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Propertiesof laser light

Collimation

As one can see from alaboratory He-Ne, the output from

alaser iswdll collimated
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The far-field diffraction angleis g» g [1]
where

d = diameter of output beam
| = wavelength of laser light

M onochromaticity

If a spectrally pure beam of laser light is examined using
amonochromator it is found to comprise narrow range of
optical frequencies.
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Temporal Coherence

By splitting and subsequently recombining alaser beam
after varying path differences, the coherence can be

angled mirror
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Beam splitter
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Even when L islarge, interference fringes are still
observed. Thistells usthe present phase of thelight is
strongly related to the past phase.
We define length over which fringes are still visible as
the coherence length. We also define a coherence
time, where:

Coherence length = Coherencetimexc [2]
Coherence time - Optical bandwidth

We know that over the coherence time, the phase of the
electric field vector must not 'slip' by more than 2p

By writing the electric field vector as.

E = Eo sin((wo + Dw)t)



we can state that the spread of optical frequency (i.e. the
bandwidth) Dw

DW teoherence » 2p

I.e. the spread of optical frequenciesin the laser beam
(Dn) isrelated to the coherence time by:

1

~ teoherence 3]

Spatial coherence

Aswell as being temporally coherent, atypical laser
beam can be spatially coherent as well.

These two points are in phase

(temporal coherence)
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These two points are in phase

(spatial coherence)

Spatial coherence can be measured using Y oung's slits
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In order to see ahigh contrast interference pattern on the
screen the phase difference between the light at the two
dlits must be constant. Typically, laser light isfound to
be spatially coherent across the whole of the beam.

What makesup a laser?

There are two components to alaser
Gain Medium (something to amplify the light)

Resonator (something to provide suitable
optical feedback)

Resonator
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Gain Medium

Mirror Mirror



Gain Medium

Consider two energy levels, E1 and E, with populations
N1 and No.

We will use an atomic system in which the electrons
occupy well defined energy states.

There are three ways in which this system can interact
with light.

Spontaneous emission

An electron in the upper state can spontaneously relax to
the lower state and in doing so will emit a photon.

Conservation of energy means the photon energy will
egual the change in electron energy, i.e.

hn=E>-E1
where h is Planck's constant

The average time an electron will remain in one state
before relaxing is called the lifetime (t)

The exact time at which the electron "chooses' to relax is
totally random and therefore the radiation emitted will be
Incoherent.



The spontaneous emission 'flow' of electrons from the
state 2 to state 1 is given by:

dNz _ N
dat ~ "¢,
where

t2 = lifetime of state 2
N2 = population of state 2, (no. m-3)

Alternatively, we write this as:

dN>
at =-Az2N2
where
1
A2 = Einstein ‘A’ coefficient = — [4]

t2

Stimulated absor ption

Similarly, an incoming photon can be absorbed by the
system and an electron will be excited from the lower to
the upper state. The frequency of the photon must be
such that:

hn=E>-E;

The spontaneous absorption 'flow' of electrons from state
1 to state 2 is given by:

dN>
gt =B12rnNiz

rn:Dnhn

where



B12 = Einstein 'B' coefficient
I n = Photon energy density at frequency n
D n = Photon number density at frequency n

Stimulated emission

An incoming photon can cause an electron in the upper
state to relax and an additional photon will be emitted.
The two photons not only have the same frequency but
also the same phasg, i.e. they are coher ent.

The stimulated emission 'flow' of electrons from state 2
to state 1 is given by:

dN>
gt =-BairnN2

where
B21 = Einstein 'B' coefficient

It is stimulated emission that's the key to laser action.

The three processes.
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Stimulated emission

The Einstein relations

Einsteln showed that the A and B coefficients are rel ated.

In equilibrium, the rate of change of upper and lower
populations must be 0, i.e.

dN> _ dN1 _
aq = a -0
dN>

gt = Spontaneous emission ‘flow'

+ stimulated emission ‘flow'
- stimulated absorption 'flow'

dN>
gt =A2N2+B21rnN2-B12rnN1 =0 [9]
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likewise,

dN1
gt =-A2N2- BairnN2 +B12rnN1 =0 [6]

From [5]:
Bi2rnN1=A2N2 + B21rnN2

Re-arrangefor rnp

_ Ao N>
'n=B12N1-B21 N2

or
A2
B21
= BN g
B21 N2 ~

However, in thermal equilibrium, Boltzmann statistics
will tell usthe relative population of state 1 and state 2

N1 o1
N> =0 exp((E2 - E1)/KT)
where

g1 = degeneracy of state 1

g2 = degeneracy of state 2

k = Boltzmann's constant

T = temperature in Kelvin
In our case

hn=E2-E1

Therefore



Ni o1
N> =@ exp(-hn/kT) [8]
sub into equ. [7]
A2
B21
'n = £1B12 [9]

B SXP(N/KT)=- 1

Since our system isin thermal equilibrium, r  must be
identical the black body emission, i.e.

_ 8pn3hn3 @ 1 0
'nT  exp(hn/kT)- 1

[10]

Equating equs. [9] and [10] we get the Einstein relations:

01B12=02B21 [11]
and

A>  8pn3hn3

Ba~ 3 [12]

The ratio of the spontaneous to stimulated emission is
given by:

. _spont. A2

[13]

Re-arrange equ. [9], to get:
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. B2 0
Ratio = 92821 exp(hn/kT); -1)
but g1B12 = g2B21, therefore:

Ratio = exp(hn/kT) - 1

e.g. electric light bulb, T=2000K, n =5 x1014 Hz
Ratio = 1.5 x105

Stepsto achieve laser action

Stimulated emission will enable us to amplify an
incoming stream of photons (One photon in, two photons
out).

However, under normal conditions, the ratio between
stimulated

n

d spontaneous emission is

Very poor.

To boost the amount of stimulated emission, we heed
ngh n
High N2

Explanation of 'g' degeneracy

If two states have different qguantum numbers but
identical energies, they are said to be degenerate, e.qg.

12
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g1 N1 isthe total number of occupied states with the
energy E;.

Note that if the degeneracies are equal (e.g. both =1) then
we have;

B21 =Bi12 (for g1 =02) [14]
Absor ption of light

It is normal to define an absorption coefficient (a), such
that:

In(X) = In(x=0) exp (-ax) [15]
i.e.

din
& =-a |n(X)



where
In = light intensity at frequency n

If a is+vethen incoming light is absorbed
If a is-vethen incoming light is amplified

How canwerelately torn ?

Unitsof |, energy per unit area per unit time

Units of r, energy per unit volume

Therefore,
In =1 nXspeed of light

C
|n:rnﬁ

where
n = refractive index

Emission Linewidth

So far we have spoken of emission and absorption asif it
only happened at one specific frequency and all the light
emitted was monochromatic, i.e.



Absorption

—_—
Frequency

Thisis not the case, atoms may absorb or emit photons
over a narrow range of neighbouring frequencies Dn, i.e.

-
O
2
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Frequency

The shapeis given by the lineshape function = g(n).

What causes the broadening of the line?
In gases:

Doppler broadening, pressure broadening, natural
lifetime, observation time.
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In solids:
L attice variations, phonon interactions, natural lifetime

The various broadening mechanisms fall into two
groups:

Inhomogeneous Broadening
e.g. Doppler broadening in gases

.'\ b o Atoms/molecules
‘ ~—_ moving with
’ thermal velocity

When a photon is emitted from a moving atom, its
frequency will be Doppler shifted by an amount

dn where:

Vx
dn=ng <

where
np = transition centre frequency, = (E2 - E1)/h
Vyx = velocity of atom/molecule aong line of sight

Each individual atom/molecule has a specific velocity
and therefore contributes to a specific value of dn.

Each individual atom/molecule has a specific velocity
and therefore contributes to a specific value of dn.
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The values of dn correspond exactly to the spread of vy.

Therefore, the lineshape function for Doppler broadening
has the same form as the vel ocity distribution

__[_m 2MVx2 0
PV =/ 2pkT SPEKT

I.e. Gaussian lineshape

value of vx when P[Vx] = 0.5 P[Vx=0]

Vx=\/2|nr(§) KT

Therefore defining Dn to be the Full Width of the
transition at Half Maximum (FWHM), we get:

no [8In(2) kT
DNpoppler = c m [39]

For | nhomogeneous broadening, each frequency within
the linewidth always corresponds to an individual
atom/molecule.

Even in solids Inhomogeneous broadening mechanisms
also exist.



18

Different atoms are sited in dightly different Lattice
positions and therefore 'see’ different perturbing fields,
again we get a Gaussian lineshape.

Homogeneous Broadening

e.g. Natural Lifetime

All Homogeneous broadening mechanisms can be
understood in terms of the Uncertainty Principle

DE. Dt » h

For our atoms /molecules, the lifetime of state 2 1St 5.

Therefore we can write that the uncertainty in the energy
of state 2 is:
h

DEstate 2 » 5

Relating the uncertainty in energy to frequency we get:

DE =hD 1
State 2 = n» to
1
Dn » 6 [36]

Within the Homogeneous Linewidth, no distinction can
be made between different atoms/molecules. "All the
individual atoms are broadened by the same amount”

The lineshape can also be derived from the uncertainty
principle. We tend to write:

DE. Dt » h
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However, DE & Dt arerelated as a Fourier Transform
Pair (asare Dp & Dx)

Fourier Transform

DE —— Dt

h = 'scaling factor'

N our case,

c t2

.% A f—— F.T.

=

S © Dn

o — | ——
—_— )  —

t n

So far we have only considered Dt to be limited by the

natural spontaneous emission lifetime of the transition,
I.e. the natural linewidth.

However, Dt may be further reduced by:

Collisions between atoms, i.e. pressure broadening

Rapid stimulated emission, i.e. power broadening



| nhomogeneous and Homogeneous Br oadening

All transitions are homogeneously broadened (e.g. the
spontaneous emission lifetime results in a natural
linewidth)

All transitions are inhomogeneously broadened (e.g.
Brownian motion giving a Doppler shift)

In most cases, one mechanism is far larger than the other
and the transition is said to be homogeneously or
Inhomogeneously broadened.

Linewidth as a function of frequency

Consider a gas which has a number of different
transitions throughout the spectrum.

For Doppler broadening, we have:

no [8In2) KT
DNpoppler = c m [39]
Therefore:
Dninhom @ No

For the natural linewidth, it can be shown that:

DNhomo & Ng2

Therefore, infrared transitions are long lived and
Doppler broadening is very significant. UV transitions
are short lived and the natural linewidth is more
Important.

20



Absor ption / Emission Cross Section

Rather than using the A and B coefficients with g(n), itis

often more convenient to think in terms of an effective
Cross section.

Atom in upper state

/

Incoming photon 4

f N
VAVAS =T VAV A
A
/ AN
Effective interaction cross section
Stimulated emission

The probability of a single atom undergoing stimulated
emission is.

Probsim = incident photon flux x x-section

C
PrObstim: Dnﬁ .Sn

Where:

r n
D 1 = photon number density = h_:1 =Inhnc

Sn = X-section for stimulated emission
I.e

|
PrObstim: h_:] .Sn

For N atoms the number of emissions will be;

In
Number = — N. Snp



Rewrite the rate equations we get:

dN1 N1 N2 In
dN> N2 In
at =- ¢, - Sn(N2-Nyp

Note by comparison to [5]:

dN>

gt =A2N2 +B21rn(N2-N1) =0
we can write:

n

Sn=B21hng

or, using [12]:
_ A n
SN = gpn3hn3 ''C T gpn2n2t,

L et us consider avolume of the laser media

[45]

[46]

5]

[47]
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T |(x+dx)

F dx o~

X X+dx

The number of photons per unit volumeisD p;

C C
Whereln:rnﬁ =Dnphn n

dD n _ o _
gt = st mulated emission / unit vol.

