbody formula

w _ dMm - _ ¥ SR
JTV S “hw ""1(") = :," V hy 4“/" ~ (s)
hy/xT -1
Here A = (e - 1)

ie the average photon number for each mode whose k vector lies
on the spherical surface of radius k .

The distinction between epontaneous and stimulated emimsion
cameé in the 1917 Einatein'e derivation of Eq. {6}, as follows.
Consider two relevant levels of an atom separated by the energy
AE = by and coupled by an optical transition. Each time
the atom goee up (absorption) or down (emission), thim is a
one-photon exchange process. (fig. 2)

The emission or decay process can be spontanaous (i.e, not
triggered by photons)_as well as stimulated (i.e., proportional
to the photon number n at the frequency » ).

If there is an ensemble of N atoms in thermal equilibrium,
with "2 in the upper etate and N1 =R = Nz in the lower, then
we have

BE LT
RTAP TR (6)
and equating the retes of absorption and emission
' - -
NyBn = N,Bn + N, 4 (7

3
Prom this latter equation
_ A/B -
n = -g: ML _ 1 - ’h‘(v) Av,
B N
By use of Eq. () and comparison with (5), we get
A - 1Tty Ay 2 AMm ()
ct
B' - B - ('—')

This can be interpreted by representing the degrees of -
freedom of the e.m. field am boxes and the excited atom as
linked to all of them as in Pig. 3,

With the probadilities there indicated, the mtimulated
seiesion probability into the mode with n Photons ia larger
than the total spontaneous emission over the empty AN modes
(a1l thoss within the linewidth of the stomic emission) when !

n>AM (10)

Let us call AN the atomic population diffsrence between
upper and lower states, P the rate of excitation (pump), n the
Photon number in the lassr mode and

L ot
TC-E_.’_ (11)

the decay time of photons in the cavity made of two facing
mirrors separated by a length L , T is equal to 1/ trensit
times, since the 1imited mirror trafmmittivity € = 4-p < 1
increases the number of trunsits. Condition (11) stems from
coneidering photons ams particles., It is a necessary, but not
sufficient condition., Indeed, if we account for wave propagation
and phase matching between forward and backward wavee, the
cavity is resonant for those frequencies corresponding to the
standing wave condition (fig., 7)

m A/2 =l {m integer)
which amounts to a minimum frequency meparation

A"-.)..,, = QL (1)



Only for these resonances the escape time is given by (11),
otherwise it is much faater (just one transit time L/c).

The rate equations for photons and & population inversion
are then

dn

— = B-ABHBn-n/T
dt ¢
(13)
S.E..N- P - B: ANn
dt

where we have neglected apontaneous processes.
Solving them at equilibrium, the first gives

'
AN = BT, (14)
and the second
P = B:ANn (14)
Combining the two with (10),the pump rate must be
P o> AM/T, . (15)

Let us now introduce the concept of atomic cross seotion 6
per atom, The stimulated smission rate Bn can be written as

Bn = 6 (16)
where @ = cw/V is the photon flux and hence
Bv

62 —
c
¥hen the atomic line is broadened only by spontansous emiesion
procese, then, we can put A4V = A in eq. (4) and have

oMz 7™ VB 4\
A L]
Hence
G = At (17)
amw

If there is an extra broadening OVY. > A for collision
procesas or other decays, & reduces as

. XA .

Cross section (17) holds for a bound electron, while for a free
electron it is much smaller (fig. 4) since it is given by the
square of the classical slectron radius T~ 1071 cm

On the other hand, writing the volume as V = 8,1, condition (14)
oan be rewritten as

P> 6 -%;' Ay

which showe that the excitation rate ias proportional to the
ratio between the laser beam croes section S and the atomic croes
section, Pig. 4 shows why bound elactrone are better than fras
slectrons. Howsver nowsdays using high energy (a1 GeV) free
eslesctrons in a estorage ring one can produce lassr action down
t0 A~ 4dpwm, Pig, 5 summarizes the different interactions
and the spectral regions covered by lasera,

Once n > AN is fulfilled, that is, once ths privileged
mods has enough photons to neglect spontanecus decay channels
we must also take cars for the cavity losses, snd by (14) req .est
that

-(15)*

BAN > ‘/T. . (16)

Thie condition is represented in Pig, 6 for two different
A N. In the first case only one modes im above threshold, hence
we have a single monochromatic frequency. In the second case
wée may have emission at three frequencies, Here we muast intro-
duce the fundemental difference bstween homogeneous and in-
homogeneous linewidth, In the former cass a monochromatic
transition is broadened by circumstances which ars equal for
sll atoms in the cavity (as spontansous lifetime broadening
in a gas, phonon interaction in a solid matrix). All atoms car
contribute over the whole lineswidth. Hence, onoce the mode
nearest to the peak has besn excited, as the associated field
"sweepa” the cavity, it will "eat” all atomic contributions,
forbidding the other modes from going above threshold, In the
standing wave case thiis frequency pioture i® not sufficient and
one should aleo consider the space pattern., As sketched in



fig. 7 two different modes have nodes and maxime in different

positione, hence they will "exploit" different atoms, releasing
the competition. The simultaneous laser action over many modes

is then possible.

The inhomogeneous line broadening corresponds to different
frequency locations of different atoms. This can be due, e.g.,
to Doppler shift in a gas whers thermal agitation gives a dis-
tribution of velocities.

Another inhomogeneity occurs in a crystal where active ions
are sxposed to a c¢rystal field which changes from site to site.
Por an inhomogenecus line, different modes can go above

threshold even without a standing wave pattern.

In general, if ¢/2 L ie much smaller than the atomic line
width A4Ve there are many independent lassr linesa, without
phawe relations,

In Pig. B we have shown the scheme of mode locking operation,
In that figure, the several parts have the following meaning:

a) frequency picture of a many-mode laser

b) if the different laser fields have fixed phase relations,
they act as the differsnt Fourisr componente of s train of
pulsss, each lasting 1/4V, and separated by 2 L/c.
b) is the Pourier tranaform of the amplitude spectrum a),
provided the phamses are all egual

¢} practical scheme of a many-mode laser,
Besides the three main ingredients (active medium, incoherent
light to excite the atoms at the upper level, mirrors) thers is
also & saturable dye which becomes transparent at a critical
light intensity 1, (mee 4} . All the etanding waves of the
different modes will self-adjust their phases to have a maximum
when the dye is trunsparent, Traneparency is then lost with a
decay time ¥, «2 L/c and then recoversd after a transient
2 L/c. Thise corTesponds to having a narrow pulse bouncing
forth and back betwsen two mirrors, Notice that, from b) the
pulee duration is 1/Av, .

In the scheme of Pig. 9 we have thus explained how to lock in
phase the laser lines, in ordar to make short pulses (ae short
as the uncertainty relation permits, i.e. 1/ Ava ).

By using a Doppler broadened atomic line in a gas (1ike in

— b

a He~Fa, Or in an At laser), then
LY
Av‘ ~ _‘..,_ E_I (ot IO Hz
M

hence

t ~ 1 na,

pulse
Using ione of a transition element embedded in a crymtal

or glass matrix, an Cr3+ in AL, 03 {ruby), or Nd3+ in glasa,

one may have large AVa , A large 4Va can also be achieved
in the caess of complex dye molecules in a liquid solution be—
cause of the overlapping among many vibrational and rotationa.
leveles, :
It is nowadays easy to achieve

AV, ~ 103

and hence

tpuln:' 0.1 p mac

Notice that the range of picosecond times can be attained
only by techniques as in Pig. B, and not by elsctronic shutters,

2. Stimulated emimsion and nonlinear optica (NLO)

We have seen (fig. 3) that the transition rate for an emis-
sion process im B , 1t if spontaneous, or B (n+1) if stimulated,

Also in higher order processes as those studied in NLO we
can have a spontansous and a stimulated version, Take a pare-
metric process implying the annihilation of one gquantum Kws ,
and the creation of two quanta X- w, and X -603 as tn Mg. 7,

The transition rate is B for spontansous smission in the fiel' 2
or B (na + 1) for atimulated emission in the field 2.

In the first case, we look at 90°, and we collect point~] ke
processes, having to satisfy ths conssrvation of energy:

w -
1 Wy + W,



In the second case, we look in a direction (forward or back- [ TABLE 1
ward} almost collinear with the impinging bteam. Here, in order
to add coherently the field contributions, the momentum matching ]

condition
- - - f | Nature of the quanta Name of the procass

2 3

has also to be satisfied, . E

In a similar way we may describe usual light propagation in 1 light molecular vibrations R
s transparent medium as an elastic two-photon process. Since the [
acattered contributions sum in phame, it ie more convenient to

speak of a linear polarization light optical phonons in solida Raman
P~ x® E; (17
*) light acoustical phonons in solide Brillouin

rather than stimulated emission in the ecattered channel. |
Similarly, thers are 4 photon processea lending to "melf-actions”™ :
in the propagation of a large e.m. field, that is, melf focueing, light sound waves in liquids Brillouin
self-defocusing, eelf modulation in phase { self-broadening} and
amplitude (uelf—-ateepaning). Thsea non linearities on the same

light beam are described by a nonlinear polarization index as light light parambtric
o . convaersion (sum
P, = x( E, B E {18) or difference of
1 1ikg J 'k [ frequenoy, 4scond
The nonlinear refraction index can be writtsn in the isotropio harmonic gener-
case ag ation, etc.)
2 o
no=n, + n, | B (19)

In a liquid of anisotropic molacules, self actions stem .
from orientation of the molecules due to interaction with the b

induced dipole moments (high frequency XKerr effect). In a liquid
of tsotropic molecules, or in solids and gasseg, self actions
are due to distortion of the electron cloud.