- stimulated absorption/unit vol.

At this point we can ignore spontaneous emission since
the emitted photons will not be coherent with the

incoming light and therefore do not give a useful output:

an C C
T :NZSnDnﬁ -NlSnDnﬁ
an C
dt = (N2- N]_) snD nﬁ [16]

The changein D n can be related to the changein
intensity by:

_dlh Dxn
Dn="dx hnc

23



24

or ssmply we can say D p, is proportional to I

dp c
gt =(N2-Nz)snlnp [17]

We want to express things with respect to x not t, hence

dl, dx

n S92 C
dx dt = (N2-N) snlnp

dx ¢

but we know that 3¢ = n

and therefore
dl
“dx = (N2-N1)snln [18]
. din
but we've dready defined ¢ =-a In(x)
and therefore:
a =(N1—N2) sn [19]
a is called theabsor ption coefficient.

Under thermal equilibrium, we have a Boltzmann
distribution and because E2 > E1, we have:

N1> N2

therefore a is always +ve and the medium always
absorbs.
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However, if we can create a situation where:

N1 < N2 (known asa population inversion)

then a is -ve and the medium will amplify

When a is-ve, itisusually called k, wherek = -a, i.e.
k=(N2—Ni) sn [20]

k is called the small signal gain coefficient.

Gain Threshold

Once a population inversion is established, the gain
medium will amplify an incident beam of light.

By reflecting the light backwards and forwards through
the gain medium an intense beam of radiation can be
established. By analogy to the electrical case we call this
process optical feedback and the laser becomes alaser
oscillator.

In reality, again of 1.000001 would not be enough to
achieve laser action since we need enough gain not only
to overcome the stimulated absorption in the gain
medium but also to overcome the losses due to poor
mirrors etc. i.e.

Gain3 Loss
In the limit
Minimum Gain (or Threshold Gain) = Loss

The size of the population to achieve the threshold
inversion gain is called the Threshold Inversion



Population inversion

In order to get amplification we need to create a
population inversioni.e.

2
*
E,
N4
Eq
N2 > N1

We create the population inversion by pumping.

We need to find away in which we can overcome the
thermal distribution of states.

One way in which we could try to increase the
population of state 2 isto illuminate the medium with

light of frequency n, where:

E>-E1
n= h

However, since B12 = Boj thislight will just as likely
cause stimulated absorption as stimulated emission. In
the steady state we see from [5]:

BiornN1=A2N2 + Ba1rnN2

that for any value of r p:

26
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02
N2£g_1 N1

and hence, at best the medium will be transparent

Making the medium transparent by an intense optical
pumping is called bleaching.

To achieve a population inversion we need to use media
with more than two energy states. All practical laser
systems can be simplified to three or four energy levels.

These are called
Threelevel laser systems
or Four level laser systems

Threelevel Laser

13>

2>

W/\|1A>/>

a) Pump from state 1 to state 3

The pump transfers population from the ground state to
higher energy levels. (State 3 may be a collection of
different levels)

b) Non radiative decay from state 3 to state 2
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In agood laser medium, the lifetime of state 3 is short
and all the population in state 3 rapidly decays to state 2

¢) Stimulated emission from state 2 to state 1

In agood laser medium the lifetime of state 2 islong so
that the population will grow and an inversion can be
created with respect to state 1. Once an inversionis
obtained, stimulated emission will give optical gain.

Threelevel system, getting an inversion

Under thermal equilibrium, nearly al the population
residesin state 1. To get an inversion we need to pump
at least half the total population via state 3 into state 2.

If the total population is Ntqt, then for an inversion we
need:

NTot
No 3 20

However, the population in state 2 will decay due to
spontaneous emission. To maintain the inversion we
need to pump at:

NT1ot 1
Rth-3level = TO > [24]
2
where
Rth = threshold pump level, excitations per sec,
per unit vol.

to = lifetime of state 2



Four level Laser

a) Pump from state O to state 3

The pump transfers population from the ground state to
higher energy levels. (State 3 may be a collection of
different levels)

b) Non radiative decay from state 3 to state 2

In agood laser medium, the lifetime of state 3 is short
and all the population in state 3 rapidly decays to state 2

c) Stimulated emission from state 2 to state 1

In a good laser medium the lifetime of state 2 islong so
that the population will grow and an inversion can be
created with respect to state 1. Once an inversionis
obtained, stimulated emission will give optical gain.

d) Non radiative decay from state 1 to state O
In afour level laser, terminal state of the laser transition

iIsnot the ground state and therefore a population
inversion is easier to maintain.

29
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Four level system, getting an inversion

Under thermal equilibrium, nearly al the population
residesin state 0, i.e. state 1 isempty. A population
inversion between states 1 and 2 and be obtained even
for small populationsin state 2.

However, to overcome losses in the resonator etc., we
need to achieve a gain somewhat greater than unity.
As mentioned before, this corresponds to a threshold
inversion Nih. (but typically Nth<<NTot/2).

Therequired level of pumpingis:
1
Ritvalevel = Nith i [25]

What isthethreshold inversion?

To achieve laser operation we need to create alarge
enough inversion so that the gain exceeds the loss.

Source of loss:

1) Transmission of mirrors (we need a partially
transmitting mirror to get some output light!).

2) Absorption and scattering by the mirrors.

3) Unwanted absorption by the laser gain media (these
would be by transitions other than those we have
considered).

4)  Scattering by optical imperfections (e.g.
contamination within the laser crystal).

5) Diffraction losses.
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All the losses other than mirror transmission are grouped
into an overall loss, giving aloss coefficient g

We can characterise a cavity by the time it takes the
oscillating light to escape. The intensity in the cavity
will decay exponentially with atime constant tc,

We can work out the minimum gain required by equating
the exponential gain to the exponential loss

Gain: | = 1o exp(kx)

et 0
Loss: | =g expﬁg—c;

.

Time (1) isrelated to distance (x) by the speed of light gg

Therefore the cavity loss time tc, equates to a cavity loss
%0

length of tc M-

At threshold by equating the "gain length" to the "loss
length" we get:

1 e
kin = o &,

which can be rearranged to give [30]:

n
kth = cte [30]

Then sub [30] into [20] to get the population inversion
required to achieve threshold:

k = (N2—N1) Sn [20]



Nth=(N2—N1) = kih/ Sn

n

Nth=g ot [31]
Nthis called the threshold inversion.
Alsosubinfor sp intermsof to: from [47]

c2

SN= G

8pn2nzt ,
Our expression for the threshold inversion becomes:

8pn3n2to
Nth - C3 tC [32]

For some lasers, the pump power required to attain a
threshold can only be achieved for a short time. These
lasers are pulsed lasers.

If the inversion can be maintained indefinitely the output
IS continuous. Such alaser is a continuous-wave, i.e. a
CW laser.
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Examples of laser systems
Helium Neon L aser
Active Medium: 90% He, 10% Ne, »10 torr gas
Pumping: Electrical discharge

Output Wavelength: 632nm, 1.15um & 3.39um
(select by mirror choice)

Typical power levels.  1-10mW
Cost: £100's
Laser Type: 4 |evel, inhomogeneous

Cathode Anode Mirror

<=7

L HHAAA—

Power supply Brewster Window

In the He-Ne laser, the population inversion is created
between two energy levelsin the neon atoms.

Similar to many other systems pumped by electrical
discharge, the neon is excited indirectly.

Energy level diagram for He-Ne laser
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a  Electron impact excites the helium atoms into the
long-lived 23Sand 21S states

b Collison between He and Ne atoms excites the
neon into the 2s and 3s states.

c Population inversion created between the 3s/3p and
2s/2p states In neon. Stimulated emission gives
gain.

d Thelifetime of the 2p and 3p statesis short and they
rapidly decay to the 1s state.

e Collisions between the neon atoms and the tube
walls returns the neon atom to the ground state.

With the He-Ne laser the tube walls play an important
part in maintaining the population inversion (step e).

Therefore cannot operate at large tube diameter or high
gas pressure.



Brewster Windows

It is often convenient to contain the gain medium inside
the resonator in a separate container/vessel. This
protects the mirrors from the medium (which may be a
high temperature gas) and allows them to be easily
adjusted.

Often thisis done using Brewster windows. Any
transparent material aligned so the angle of incidence for
theincoming light ray is

Nt . .
g=tanlp (n = refractive index)

exhibits no reflection for one polarisation.

When gp = 90° there is no reflection of the || polarisation
state. The | polarisation state is reflected and therefore
suffersincreased loss.

L aserswith Brewster windows give linearly polarised
outputs.

35
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Argon lon Laser

Active Medium: |onised argon atoms (gaseous)
Pumping: Electrical discharge
Output Wavelength: Mainly 514nm and 488nm

Typical power levels.  1-10W

Cost: £10k -100k
Laser Type: 4 level, inhomogeneous
Solenoid

( \é . 'ib;A )
7

Ceramic or graphite tube | selection prism

In the Ar+ laser, the population inversion is created
between two energy levelsinionised argon

Because of the high currents, a solenoid is often used to
contain the plasma in the centre of the tube, away from
the walls. Discswithin the tube acts as heat exchangers
and the whole tube is cooled with awater jacket (low
power lasers can be air cooled)



Energy level diagram for Ar+ laser

Energy (eV)
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lonised argon atom
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The argon atoms are ionised by electron collision
within the discharge (up to 50amps!). Further
multiple collisions excite the ions to the 4p states.

A population inversion is created between the 4p/4s
states. Stimulated emission gives gain.

The 4s state has a short lifetime and decays to the
ground state of the argon ion (giving off UV inthe
Process).

The argon ion recaptures an electron

Ar+|asers have a number of laser transitionsin the
blue/green region of the spectrum. An internal prism can
be used to select the desired output line. Or for
maximum power, the prism can be removed and
simultaneous output on "all lines" can be obtained.

Argon lon lasers use lots of power and breakdown often!
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L aser diodes

Active Medium: Direct bandgap semiconductor
e.g. Gallium Arsenide

Pumping: Electrical

Output Wavelength: 360nm - 7um (different
diodes and extending )

Typical power levels. 1mw- 1W
Cost: £1- £20k
Laser Type: 4 |level

L aser diodes are based on very heavily doped p-n
junctions (heavy doping is denoted pt or n*). In heavily
doped pt-type and nt-type materials, the Fermi energy
lies within the valence and conduction bands
respectively.

pt-type nt-type

Fermi level lies within Fermi level lies within
valance band conduction band

In a p*-n*junction the contact potential is nearly equal
to the energy gap.
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Position

Under forward bias, the electrons and holes recombine
extremely close (in) to the depletion region. Thisis
called the active region

p*-type n*-type i
A Ech @ ———————~—amvmms
= e
g N)N f
L EVb
T ———

Depletion Region
|

Position

The size of the active region is approximately equal to
the diffusion length, which for heavily doped material is
1-3um.

For materials with a direct band-gap the recombination
will be radiative, although the heavy doping also leadsto
strong reabsorption of the emitted light.
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If the injected carrier concentration is large enough then
the stimulated emission dominates over the absorption
and optical gainisobserved. A homojunction laser is
shown below.

+ve

Metal contact

N Cleaved end-
P -type GaAs(:Ge) face (110)

n*-type GaAs(:Te)

\

-vVe

Fan shaped
output beam

Vi

Points to note:
- cavity mirrors formed by Fresnedl reflection from
uncoated end faces of the crystal
R 2 2‘”1% 2
Ny

- the um width of the active region resultsin light
spreading outside the active region. Therefore
mode volume > active region

- the excess of carriersin the active region modifies
the refractive index (+0.1) to give slight
waveguiding

- principal losses are due to scattering from crystal
defects and free-carrier absorption



Homojunction (p and n materials the same) lasers have
high losses due to free-carrier absorption. Combined
with the large active area this results in high threshold
currents (»400A mm-2). Therefore, operation is only
possible in a pulsed mode or at low temperatures.

The power output of alaser diode increases rapidly as
threshold is reached.

Stimulated

Output emission

Threshold

Spontaneous current

emission
| /

Current

Additionally the spectral profile of the laser diode
changes as a function of forward bias

Output
Output
Output

SN

Frequency Frequency Frequency
Below threshold At threshold Above threshold

The key to reducing thelossesin adiode laser isto
improve the light guiding in the active region.
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Heterojunction Lasers

A heterojunction is ajunction between materials of
different types.

In aheterojunction laser an extrathin layer of material
creates aregion of higher refractive index as the active
region which also acts as a waveguide for the photons

GaAlAs | GaAs | GaAs
p+'type | p-type | n+-type l
l 1
A Ech |
> | v
= e
2 | NN f
vb —
EF —pm - T - - = T A
| | ‘
| |
—¥
typ. 0.2um
-

Position

Points to note;
- GaAs acts as waveguide for emitted photons
- GaAlAs has larger band-gap than GaAs, therefore
design reduces photon absorption in pt-type
materia
- threshold reduces to 10A mm-2

Double Heter ojunction laser

The heterojunction principle can be taken a further step
to a double heterojunction.
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Position

Points to note;
- GaAs acts as waveguide for emitted photons
- GaAlAs has larger band-gap than GaAs, therefore
design reduces photon absorption on BOTH sides of
active region
- threshold reduces to 10A mm-2

Quantum Well Lasers

If the addition layer within a heterojunction is reduced
from 100's nm to 10nm or less it becomes comparable to
the wavelength of the electrons within the crystal. The
electron is effectively trapped within a one-dimensional
guantum well. Consequently, the energy levels and
corresponding wavel engths of emission are modified.

To increase the overall power output, many adjacent
guantum wells can be formed in the region of the
junction. These are called multiple quantum well lasers.

Stripe Geometry Lasers

Heterojunction designs allow the threshold to be reduced
to alow current density. To reduce the current to alow
value it is necessary to reduce the area of the laser diode.
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If the length is reduced the round trip gain may fall
below threshold, therefore need to reduce the width.

The current flow into the active region can be restricted
to asingle stripe along the length of the laser which may
only be afew microns wide.

The stripe can be formed using a patterned electrode or
by selective processing of the semiconductor material.

A stripe geometry gives threshold currents aslow as
50mA with power outputs of 10mW.

Other advantages of stripe geometry are
- power emitted from small areatherefore collimation
and focusing are simplified
- power output can be more stable since laterd
stability of active region isimproved.

Distributed feedback lasers

As an alternative to mirrors or cleaved crystal ends a
diode laser cavity can be formed using a Bragg Grating.
A Bragg Grating isasimilar ideato a multilayer
dielectric coating which relies upon stacked reflectors
separated by half wavelengths such that constructive
interference between reflection from each layer resultsin
a strong reflection for one particular wavelength.

In this case, each “reflector” is created by changing the
thickness of the active region. By placing a corrugation
on the surface this introduces a periodic change mode
index (see later) resulting in a strong distributed
reflection at a particular wavelength. Hence the term
distributed feedback laser (DFB)
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DFB lasers are extremely useful since the exact
wavelength of the output is determined by the period of
the structure.

Vertical cavity lasers

One particular interesting form of DFB laser isthe
vertical cavity surface emitting laser (VCSEL). Inwhich
the light is emitted vertically, perpendicular to the plane
of the substrate.
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with

1
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! 1
: |12 | insullator |
1
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Substrate Bottom electrode

These VCSEL devices can be made many to the chip and
require no coating consequently they now represent
nearly half the world market for laser diodes



Tuning diode lasers

There are two methods by which laser diodes can be
easily tuned
- temperature tuning, the wavelength of a GaAs laser
diode tunes by approximately 0.3nm per °C
- current tuning, the frequency typically tunes over
several 10's GHz asthe drive current is altered.

Failure modes of laser diodes

Failure may be gradual or catastrophic

Catastrophic failure occurs when one of the end facetsis
damaged. The small active volume and cross-section
resultsin high intensities even at low powers. The
maximum optical flux istypically 109W nr2,

Gradual failure givesrise to an increase in threshold
current with time. Dark stripes (regions of low gain)
appear in the active region. These occur at high current
density and are associated with the migration and
generation dislocations in the lattice. Consequently,
fabrication process and control are of critical importance.
The dark stripes act as centres for non-radiative
recombination.

Nd:YAG

Active Medium: Neodymium impurity in
Y ttrium Aluminium Garnet
(solid state)

Pumping: Opticd

Output Wavelength: 1064nm
Typical power levels.  up to 50Wcw
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Cost: £10k - 50k
Laser Type: 4 level, inhomogeneous
Nd:YAG rod

\\ [
| (=) |

Elliptica 7 /j < ( Flashlamp

reflector to focus )] -
lamp into rod )/ \

1
! | DC or pulsed power supply

The YAG isdoped with Nd3+ ions replacing some of the
Y ttrium.

The Nd3+ ions absorb light from the pump (particularly
at »810nm) and are excited into a number of high energy
states from which they decay to the 4F3/2 state.

Theinversion is formed between the 4F3/2/4111/2 states.

The4l11/21s short lived and it rapidly decaysto the
ground state, thereby maintaining the inversion.

Within the last decade, Nd:Y AG lasers have also been
pumped using laser diodes, temperature tuned to match
the absorption of the Nd:YAG at »810nm. Frequency
doubling is frequently employed to obtain a 532nm
output in the green.



Nd:YAG rod

\ | |
/ : ; |
L aser diode

Lensto focus light into YAG rod

Nd:YAG lasers are found in both pulsed and CW forms.

Copper Vapour Laser

Active Medium: Copper vapour at »1500°C
In aneon buffer gas

Pumping: Electric discharge
Output Wavelength: 578nm and 510nm
Typical power levels.  up 50W average power
Cost: £10'sk

Laser Type: 4 level, but metastable lower
laser level, inhomogeneous

Solid copper is heated in an oven to »1500°C, the vapour
pressure is »0.1 torr.

An electric current passed down the tube generates a
population inversion in the copper. However, the lower
laser level islong lived and therefore the population
Inversion cannot be sustained. Therefore, copper vapour
lasers are always pulsed. Rep rates as high as several
kHz may be obtained.
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Dye L aser

Active Medium: Organic dyesin liquid solvent
(e.g. Rhodamine 6G)

Pumping: Optical

Output Wavelength: 350nm - 900nm
(with 10 different dyes)

Typical power levels.  upto IW CW

Cost: £10'sk + pump source

Laser Type: 4 level, homogeneous
Organic dyes have very broad absorption (spontaneous
absorption) and fluorescence spectra (spontaneous
emission) if used as the laser gain medium we would
expect them to give us broad tunability.

Absorption Emission

450 550 650
Wavelength (nm)

Dye lasers are pumped optically. Thiscan bevia
flashlamps (similar to flashlamp pumped Nd:YAG) , or
for CW output by another laser.
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Singlet states

S, Triplet states

Each electronic energy level is significantly broadened
by the vibration and rotation of the dye molecule.

Theterms singlet and triplet refer to the spin state of the
excited electrons.

a  Optical pumping excites a dye molecule into the
first singlet state.

b  The molecule quickly relaxes to the bottom of the
excited state.

c Aninversionis created between the bottom of the
excited singlet state and the upper levels within the
ground state.

d Themolecule quickly relaxesto the bottom of the
ground state, thereby maintaining the inversion.

e Unwanted re-absorption of the laser light may cause
further excitation of the dye, leading to reduced
gain.

Thisiscalled excited state absorption (ESA)



f  Inparticular, CW systems are limited by the gradual
build up of the triplet population.

In aCW system arapid flow of dye is maintained so that
the triplet state population is removed from the active

region.

Argon ion are the lasers most frequently used to pump a
dye laser. Therapid flow of dye is maintained using a
jet of liquid dye formed by a nozzle and recycled through
the system. A particular dye will give laser output over
»100nm, wavelength selective optics (e.g. prisms and
etalons) are used within the cavity to select a particular
wavelength and longitudinal mode.

Wavelength selection

/

Ry, Lo

[ ) —
Output
‘Jet' of dye
Titanium Sapphire Laser
Active Medium: Ti (3+) ion in sapphire host

Pumping: Optical

Output Wavelength: 700nm - 900nm
Typical power levels.  upto 1IW CW

Cost: £10'sk + pump source

51



52

Laser Type: 4 level, homogeneous

Ti-sapph lasers have largely replaced dye lasers as
tunable laser sources within the research laboratory.
Despite having a restricted tuning range, the vastly
improved “ease of use” (i.e. lack of leaking liquid dyes!)
has persuaded people of their scientific merit.

They look and behave very similar to the dye lasers they
replace, and are also pumped with an additional laser
source (either argon ion or more recently frequency
doubled YAG).

As with Dye lasers the broad tuning range allows the
generation of ultrashort pul ses (see model ocking).

More recently similar laser materials such as Cr Li saF
which absorb in the red can be directly pumped using
laser diodes. Thiswill potentially yield “ shoe boxed”
sized tunable laser sources for reduced cost.

Gain saturation

What happens to the gain (k), the population inversion

(N) and the radiation density (I) as we pump harder and
harder (increasing R)?

We have shown that there is a threshold value for the
population inversion, below which the total gain (i.e.
gain + loss) isless than unity and no laser output results.

Once above threshold, the total gain is greater than unity
and the energy density within the cavity (In) will grow.

Obvioudly, for a steady state or CW (continuous wave)



output, In must be constant and therefore the gain must
be equal to unity.

As | increases, so does the rate of stimulated emission,

which acts to remove population from state 2 and hence
reduce the population inversion.

The steady state condition corresponds to the case when
the level of stimulated emission isjust sufficient to offset
the pumping and maintain the inversion at the threshold
value. Thereby giving atotal gain of one.