3. Coherences and cooperative phenomena

As ghown in Fig, 3, stimulated emission explaine mode selection,
that is, a narrowing in the frequency spectrum and in the spectrum
of pomssible directions (monochromaticity and directionality),

Trie amounts to increasing the spectral purity, and use can he made

In Table 1 we show mome examples of NLO processes,

&
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of it in phyesica and technology {linear spectroscopy, hologr:phy,
plasma production and compreamion by powerful pulses), But all
this hans very little to do with coherence,

Each mode has still a harmonic oscillator dyngmica. that is,
it i® like a particle in a parabolic potential well, with an
equilibrium statistical distribution given by Maxwell—Boltzmann,t
that ie, peaked at the minimum energy. To have a aizeaEle amoun
of energy |E ? one ham to increase the "temperature" 1i,e,
the excitation, thue broadening the distribution and increasing
the entropy as well (Fig. 10),

However as the field E increases, one must consider high order
processes, besides the one photon emismsion, as e,g. the three-
photon procese of Fig. 11 which gives a cubic polarization

2 {20)
P = Go E - r&IEEI E

and hence a quartic free energy
G
4
¥=-P, E = -—9[E|2+_@-[E| (21)
2 4
As E increases, the quartic potential well becomes atee?er and
steeper (Pig., 12), so that a useful Eo can be reached with a

little amount of mpread, or statistical fluctuations, around it.

We call coherent this highly excited field state without
noise, The field can be described with very good approximation
hy a complex number with conatant amplitude and phase. Such a
field can bring the induced atomic dipoles to & coherent motion
in which the phase relations among atomic wave functions are

1ol times,
keptT::: ianghe basis for coherent nonlinear spectroscopy which
sheds information on fine properties of atoms and molecules,

4, Practical limitaticns to coherence

The above picture however is misleading if we aim to long
distance interferometry. In fact high order (nonlinear) correc-

"

tions regard the photon numbar, that ie, the square of the f:eld
amplitude and not ita phase., Even when the laser amplitude “n
atrbilized by the above nonlinearities, there is a residual phage
noise giving an ultimate linewidth as (Townes formula)

Av =Th> (4, 4~
P

where 4V. is the cavity width (that is, the resolution of the
empty laser interferometer) and P the power output , Fer P~ dwW
it would yield AV <c IO~ Hz .

A more stringent limitation is impoaed by practicel features as
the thermal noise on the cavity or mechanical fluctuations in

the laboratory room. Practically, today one can achieve a long
term stability around 10 k Hz.

Figure Captions

1 - Spherical shell in K-space.

2 ~ Radiative transitions in a two-level atom,

3 - Decey channels of an excited atom into different field modes,
4 - Radiative electron cross-gection versus frequency,

5 - Map of coherent radiation emission mechanisma.

6

= Scheme of two standing waves in a Fabry-Perot cavity, and interplay

between cevity resonances and atomic gain line.

7 - Intensity distributions of two standing waves,.

8 - Mode locking operation.

9b- Angular relation in » non-linear optical procens.

9a- Non-linear process.

10 - Harmonic potential wetll and equilibrium statiatical distr bution
for a linear field.

11 - Thivd-order radiative process in & two-level atom.

12 - Quartic potential well and statiatical dietributicon for a laser

field above threshold,



12 : 13

LASERS

B S N VU,

: bound levels free
' atomic molecular electrons
: Ve
Fig. 1 ; V4
. rd
; //
. inner outer el rot
N, . shell shel L
[ 1 ; high 2 low Z vibr
. | ?
AE=hy B'n BN A *
N, |
Eemission | A {
probabilities Y
L N X uv
0 0 n 0 .
hot h iqg. ; - 1 l i
photon numbers Fig. 3 | v 10 |I 1101
| i 1
] ' L] 5 } 12
l q-.':% LHz l(]I 10 . 0 l
oK 10’ 10* 10

Fig. 5




14 15

—y

|
[
!
i

|
|
1 /| N\
* A D
E )\ a}
’ C frequency
| 2L
]
|
f
{
!
!
!
.
A&
I T 2'. i h]
! time
T
i
; active mediym
} out 7 f
: mirror saturable dye mirror
Fig. & ! ¢)
: Pump
i
. ; 4
Al . NS N T N AN -~ :
10 f?‘t\ I Y I T N
L L A B A RV VA N N A IR PR
YA dogv v [ FE
ki \A’J \_cl\l \IA\ ral \4, LY A" \\VJ’ AV | 100 % p———
! —
“
L
1]
fFig. 7 @
o
-
- d}

0 light intensity



NLO crystal

¢ @, laser
U a) —""“——77&“ b}
[ / F—
i W, IV @stimul
tiw, spont” (D,
Fig. 9
L ]
potential /
/d
//
/
E field
1
probability
density
_// ~—— —.
fig. 10
F 1
. Fig. 11
potential

|
probability
density

PRl TR
]

m|