Consider the populations of states 1 and 2, but thistime
include the effect of pumping:

dN1 N1 N> In
@ =1, ti, TSn(N2-Nop. [45)
dN2 N2 In
a =R- 1, - sn(Na-Nypg [50]
Where
R = pumping rate excitations/sec per unit vol.
For the steady state condition:
dN1  dN2
& = dt =0

Adding [45] and [50] we get:

N1=Rt1 [51]
Subtracting [45] and [50] we get:
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|
N1/2t1 + N1Sn h_:] + R/2

N2 = [52]

In
1/t2+SnE

sub [51] into [52]:

e o I o
Rg:l.'kthntlB

N2= |n
1/t2+Snm

Therefore, the population inversion is given by:

R(1-ta/to)

In
1/t2+Sn%

N=N2-N1=

Note, if t 1> 12 then N is always negative, i.e. there can
be no population inversion

But in anideal four level laser system, to>> 11,

therefore:
R
N=N>-N1= P [53]
1/t 2+ Sp %
At threshold, In = 0, therefore: (see also [25])
Nth = Riht 2 [54]

Even when R > Rih, N = Nih. Sub [54] into [53]:
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R

Riht2 = I

1/t2+th_n

R hn hn

“snRmnt2 Snt2

In

o =R 55
n_SntZ gqth- ﬂ [ ]

N A /A

k- Np - =

I
|
I
Rin
|
I

How much light is required to saturate the gain?
R

N=N>2-N1=

In
1/t2+5nm

Remember:
N = Population inversion no. m-3

R = Pump rate no. m-3 per sec

Sn = x-section for stimulated emission
_ : C C

In=Lightintensity=rn; =D nhnj

t 2 = Lifetime of upper laser level



Rto

N = N2 - Nj = "
1+t25nh_n

Prior to lasingwhen In =0, N =Rt>
We define thisto be N;j , theinitial population inversion:

Ni
N = | [58]

1+t25nh_l:]

We define asaturation intensity ls:

hn

| sat = tosn [59]
Sub [59] into [58], to get an expression for the
population inversion as afunction of Ip:
Ni
N = I (homogeneous only) [60]
1+ Tt

When In = Isa, N = Ni/2.

Since the gain (k) is proportional to theinversion (N), we
can write:

Ki

In
1 s

(homogeneous only) [61]

Where kjisthe gain when |n » 0
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Likewise, when Iy = s, k =ki/2

Note that when I = lsg, from [59]:

InSn _i
hn ~ t»
Remember,

Ins
Rate of stimulated emission = nhnn N>

. 1
Rate of spontaneous emission = - N2

Thereforewhen |y = | st

stimulated emission rate = spontaneous emission rate

The Laser Resonator

Resonator

— ™~

Gain Medium

Mirror Mirror

So far we have only discussed the gain medium.

In order to get Stimulated emission, we need to feedback
into the gain medium some of the previously emitted

light, i.e. increase I .
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'Lasers in which the gainis so high that no feedback is
needed are called super-fluorescent.

Spontaneous Emission Stimulated Emission

\ £ AN
. RAVAVA' o2

AVAVA' - AN\ o o \/\/\»-
Gan Medium

However, with most laser systems some form of
feedback is required.

The simplest system to obtain optical feedback isto
place the gain medium between two highly reflective
mirrors.

Spontaneous emission,
Initiating laser action
Partial mirror lets

some photons escape Stimulated emission,
to give output iving gain
-\ |\ . tw o AY%

A%

A
)Qf Gain Medium /

Mirror giving feedback
Spontaneous emission and more stimul ated
photon 'lost' from resonator emission

L aser action begins by a'chance' spontaneous emission
along axis of resonator (optical equivalent of electrical
NOISe).



Initial 'spontaneous photon' experiences gain due to
stimulated emission.

Mirrors provide optical feedback, and the energy density
within resonator increases.

A partially transmitting mirror allows some of resonator
field to 'escape, giving an output beam.

If the mirrors are perfect then no light escapesiif the
mirrors let out too much then the laser will not operate —
there is an optimum!

| N interna

I'n out

1-r1

We might assume that light of any frequency can
propagate up and down the resonator as awell
collimated beam. We would be wrong!

Transverse Modes

Think of two plane mirrors separated by adistance L, if
one of them is dightly mis-aligned then successive
reflections will cause the ray to escape from the
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resonator. Thisis caled beam walk off, and is a source
of cavity loss (g.

Beam 'walk off'
.

|
Mis-aligned mirror
Even for perfectly aligned mirrors we have to worry

about diffraction of light by the finite aperture of the
mirror, also leading to light |l oss.

We can use curved mirrorsto 're-focus the beam at each
reflection. Curved mirror cavities are more stable than
plane mirror cavities. Theintensity distribution across
the width of the cavity isthe Transver se M ode pattern.

Beam 'held' within resonator

—————]

\ = 7
A frequently used mirror geometry is the confocal
geometry. Mirrors of radius of curvature R (i.e. focal

length R/2) are separated also by R (i.e. their focal
points are coincident in the centre of the resonator)

For low loss, high reflectivity mirrors are very important.
These can be made as high as 99.9%. Such mirrors are

made from alternate | /4 layers of high and low refractive
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Index materials so that the reflections from each of the
interfaces add up in phase.

Conditions for Cavity Stability

We have said that curved mirrors can be used to re-focus
the light back into the cavity and prevent light 'escaping'.
What are the conditions for mirror curvature (i.e. foca
length) and mirror separation for a stable cavity?

We can think of our mirror cavity in terms of a series of
lenses.

f]_: R1/2 f2: R2/2

Matrix optics can be used to calculate what happensto a
light ray when it passes through an optical system.



Input Plane Output Plane
2y axis

d1 I I
%" " opticd L%
System r
I
4 |
I
I
I

In general we can write:

|-O:

1 O
L1,

For asimple lens (foca length f) the A, B, C, D matrix
IS

F20 A Bo
gjlzg :gCD

SO
O

ABs 1 06
5C D;Iens=8'f—1 12

-
lLe. re=riand =7 +0Q1

For afree space section (length d) the A, B, C, D matrix
IS

aA Bo 2l ds

§C Dy freespace=§0 15

l.e. ro=r1+dgr and g2 =0q1

For afree space section followed by alensthe A, B, C,
D matrix is (remember to multiply the matrix in reverse
order):

62



#ABo
CDg — 8f

O

Q- -1O:

Our laser cavity is arepeating series of two lenses:

1S 1S+ 1
| |
| |
| |
| |
o d d - d
-————P -—————Pp -————P
f fa f fo
The A, B, C, D matrix to transfer from the sto the s+1
planeis:.
1 d 1 d
ABo €1 g > €1 4
°&f s &%, 1% 5
d & Jdo
x it o 0
_(; 1 f2 dgz f2z -
_81 le ds 2d d d =+
1 R T fi fotfif, @

[65]

[66]
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d
A=1-7,
& do
B=dg 1
-1 le doé
C=f, R
2d d d?
D=1-7 -f;, *f1f

From [65], we can write:

1
Os=pg (rst1- Arg) [67]
and therefore:
1
Ost+1 = B (rs+2 - Ars+1) [68]

Equating [66] and [68] , we get:

Crs+ Dgs = % (rs+2 - Ars+1)
Substituting for gs using [67]:

BCrs+ D(rs+1 - Ars) = I's+2 - Ars+1
Re-arrange in terms of rs;

Ist2 - (A + D)rs+1+ (AD - BC)rs=0
We can show that (AD - BC) = 1, therefore:

rst2- (A + D)rse1 +rs=0

l.e. rsi2-2brst1+rs=0 [69]



_ _, 4 d @@
b="> =1-f -%, Y2111,

Equs. of the form of [69] have the solution:

rs = ro exp{i(sa)}
sub [70] into [69]:
exp(2iqg) - 2bexp(iq) +1=0
{exp(ig)}2 - 2b{exp(ig)} +1=0
therefore:
exp(iq) =bxi1-b2
let b=cosy, [71] becomes:
exp(ig) =cosy zisiny exp(xiy)
sub into [70]:

I's=ro exp(xisy)
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[70]

[71]

[72]

Remember that rsis the distance from the optical axisto

theray. For a'trapped' ray rs needsto remain finite,

thereforey must bereal.
b = cosy

Hence for real y we have the condition:



-1EbE1
l.e.
d d d2
-1£ 1-ﬁ ‘£, T2 f, £1
or
& do & do
Of gl-zfl; gl-sz; £1

Thisisthe stability criteriafor a periodic series of two
lenses. By replacing focal length with mirror curvature
we can obtain the stability criteriafor atwo mirror
cavity:

= do= do
Of gl-ng Ql-Rzg £1

e
where
d = mirror separation
R1 & R2 = radius of curvature of mirrors

Thisis often written as:

Ofgige£1l [73]
where
& do
9= 4Ry
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Cavity stability diagram 92‘ . &
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Stable cavitiesin terms of Gaussian beams

A wave with atransverse Gaussian intensity propagates
in adifferent fashion to a spherical beam.

Two key parameters are

Beam size & Wavefront curvature

_ Far field diffraction angle q
Beam size 2w

| | Radius of Wavefront R,
z=0,w=w, =17,

The position z = 0, where w = Wmin = Wp, is called the
Beam Waist.

w(z) =wo\ /1+ %zz [75]

1
Rw(z) =7 &2+ 212} [76]

where
P Wo2 n

Zr = | [77]
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Radius of wavefront R,
M3ZIS Weag

zriscalled the rRayleigh range, or the Beam parameter
When z = zr, w =12 wo,

Also from differentiating [76] wrt to z we see,

When z =z, Rw(2) = Rw(2)min = 2z, i.e.

Wavefront curvatureis maximum at the Rayleigh
range

Note also that the far-field diffraction angle g, is given
by

sng» pwon > beamdia
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Given that the beam within a stable resonator isa
Gaussian, we need to position the mirrors so that they
reflect the Gaussian wavefront without changing the
beam parameter.

The ssimplest way to ensure this is to match the curvature
of the mirror to the wavefront.

Possible mirror curvatures and positions

— T~
TIT]

z=0,w=w,

Some examples of different cavity configurations

C -

-
-
-
- -
- - -

T ) )

-
-
- -
-
-

—
1

—
\

-

R1=R2 =d =2z = Rw(z=z), i.e. confocal cavity
Note in confocal cavity mirrors are placed at Rayleigh
range.
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- -

L -

B

Ri1=-d,R2=d,i.e. g2=2,01=0, seecavity hon
stability diagram (note sign convention for R).

Calculation of beam waist size and position in a stable
cavity

For a stable cavity, the Radius of curvature of the
wavefront must match that of the mirrors.
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I

I

I

I
z=0,w=wj

From [76] we can write (care required to get the right
sign!):

o) ZrZC_j Zr2
R1 =-Rw(Z=-21)=-g-21-Z_1; =21+

Zr2
R2 = Rw(z = 22) =Zz+z_2

Rewrite for z1 and z2:

R R12 - 472

2= +\[ g [78]
R2 R22 - 47,2

2= +\|=—7 [79]

From the diagram, we see that d = zo + z3, from [78] and
[79] we can derive an expression for z:

dR1-d) (Ro-d) (R1+ Ry -d)
Zr2 = (R1+ Rz - 2d)2 [80]




where
concave mirrors are defined as +ve curvature
mirror separation = d (always +ve)

In the specia case where R1= R2 [80] becomes:

I Call) [81)

Wo isrelated to z: by [77]:

P Wo2 n
Zr = | [77]
|.e.
_. AL
Wo = on [82]

Knowing z, the position of the beam waist can be
calculated from [78] and [79]:

R R12 - 42,2

2= £\ [78]
Ro |R22 - 47,2

2="5 + A r [79]

Which cavity to choose?

The best choice of cavity depends on the details of the
|aser system.

e.g.
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High Power - gas discharge laser

Gaussian mode

Gan medium

To extract the most power from the population inversion
we need to match the diameter of the Gaussian mode to
that of the gain medium. i.e. the Gaussian mode should
have alarge mode volume.

For a symmetrical cavity [81] and [82] give:

| 4[2R-d
WO:\/; % [83]

A largewp isobtained in a cavity where R>>d

Therefore for maximum power extraction we should use
plane:plane (not very stable) or better, alarge radius of
curvature cavity.

High power - flashlamp pumped solid state
(Nd:YAG)

The poor directionality of the flashlamp resultsin the
population inversion being distributed through the entire
rod. Again we need to use a Gaussian mode with alarge
mode volume in order to 'extract’ all the useful power.
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A further complication isthat the thermal heating of the
rod sets up aradial temperature gradient. This causes the
rod to act alens, which in turn changes the cavity
parameter. We need to select the mirrors to compensate
for the 'rod lens

Diode Pumped solid statelaser (Nd:YAG)

Diode pump Gaussian mode

\

YAG rod

For maximum efficiency, we need to match the Gaussian
mode of the diode pump beam to the Gaussian mode of
the cavity. Thisiscalled mode matching.

High power pulsed solid state laser with external
doubler

Gan medium

/

Frequency doubler

/
Gaussian mode

In pulsed systems, the intra-cavity power density can
often reach alevel whereit will damage the material and
coatings within the cavity, i.e. mirrors or laser rod.
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Thisis most likely to happen near the beam waist where
the power density is highest.

We can design a stable cavity with the waist external to
the mirrors (see cavity h on stability diagram), which
reduces the intra-cavity power density.

This design also focuses the beam external to the cavity
without the need of an additional lens! Ideal for use with
an external doubling crystal.

Why Gaussian?
Why do the transverse modes have a Gaussian profile?

In the steady state condition, light is reflected up and
down the cavity many times. The electric field
distribution has to be one that can "reproduce” itself
upon reflection/diffraction from the mirrors.

The far-field diffraction pattern is the Fourier transform
of the "object".

For a self sustaining solution we need afield distribution
that is unchanged by a Fourier Transform:
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‘Top hat" Sinc

F.T.
L

Vf\//\v \/\VAV

Gaussian Gaussian
F.T.
L

One function which satisfies this condition is a Gaussi an.

Therefore, atransverse Gaussian field distribution is one
which can be sustained within alaser cavity!

Higher order Hermite-Gaussian and L aguerre-Gaussian
modes are also 'unchanged' by Fourier Transform and
therefore form other possible solutions.

Description of transver se modes

The transverse mode determines the beam shape.
All the allowed modes can be described by various
Hermite-Gaussian polynomials



General form for transverse electric modes:
TEMpQ

p - no. of nodesin x direction
g - no. of nodesiny direction

A frequently observed (and unwanted) transverse mode
Is the 'doughnut mode', alinear superposition of TEMo1
and TEM10

/8
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TEM 19 TEM 01

Sdlection of Transverse Modes

The preferred mode that oscillates within the cavity
depends on the aperture of the gain medium and the
radial dependence of the gain.

For most applications the TEMqo is the preferred mode.

A singletransverse mode laser isrestricted to give
TEM o output.

For example, an intra-cavity aperture can be used to
suppress the gain for the high order modes.

L ongitudinal M odes

So far we have assumed that light of any frequency can
'bounce’ up and down the length of the resonator, again
we are wrong!
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The reflections back and forth result in a standing wave
field to be set up within the resonator (or cavity). As
with other standing wave problems (e.g. violin strings,
organ pipes) the wavelength of the standing wave has to
'fit' exactly within the cavity.

- L >

The condition is:

ms =L [85]
where
m = an integer (for typical L and | , misvery large!)
| =1o/n
In frequency terms:
mc
Nallowed = 2| [86]
Therefore:
C
Dnm, m+1 = 31, theintermode spacing [87]

Thisisthe frequency spacing between adjacent
longitudinal modes of a cavity, called the
Free Spectral Range (FSR)

L aser Output Frequency

The homogeneous or inhomogeneous broadening means
the gain medium will give optical gain over a continuous
range of frequencies. However, the resonator will only
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provide feedback at the cavity mode frequencies. The
output spectrum will be a combination of the two.

Spontaneous emission

“ “ ‘ “ ‘Cmew%

L aser output

1]

_
n

The output will be at one or more of the specific
frequencies dictated by the cavity modes within the gain
profile of the laser.

The number of modes depends on the broadening
mechanism (homogeneous or inhomogeneous) and the
exact cavity configuration.

A laser in which only one longitudinal mode oscillatesis
called asingle longitudinal mode (SLM) laser.

Gain Saturation within the linewidth of the gain
media

Under CW conditions, the circulating power within the
cavity and associated stimulated emission, balances the



pumping rate. The population inversion is maintained at
the threshold inversion, corresponding to again of unity.

Under CW conditionstheround trip gain isunity
The CW inversion equalsthe threshold inversion

We have also seen that the exact frequency of the laser
output is determined by the longitudinal such that:

I8
ms =L [85]

L et us consider the gain as a function of frequency, and
how it interacts with the cavity modes.

‘ ‘ ‘ ‘ ‘ Cavity modes
e

! n
Threshold, gain =loss

Gainin active
_ medium

5 Y

In principle, net gainis available at frequencies
corresponding to two different longitudinal modes.

Astheradiation density r  builds up inside the cavity the

stimulated emission reduces the population inversion
until the gain equals the loss.
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Homogeneously broadened lasers

In ahomogeneously broadened laser transition, all the
atoms contribute to the gain at all the frequencies. As
the population inversion is reduced, the gain is reduced
at all frequencies.

The laser will oscillate at the frequency corresponding to
the longitudinal mode closest to the gain maximum (i.e.
closest to line centre)

n
Threshold, gain = loss

8‘ Gainin active
- = medium

Once the steady state is reached, only one longitudinal
mode will oscillate. No other modes have sufficient gain
to reach threshold.

‘ ‘ ‘ ‘ ‘ Cavity modes
e
I
I
I
I
I
|

-]

Homogeneously broadened L asers oscillate with a
single longitudinal mode

Spatial Hole Burning

In a standing wave cavity, the standing wave givesrise
to alocal position where the electric field iszero, i.e. a
node
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- L >

In the region of the node ther , is zero and therefore

there is no stimulated emission and the local population
inversion does not contribute to the gain of the laser.

This effect is called spatial hole burning

Spatia hole burning creates two problems

1) Some of the potential laser gain is wasted

2) It 'encourages multiple longitudinal modes to
oscillate

Previoudly we said that homogeneously broadened lasers
only oscillated on a single longitudinal mode (SLM).

However, spatial hole burning means the population
inversion left 'untouched' by the principal mode can be
accessed by the second mode, since its electric field
nodesfall in adifferent place.

The anti-nodes of the second longitudinal mode fall at
the nodes of the first mode. Therefore, evenina
homogeneously broadened laser, both modes 'see’ gain
and can oscillate.
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Ring cavities

The problem of spatial hole burning stems from having a
standing wave in the cavity.

An aternative to a standing wave cavity isatravelling
wave ring cavity.

Mirrors

l Gain Medium I

—_—

In order to get atravelling wave we need to restrict light
to travelling one way round the ring

It isusual to use a Faraday rotator to stop light
travelling the wrong way round the ring
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The net rotation in polarisation gives high loss at a
Brewster surface or polariser.

uoESTR |0

86



l Gan Medium I

—_—

Partially transmitting
mirror gives output

Light now passes only one way through the gain medium
and there is no standing wave.

Ring cavities still have longitudinal modes. The electric
field must 'repeat’ itself after one round trip, i.e.

ml =RT
where
m = an integer
RT = round trip length of cavity
| =1o/n
The free spectral range, intermode spacing is given by:

C
FSR = &7 [88]
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| nhomogeneously broadened lasers

In an inhomogeneously broadened laser transition, gain
at different frequenciesis provided by different atoms.
Asthe gain at one frequency is reduced, the gain at other
frequencies is unchanged.

The laser will oscillate all frequencies corresponding to
the longitudinal modes where the gain exceeds the | oss.

n

‘ ‘ ‘ Cavity modes
e

I

I

| Threshold, gain = loss

I

I

I

Ganin active
medium
Laser Output
e
n

Once the steady state is reached, a number of
longitudinal modes may have sufficient gain to oscillate.

| nhomogeneously broadened L asers can oscillate on a
number of longitudinal modes simultaneously.
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Frequency Hole Burning and Bennet Holes

The act of creating frequency specific reduction in the
gainiscaled hole burning. Each of the holesis called a
Bennet hole. Bennet holes are only formed within an
inhomogeneously broadened system.

Homogeneous broadening within the inhomogeneous
linewidth reduces the gain for frequencies near that of
the oscillating longitudinal mode. The width and shape
of the Bennet hole is the homogeneous linewidth/shape.

For Doppler broadened systems, the hole burning is
complicated by the fact that the laser light passes both
ways through the gain medium.

Light detuned by +Dn from line-centre will interact with
atom/molecules with avelocity vy on the first pass
through the medium and -vx on the return

Gain medium Velocity -v,
:m > | N\
WA

We- | <@ | 7\/p

/

Photon frequency n + Dn Y ElOCIty +V,
Atoms Doppler shifted into resonance

Alternatively, atoms with avelocity +vx can givegain
at frequencies np zDn



For a Doppler broadened system, atoms/molecules with a
particular velocity give gain at two different frequencies
(one Doppler shifted up and the other Doppler shifted

down).

Velocity +v, Photon frequency ry- Dn
:% o |
WA

We | =@ | A

/

Photon frequency )+ Dn Velocity +v,

Atoms Doppler shifted into resonance Dn » nov_é

Therefore, laser oscillation at afrequency corresponding
to asingle longitudinal mode will burn two Bennet

holes, symmetrically about line centre.

Bennet hole !
I
Threshold, gain = loss
ch
S Gain in active
_ medium

7/_\

Tuning the output frequency of the laser

The longitudinal modes set the allowed output
frequencies.

sV
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mc
Nallowed =5 [86]

One way we can fine tune the output frequency of the
laser isto change the cavity length. Differentiate [86]
wrt L:

d

gn__mec _-cm
d. =212 2L L
m 2
But T = ,therefore:
£z 2
Dn=DL 3 7 = -DL.FSR. ; [89]

Small changesin L can be achieved by mounting one of
the cavity mirrors on a piezo-€lectric transducer.

Obvioudly, the tuning range must lie within the gain
linewidth of the laser transition.

Consider a homogeneously broadened laser, where only
one longitudinal mode will oscillate at once. The mode

that oscillates is the one closest to line centre (np).
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| gain profile

P
s A
=
3
% FSR
-l
N -
| .
s | Cavity length
@/)) :V
I
I
A Max! power
I
I
I

L aser power

Cavity length

Initially the laser oscillates on the longitudinal mode
nearest line centre.

Asthe cavity length isincreased, the frequency
decreases.



Eventually, the neighbouring longitudinal mode is closer
to line centre and the laser output hops to the new mode.
A mode hop has occurred.

The tuning range of asimple cavity islimited to:

max =79

To increase the tuning range and suppress unwanted
laser transitions we need to introduce additional tuning
elements.

Intracavity etalon
Prism

y
| H v Wavelength

selective mirror

Prisms (e.g. selects488nm or 514nm linesin an
Argon lon laser)

Mirrors (e.g. selects 633nm, 1.15um or 3.39um
transitions in a helium neon laser)

Gratings (e.g. selects linesin a carbon dioxide laser)
Etalon (e.g. selectslongitudinal modes in adye |laser)

By using an intra-cavity etalon, adjacent longitudinal
modes can be suppressed, since low loss will only occur
for frequencies that are longitudinal modes of both the
main cavity and the etalon. In thisway the tuning range
of alaser can be extended beyond the FSR of the cavity.
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3
S Long cavity
>
= —
3 ! n
= ! . .
f= Short intracavity
S ‘ ‘ ‘ etalon
? | n»
— ) N
AN

Low loss only at this frequency

For continuous tuning, the length of the intra-cavity
etalon has to be servo controlled to remain 'instep’ with
the main cavity.

Ultimately, the tuning bandwidth islimited by the
linewidth of the laser transition.

Bennet Holes and the Lamb Dip

What happens when we fine tune a Doppler broadened
laser over its possible output frequencies?

Tuning range
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Aswe saw early, two Bennet holes will be burnt into the
population inversion, reducing the overall gain to unity.

I
Threshold, gain = loss

What is the power output as afunction of frequency?

In general, when detuned from line centre, the two
Bennet holes do not overlap. The forward and return
light within the cavity interacts with different atoms (+vx
and -vy).

As the frequency approaches line-centre, a larger number
of individual atoms/molecules can contribute to the gain
and the output power increases.

However, a special case exists when the laser frequency
Is tuned exactly to line centre. The two Bennet holes
overlap, both the forward and return light interacts with
the same atoms/moleculesin the cavity. In the extreme,
this halves the number of atoms/molecules that can
contribute to the gain at line-centre.
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Power out
o

e
n
L aser output frequency (cavity length)

The reduction in power output at line-centreiscalled a
Lamb dip.

A Lamb dip isonly observed in inhomogeneously
broadened systems where symmetrical Bennet holes are
'burnt’ in the gain. As with the Bennet hole, the width of
the Lamb dip is the homogeneous linewidth

The location of the Lamb dip can be used to stabilise the
frequency output of the laser.

Frequency Stabilisation

A number of applications require a stable frequency
output from the laser (e.g. distance measurement).

We will consider how to stabilise a He-Ne laser.
Output Frequency: 211 THz (632nm)
Doppler Broadened Linewidth:  few GHz

Typically a Laboratory He-Ne (Ilength 150mm) will
oscillate on 2-3 longitudinal modes simultaneously.
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Under normal operation, thermal expansion of the laser
cavity will lead to agradual tuning of the longitudinal
modes through the gain profile, with periodic mode hops

when the cavity has expanded by | /2.

Lamb dip stabilised He-Ne

The position of the Lamb dip can be used to stabilise the
frequency output of the laser.

Power out
o

e
! n n
L aser output frequency (cavity length)

In many cases the Lamb dip is quite shallow and a
sensitive method of detection is required.

The length of the cavity is modulated using a PZT
mounted mirror. A corresponding modulation is
observed on the power output of the laser.



Power out

-
n

Cavity length (frequency)

A phase sensitive detector (PSD, or sometimes called a
lock-in-amplifier) is used to monitor the oscillation in
power output.

The output from a PSD gives the size of the component
of the input signal which is in-phase with awell defined
reference frequency.

— ref
o' ! ! PSD ouf— *+veDC

_sig

LT

180°: : : : : PSD ouf— -veDC
| — Sig
— ref
goe! ' PSD ouf— Z€ro

||||_Sig
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Using the mirror modulation as the reference frequency,
the output of the PSD is proportional to the gradient of
the power curve.

If the modulation is small, the output of the PSD isthe
first order differential of the power output.

3 A

1

o |
- -
! n
o

\ : Cavity length (frequency)

= |

o

a) ‘ !

D |

—

The PSD output is an 'error’ signal 'telling' the laser its
output frequency is above or below line-centre.

e.g. If laser frequency istoo low, the PSD output is -ve
If laser frequency istoo high, the PSD output is +ve
If laser frequency is correct, the PSD output is zero

The error voltage is an instruction to the cavity,
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"cavity you need to get shorter”

By feeding the error voltageinto an integrator we can
derive acontrol voltage which will adjust the cavity
length to keep the output frequency of the laser at line-

centre.

Detecto

| odine stabilised He-Ne

He-Ne laser

N—7="/)

Mirror on PZT

(M odulatiorD
_ ref
S9 ( PSD out

N

| ntegrator

Aswe have discussed the width of the Bennet hole or
Lamb dip is the homogeneous linewidth

In aHe-Ne laser, the homogeneous linewidth is quite
large due to 'pressure broadening' within the plasma.

The formation of Bennet holesis not restricted to laser
media. Any gas with a Doppler broadened absorption
will exhibit asimilar effect. A single frequency laser can
be used to measure the absorption of the gasas a
function of frequency.
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Doppler width

>

Absorption

—
n

If the laser is back-reflected through the gas, the
overlapping Bennet holes will give areduction in the
measured absorption at line centre.

Doppler width
-
S Homogeneous
= A linewidth
3
@)
<
o
n

Thisisthe basis of one form of Doppler Free
Spectroscopy. Itiscalled Saturation Spectroscopy
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Gas sample cell Mirror on PZT

X\/ﬁ”—q )
N
Detector (Modulatlonj
( ref
sg Ramp
=

[Doppler free spectrum of gas]

In thisway, we can study spectra of gases which are not
themselves laser gases. In addition, the lower
temperature and pressure of the gasin the additional cell
means the homogeneous linewidth is narrower than the
width of the laser Lamp dip.

This enables accurate measurement of the transition
frequencies and the study of closely neighbouring
spectral lines.

We can also useit to 'lock' the frequency of the laser
output to that of awell defined atomic transition.

In the case of the lodine Stabilised He-Ne, the iodine cell
IS placed within the laser cavity, where the circulating
power is higher.



lodine cell He-Ne |aser

(M oduIatiorD

Detector ref

Sg (~ t
PSD  }ou
N

| ntegrator

Theiodine stabilised He-Ne laser is one of the most
stable lasers of al and is afrequency standard in the
visible part of the spectrum. (Accuracy » 10kHz).

Coupled Rate Equations

So far, we have only considered CW operation of the
laser. In particular we have shown that, under steady
state conditions, the stimulated emission increasesto a
level whereby the gain of the laser medium equals the
total loss, i.e.

Gain = lossintrinsic + 10SSoutput coupling

Where
loSSintrinsic = 10Ss due to scattering, absorption etc.
| 0SSoutput coupling = transmission of output mirror

For pulsed lasers the steady state condition is never
reached and it is useful to understand the temporal
evolution of both the population inversion and the light
intensity.

For an ideal four level laser system (t2 >t 1, N1 » O,
N = N2), we have:
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aN N c
dt =R- -NsnDnp [90]

T [91]

where
N = population, m-3
R = pumping rate, sec-1m-3
t 2 = lifetime of upper state, sec
Sn = stimulated emission x-section, m2
D n = photon density, m-3
tc = cavity decay time, sec

.. dN dDn
In the steady state condition gt = gt =0, [90] and

[91] become:

dN No C
W=O=R-E-NoSnDnoa
an C D no
ot =0=NosnDno p "t
Thisgives.
n
NO_CSntc [92]
and,
Rsnpt l
SnC'Ct2
DnO: [93]

Sn
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More generally we should consider the case when we are
not in the steady state such as when the laser isjust
switched on.

Equations of the type [90] and [91] are referred to as
coupled rate equations. With real time varying
parameters of pump rate and cavity decay timethey are
very difficult to solve analytically. Instead we can use a
simple computer model.

By considering the changein N and D , over ashort time
we can build up the overall form for N(t) and D , (t) for
any given R(t) and tc(t).

Inversion

Photon density

From the starting values of N and D n we can calculate
thevaluesatt=1
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Nt = Noco + Dt R - 0\ oy €
gq t2 : n p
& C D t=00

D'[:]_:Dt:O'l‘Dtht:OSnDt:Oﬁ "1 ;

Likewise for t =2 etc., the general expressionsto
caculatethet = j+1 valuesfrom thet = values are:

2 N5 :

Nt=i+1 = Ntz + Dt R - -Nit=ziSnDtzn =
i+ jrDER-77-NijSn Desjy

& C Dt:O

D t=)+1 — D t= + Dt gNt:J Sn D t=j n - tC ”

Thereis no restriction on R or tc, and we can alow these
to become time varying functions.

Using these equations and a computer we can model
Flashlamp pumping (i.e. R(t))
Q-Switching (i.e. t¢(t))
Cavity Dumping (i.e. t¢(t))

Q-Switching

For many applications, instead of a CW output from the
laser we would prefer a short intense pulse, e.g.

Non linear optics (sometimes need very high powers)
Laser fusion
Laser drilling.

We could use our coupled rate equations [90] and [91] to
model what happens when we pump the laser with a
short pulse of pump energy.
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When N exceeds Nth the laser output rises, with or
without relaxation oscillations, and the laser will remain
"switched on" until the pumping rate falls below
threshold.

We would like to "store" all the population inversion and
get all the energy out in one short, high power pulse.
One possible method for achieving thisis Q-Switching.

Q-Switching involves changing the cavity decay time tc
during the pumping pulse. This can be achieved by
placing a"shutter' in the cavity.

Initially the shutter is closed, the cavity hasalow Q, i.e.
tcisvery short.

Even with heavy pumping, the laser is below threshold
and all the pump energy is converted into alarge
population inversion,

Gain medium Shutter closed

©%®

Once the pump pulse is over and the population
Inversion has reached its peak, the shutter is opened (i.e.
high Q). The laser is now many times above threshold
and thegain isvery large.

Gan medium Shutter open

== 10 ] ine




The radiation density r  builds up very quickly within
the cavity. Through stimulated emission, the large value

of r n quickly destroys the population inversion and all
the energy can be extracted from the gain medium.

The radiation now leaks out of the cavity through the

partially transmitting mirror, its intensity decays with the
cavity decay time constant of t.

e.g. flasnlamp

Pump pulse

N~ Q-Switch

Inversion

N, for high-Q cavity

Qutput

Two things are required for a good Q-Switched system
1) A long upper state lifetime so that the inversion
dose not leak away by spontaneous emission prior to Q-
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Switching

2) A very fast shutter (<1ns) !
Peak power from a Q-Switched system
L et's assume a perfect 4-level laser system, but onein
which the pulse 'happens ' too quickly for the lower state
population to empty.

Theinitial population inversion is Ninit

N,= Nini N, = Ninit
2 2

Z
[
o
Z

I

Before Q-switch After Q-switch

The final population inversion is zero,

N. .
but N»= le%lt

The pulse duration is short compared to the upper state

lifetimety. Therefore all the reduction in upper state

population is due to stimulated emission. Starting from
no photons in the cavity prior to the Q-Switch, we can
write:

Ninit
D n after Q-Switch .V =75 .V
where

D n = photon number density
V = volume of laser cavity (=voal. of active medium)
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All these photons will escape from the cavity as output,
therefore the total energy in the Q-Switched pulseis
given by:

Ninit
Etota =5 .V hn [102]
Rut (Max) |dealised shape of
T TN T Q-Switched pulse
. Rapid rise time
=
o .
o Exponential decay
= »exp(t/t.)
5
O
t=%¥
—
t=0 time —=
From [102],
¥
0 Ninit
% Poutdt =Etota =5 .V hn
0

where
Pout = the output power

The pulse shape is approximately a single sided
exponential, therefore



Nlnlt

Pout(max) exp(t/tc) dt» —5— .V hn

O oo K

Ninit

tc Pout(maX) eXp(t/tC) » 2 .V hn
When t = 0, Pout = Pout(max), i.e. for a Q-Switched pulse

Nlnlt

Pout(max) » Dt .V hn [103]

Active Q-Switching

A mechanical shutter, likein acamera, is not fast enough

for good Q-Switching. Instead we use an electro-optic
shutter. An electro-optic shutter uses a polariser and a
Pockels cell.

An active Q-Switch (switch Q from low to high)

ey

Pockels cell shutter

The Pockels cell is an electro-optic crystal, in which the
€ray - Oray retardation depends on applied voltage.

When V=V, the céells retardation is| /4, and the cell
converts linearly polarised light into circular.

Thereflected light is polarised in the wrong plane to be
transmitted through the polariser, the cavity haslow Q
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Pockels cdll, actsas| /4
platewhenV =V,

RPN
Y Y /4\\./
Zero @;I_\»/

Vertical polariser

With the voltage removed, the reflected light is
transmitted back through the polariser, and the cavity has

high Q.

Pockels cell,
Vertical polariser V=0
N
A A . A
Y y y
A LI A
y | Y _I_ y

Passive Q-Switching

Alternatively we can use a saturable absorber as a
passive Q-switch.

A saturable absorber (usually an organic dye) has an
absorption coefficient that is afunction of incident light
Intensity.

They can be understood in terms of atwo level system
that becomes transparent when all the molecules have
been excited into the upper state. Once the light source
IS removed the upper state population relaxes and the
dye, once again, becomes absorbing.



No external signal is needed to trigger a passive Q-
Switch. Asthe population inversion grows, it isthe
increased level of spontaneous emission that saturates
the dye and thus switches the Q.

Clearly, it isimportant the thickness/concentration of dye

s adjusted so that the Q triggers at the optimum time
(i.e. when the population inversion is at a maximum.).

A passive Q-Switch (switch Q from low to high)

- i
Gan medium

Saturable absorber

Q-Switching is capable of producing pulses of 10's nsec
duration with megaWatt peak powers

Nd:YAG, Nd:Glass and Nd:Y LF laser are often used in
thisway.

M ode-L ocking

Previously, we have considered how to ensure that the
laser oscillates on a single longitudinal mode.

What happens if many longitudinal modes are above
threshold?
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Dn — L
2L
— -—
Cavity modes
.
n=0 n=N-1  Mode number

Gainin active

‘/:/\‘\_—> medium
n

The resultant electric field is the sum of the field from all
the oscillating modes. Assuming that N modes are above
threshold and that they all oscillate with the same
amplitude, we can write:

n=N-1

Etot(t) = S Eo exp{i ( 2p(n + nDn)t + f 1)} [105]
n=0

where
n = frequency of then = 0 mode

Dn = intermode spacing
f n = relative phase of the nth mode

L et's define the phase so that:
fn =0foraln [106]

[105] becomes:
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n=N-1
Etot(t) = S Eo exp{i ( 2p(n + nDn)t )}
n=0
n=N-1
Etot(t) = Eo exp{i (2pnt)} S exp{i ( 2p(nDn)t )}
n=0
[107]
The summation term in [107] is a geometrical series
n=N-1
S exp{i(2pnDn t)} =(1+eiDwt+ei2Dwt + )
n=0
where
Dw = 2p Dn [108]
It can be shown that:
Dt 4 oDt (N-DiDut sin (NDwt/2)
| | -1)l =
L+ebit+elnl +.+e sin (DW/2)
Therefore, [107] can be written as:
sin (NDwt/2)

Erot(t) = Eo exp{i (2P0} 5 )

The output intensity is Etot. Etot*, hence

sin2 (NDwt/2)
ot® = B0 "5z (ower2)

[109]



If N =1, i.e. single longitudinal mode, ltot = Eg2 and the
laser has a'DC' outpuit.

When N>1[109] hasthe form: (remember Dw = 2p Dn)

1

Dn
- |
A
prd
— <_Nan om:
_I/\/\ AN AA IR A |

time—>
Thisisthe output for a multi-mode laser where relative
phase between the modesisfixed at zero, i.e. fh = 0.

Intensity I, (1)

We call this M ode-L ocking.

The above is often referred to as the frequency-domain
explanation of mode-locking.

The output of a mode-locked laser comprises of a series
of short pulses with

Pulse duration time = [110]

N Dn
1

Pul se separation time = Dn

[111]

where
N = number of oscillating modes

Dn = intermode spacing
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The peak intensity for amode-locked laser is related to
the average, non mode-locked intensity by:

_ _ pulse separation
Intensitypeak = INteNSityaverage X ~pulse duration

I.e |peak :|a\/erage N

where
N = number of locked modes

[110] and [111] give an insight into an alternative view
of mode-locking

[111] the pulse separation, is equal to the round trip time
of thelight in the laser cavity, i.e.

1 2L

Pul se separation = Dn- ¢ [111]

[110] the pulse duration, is equal to the reciprocal of the
gain-bandwidth of the laser Dfgain, i.€.

1
NDn ngain

Pulse duration = [110]

We can consider the output of a mode-locked laser to be
due to asingle pulse circulating within the cavity, which
gives an output pulse each time it isreflected from the
output coupler.



Pulse circulating in cavity

\
KL

2L

- -

> - [():fgain
A

A fraction of the
circulating pulse coupled
out after each round trip

Thisis often referred to as the time-domain explanation
of mode-locking

The duration, or length of the pulse is determined by the
gain-bandwidth of the gain medium via the uncertainty
principlei.e.

Df.Dt » 1

The exact relationship depends on the pul se shape.

If the output from a mode-locked laser satisfies the
above condition it is said to be transform limited.

Active M ode-L ocking

To obtain the pulsed output, the relative phase of each
mode was set to zero, i.e.

fn =0foraln [106]

Thisiswhy mode-locking is sometimes called phase-
locking.

How do we set the phase of the modes?
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One way of locking the phasesis to modulate the gain or
loss of the laser at the round trip frequency of the cavity.

|§;m

Gan medium

Electro-optic modulator

We can use an electro-optic modulator (see Q-
Switching) to modulate the Q of the cavity.

By modulating the amplitude of a single longitudinal
mode, frequency side-bands are generated on the optical
frequency.

Frequency of longitudinal mode

| ‘/
f mod—>: - Sidebands
Nn n

The frequency of the side-bandsis given by:

Nsidebands = Nn £ fmod

where
nn = frequency of longitudinal mode
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fmod = modulation frequency

If fmod IS matched to the longitudinal mode spacing then
the side-bands have the same frequency as the adjacent
longitudinal mode.

By exchanging energy between each adjacent pair of
longitudinal modes, the individual phases are maintained
to be 'in-step'.

The condition for mode-locking is:

C
fmod =1

The action of applying an external modulation leads this
technigue to be called Active M ode-L ocking.

Passive M ode-L ocking

For Q-Switched operation of alaser we showed that the
Q could be both actively and passively switched. In
addition to Q-Switching, it isalso possibleto use a
saturable absorber to mode-lock the output of alaser.

Saturabl e absorber
Pulse circulating in cavity

N\
HﬂJ

L

As with the Q-Switched system, the saturable absorber is
usually an organic dye

-
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1)

2)

3)

Each time the intense circulating pulse 'arrives at
the dye, afew photons are absorbed and the dye
becomes transparent.

Therest of the pulse passes through the dye
unattenuated and is subsequently amplified in the
gain medium.

After the passage of the pulse, the upper state
population of the dye relaxes so that the absorption
of the dye 'recovers prior to the next arrival of the
pulse

The self modulation of the cavity loss and hence
side-band coupling of adjacent longitudinal modes leads
this technique to be called Passive M ode-locking

Pulse evolution in a passively mode-locked laser

We describe above how a saturable absorber can sustain
acirculating pulse, but how does the pulse start?

In the case of a passively mode-locked laser, the pulse
'starts from a 'chance' spontaneous emission

—b

Spontaneous emission

The 'beginning' of a circulating pulse

/

ol fluctuations

time
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The saturable absorber 'discriminates against small
pulses which are completely absorbed. For each round
trip, the larger pulses grow with respect to the smaller.

'Large’ pulse '‘Small' pulse

DI ; Same number of photons

___A____ absorbed from each pulse
I

The saturable absorber attenuates the 'large’ pulse less
than the 'small’ pulse.

The gain medium also plays a significant part in pulse
shortening and selection:

7&/-\ Incident Pulse intensity

Dt — Amplified Pulse intensity

time —*
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When a pulse enters the gain medium the stimulated
emission reduces the population inversion.

1) Inthecase of anintense pulse, the leading edge
'sweeps out' the gain so that thetail of the pulseis
not amplified.

2) Pumping restores the population inversion prior to
the next arrival of the pulse.

3) On successive passes through the gain medium, the
leading part of the pul se becomes more intense
leaving less and less gain for the tail.

4) Hence, thetail of the pulseis progressively removed
and the pul se becomes shorter.

The 'sweeping out' of the gain coupled with the action of
the saturable absorber acts to shorten and amplify the
pulse asit circulates round the laser cavity.

Centre of pulse 'sweeps
out' all theinversion

Trailing
edge 'sees L eading edge absorbed
hogan by saturable dye

If the gain medium is over-pumped and the gain
'recovers too quickly, it is possible to get a second pulse
to simultaneoudly circulate in the cavity.
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M ode-L ocked diode laser

It is possible to actively mode-lock a diode laser by
modulating the drive current (and hence the gain) at the
round trip frequency.

However, the short length of the diode cavity (i.e. the
chip itself » 100'sum) would require modulation
frequencies of 100's GHz (quite hard!)

Instead we place the diode within an external cavity

M odulated drive current

Laser@e\ _®

W
L\ Mi ng

L ens to collimate diode output

For a 1m cavity, the required modulation frequency is
now only »150MHz.
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| ntegrated optics

Source

Multiplexer

Electrica
Signal

All Optical Devices

Large Distance

Demultiplexer

Most people are familiar with fibre optic. Fibre optic
cableisideal for external links between devices (more
recent technology has led to fibre based devices too).

Electrical
Signa

For links within the devices themselves we need ‘light
wires' that can be fabricated as part of the overall device.
We would like to use semiconductor processing
techniques for making these ‘light wires

Light guiding

Consider what happens to light when it passes into a
‘layered’ material and the layers have different refractive
indices.
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Wavefront Picture

Incident

: Low refractive index
light

mwwmm@x

/ Low refractive index

Centre of wave is dowed by high index media

Ray Picture

| ncident L ow refractive index
light

High refractive index
™~

Low refractive index

Wave is reflected by total internal reflection

Thelight is contained within the layer of high refractive
index. i.e. thelight is guided.
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Slab waveguides (e.g. “ on-chip)

refractive index n

refractive index n 1

refractive index n

Consider a specific case and understand what happensin
terms of ray optics:

Bottom layer, glass N; =15
Middle layer, Zinc Sulphide (ZnS) n,=2.3
Top layer, air n =10

Remember
If gi < gcthen somelight istransmitted
If gi > gcthen all thelight is reflected
.. &lowb
& Qe =Sl g s

What isthe critical angleisfor Total Internal Reflection?

Thisgives.
for the ZnS:Air interface gc = 26°
for the ZnS.Glass interface gc = 40°



Asthelight ray islaunched into the layers, three
different outcomes can occur, see below:

1)

2)

3)

Increasing qi

gj<26 26<qi <40 40<q;

Ray launched such that gj<26°.
No guiding takes place and the ray is free to travel
through any layer

Ray launched such that 26°<qj<40°.

Total interna reflection occurs at the ZnS:Air
interface, but the ray is till freeto ‘escape’ into the
bottom layer

Ray launched such that g > 40°.

Total internal reflection occurs at both the ZnS:Air
and the ZnS.Glass interface and the ray is confined
to the ZnS layer.

Thisray isnow guided

Again, the ray optics model is the best way of
understanding what's actually happening
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The ray takes a zig-zag path, total internal reflection at
the interface between the layers keeps it within the
waveguide. If the zig-zags become too pronounced then
the total internal reflection fails and the ray escapes!

b is the resolved component of k, in the z direction, i.e.
b =sing; k, = sing; kyn, [108]
The guide wavelength is:
| = 2p 2p X

9 b  sing kg, - sing; N, [109]

Re-arranging [108] for sing; we get:

_ b
sing; = m [110]

129



S S S LSS S S S
Waveguide boundary/

"W
\\\ Tota internal reflection

NIN 9i
z-direction
B ——
|
b
Total internal reflection faillswhen b < kons, orb< kOn1

N3 N
l.e. when g, < sm-ln—2 , Or g < sm-ln—2

Modesin a slab waveguide

We have so far implied that providing g, > . then the
ray will be guided
We are wrong

What istrueisthat if g. < g, then no guiding will take

place. However, even when g, > g, there are only

certain values of g that give rise to allowed propagation

modes. Let usagain use the ray picture to understand
what’ s happening:
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The condition for propagation is that the phase of the
wave at A must be equal to that at C (smilar to etalon
angle calculation for etalon rings). This setsarestriction

on values of g, such that:
2d k,=m2p

This problem is more complicated than it looks since in
addition to the round trip path length we should also
allow for phase shifts on reflection from the interfaces.

2dk, +F,;+F,3=m2p [111]
where F isthe phase change on reflection

but k, =k,cosqg,
which, ignoring the phase shift on reflection, gives:

2d k,cosg; = 2d nkycosg, = m 2p  [112]
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Thus modes of various “m”(m=0, 1, 2, etc) correspond to
different g,

However, for a given guide, the maximum value of cosg,
Is set by the limit of total internal reflection to be

g;(min) = arcsin(n,/ n,) [113]

but n,cos(arcsin(ny/ n,))= / n,22-n,2 [114]
Subbing thisinto [112] gives

2dkp\/n2-n2 >m2p

or
m(max) < dkyyn?- m2/p  [115]
Thus if

dkoym?- m?/p <1 [116]

Then only one mode can propagate and the guide is said
to be “single mode”

Wave velocity in a slab waveguide
The phase velocity in the z-direction is given by:

w

A CKo
Vf = kz =

== [120

ol|s
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(b =sing, kyn,)
we will define amode index N where:

b
N=g  [121]

Therefore [120] can be written as:

C
Vi=y  [122]

where N (the mode index) is the equivaent to the
refractive index.

Note that for a guided mode:
Kon; <b <kgn, [123]
Hence:

n<N<n, [124]
Therefore:
Vf , core < Vf , guide < Vf , Cladding [125]

Thisisn't assurprising as it may seem. The guided
mode partly penetrates into the cladding (n,,, >

Ny adding)’ therefore the wave energy spends some of it

time travelling at a higher velocity than one would
predict from the core alone.

The resultant phase velocity lies between the core
velocity and the cladding velocity.
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Fibre optic waveguides

So far we have only concerned ourselves with slab
waveguides, wherey >>x andy >>1

L ooking along a slab waveguide

These are manufactured using semiconductor processes
and devices aretypically afew mm’'sin size.

For linking devices together over cm’s or km's some
other technology is required.

Fibre optic waveguides are made from different types of
glass or plastics. A high refractive index glass for the
core with alow refractive index glass for the cladding.

L ooking along a fibre optic waveguide
n
2 I «
"1
<+ y

There are two main types of fibre optic waveguides
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1) Step Index, where there is a sudden fall in the
refractive index from n, to n, at aradiusr=a

2) Graded Index, where the refractive index gradually
falls from a maximum n, at the coreto n, at aradiusr=a

Step Index Graded Index
A A

; N\

|7 M
> >

r r
—» a <— —» a <—

Fibre waveguide modes

Just asin the dlab case, werely on total internal
reflection to keep the ray within the core of the fibre.

A 423 C

Shown above isameridional ray (i.e. one that passes
through the axis of the fibre).



For a contained waveguide mode we need the phase at A
to be equal to the phase at C. from comparison to the
slab waveguide we can write:

4ak, +2F=m2p [130]

where F isthe phase shift on reflection.

However, the rays are now bound in both the x and y
directions and the order of the mode can be different in
the two planes. Therefore, we need two mode numbers,
l.e.

TEm and TM|m  [131]]
Sadly the problem is even more complicated.
In addition to meridional rays, skew rays also exist.

These propagate down the fibrein a helical path without
ever passing through the axis.

L ooking along the fibre core

No longer can we split the modesinto TE and TM, since
the helical path ray contain abit of both.

These modes are denoted by
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HEIm and EHim [132]

In most fibre waveguides n;» n, and all the modes can
be approximately represented by:

LPm  [133]

m isthe no. of field max along the radius of the fibre

(and relates to the angle g

21 istheno. of field max along the circumference of
the fibre (and relates to the degree of helicity)

Some example mode patterns

Field maxima Core of fibre

N

LF:),l I‘F)1,1 I‘Pz,z
Dispersion

If we send a short pulse of light of duration Dt through a
waveguide or fibre, we find that the output pulse has a
duration Dt’, where Dt > Dt. This effect is known as
dispersion.



Dt Waveguide Dt
7Y —
—> —>
| nput Output

Dt'>Dx

| nter modal dispersion

Without knowing the detailed mode theory, it’s hard to
calculate afull expression for the dispersion.

However, we can make a calculated guess from knowing
about the propagation of the modes.

The low order modes spend most of their ‘time’
travelling in the core, therefore:

C
V¢ Jlow order mode » n_z [140]

The high order modes spend alot of their ‘time’ inthe
cladding, therefore:

C
Vs ,high order mode » ”_1 [141]

For a short input pulse of duration Dt, launched into a
guide of length L we can estimate the pulse duration on
exit DX’ to be:
Ln, Ln, L(n,-n,)
, 2 1 2° "1
Dt = c " ¢ = C [142]

for both slab waveguides and fibres, using a single mode
guide removesthis effect. Alternatively, a graded index
fibre also shows reduced the dispersion.
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Graded Index Fibre

Step Index Graded Index
A A
N
"1
> >
r r
—> a <— —> a <—

To calculate the modes in agraded index fibreis even
more complicated than for the step index fibre!

The ‘rays no longer follow zig-zag paths, instead, the
gradual change in refractive index causes them to follow
smooth curves through the fibre.

However, the resulting mode patterns are similar and are
designated as before:

LPm  [143]

m isthe no. of field max along the radius of the fibre

(and relates to the angle gj)
21 istheno. of field max along the circumference of
the fibre (and relates to the degree of helicity)
To gain an understanding into the intermodal dispersion,
let’s consider two particular modes:

1) The on axisray travels through the guide with a
velocity governed by n,
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2) The helical ray has further to travel but doessoin a
region of lower refractive index and therefore travels
more quickly.

With precise control of the refractive index profile the
two modes can be made to propagate with the same
velocity.

In practice, manufacturing tolerance and dispersion
within the material make this condition difficult to
maintain. However, intermodal dispersion can still be
reduced by more than an order of magnitude by using
graded index fibre.

Single Mode Fibre
For both slab waveguides and fibres, single mode

operation is ensured by reducing the core dimension
below acritical value, for slab waveguides we have

dkoym?- m?/p <1 [116]

for fibreswe have

akWn2-m2/24 <1 [144]
0

where a = radius of core

However, for both form of guide, we will still get
intramodal dispersion.

I ntramodal Dispersion
Waveguide Dispersion

We showed for the dlab waveguide, that different
frequencies, propagate with dightly different mode
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constant h & p. Hence, they have different phase
velocities [95]. Thisis called waveguide dispersion.

Material Dispersion

In the case of well designed, single mode fibre, the real
change of refractive index with wavelength isafar
bigger effect.

dn2

5 10 [145]

This has nothing to do with waveguide modes and would
also be present in the bulk material. It is called materia
dispersion.

The velocity of alight pulse travelling in amaterial is
given by the group velocity

dw
Vo=, [146]

2
Rewriting [146], foruand |, (w=2pu, k = |_p)
we get:

dwdud __ 2du

Vo=wwa ok g [147]

butu:£
I n
therefore:
du daco -1 & dno
d ~d gn - S @t o, 114
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sub into [147] and get:

cae | dno

Vg:ﬁgl-l-ﬁd_lg [149]

The finite bandwidth of the source DI , leads to a spread
In group velocities DV g, given by:

dVy
DVg= a Dl [150]

Using [149] we get:

cl an 2a&n®@d
DVg:nng_Z'ﬁedl BBDI [15]1]

The duration Dt’ of a short pulse after passing through a
length of material L isgiven by:

,_ L DVyg
Dt = vy [152]
ad?n 2 &@ntd
UGz ng
Dt = [153]
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dn  dn
4l & q 2 means that [153]

Thereative sizesof n

simplifiesto:

Dt L, 154
- C E,dl 25 [ ]

d?n
For pure silica (SO,), a2 passes through zero at

1.3um.

Therefore, at this wavelength there is no material
dispersion. Alternatively, by control of the wavelength,
deliberate material dispersion can be introduced to
compensate for the waveguide dispersion!

Because fibres are used over large distance we need to
consider not only the dispersion but the loss too.

Bending L oss

L oss can result from bends in the fibre.

As the mode travels round a bend we see that the energy
on the ‘outside’ hasto travel faster than defined by the

mode velocity. Theresult isthat this energy is radiated
away from the guide.
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Energy radiated
/;v ay

If the radius of the bend is comparable to the fibre radius

then large amounts of power can be coupled out. This
can be used to make afibre power meter.

Intrinsic L oss
Even with a perfect fibre, losses are still present.

Rayleigh Scattering:

The fibres are made from glasses which are themselves
composite materials (or at least have a disordered
structure). Thisgivesriseto small fluctuationsin the
refractive index which act as scattering centres. Thisis

known as Rayleigh Scattering and scales as| -4.

Absorption by Impurities:
Impurities in the fibre material lead to absorption, in
particular - OH ions have strong absorptions.

I nteraction with lattice vibrations:

Asthe wavelength of the light gets longer, photon-
phonon interactions take place leading to a net
absorption.



100
§ 10
@)
= L attice
g 1
- Rayleigh

0.1

0.5 10 Wavelength, ym 20

Coupling

Let'slook at aray launched into afibre

o

7 r‘2 L
/ "

/

o

For afibre mode to propagate, g must be large enough to
ensure total internal reflection, i.e.

Ny
gi>gc=snl n_2 [160]

Remembering that sin2 + cos?2 = 1, we have:

NySiN@max = N, \/1 -sin2qe  [161]
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NeSinamax=n,"\ [1-735 [162]

a%/ n,2 - n129

Qmax =Sin-1¢
max e no g

[163]

\Jn,2- N2 isdefined asthe numerical aperture of the
fibre, therefore we can write [163] as:

. aANAs
amax = Sin-1 N~ [164]
e 0o

amax IS the fibre acceptance angle.
L ens coupling

Light isusually coupled into afibreusing a lens. The
focal length/aperture combination is selected so that the
beam waist produced matches the size of the fibre core

and amax 1S hot exceeded.

High quality lens
Fibre

X

In the case of single mode fibre the x-y stability is of the
order of 1um (cf. fibre core size » few pm’s).

z
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Auto fibre aligners are available which constantly adjust
the x-y position of lens to maximise the coupled power.

Evanescent wave couplers

With both slab waveguides and fibres it is possible to use
the evanescent wave to couple energy between two
neighbouring waveguides

Interaction region
| nput R

Output 1
_ N >:
o1 )

() Output 2
_ f

For high efficiency, we need to match the values of b in
the two guides (use identical guides).

Evanescent wave coupling is also possible with fibres.
Two tapered fibres are ‘wrapped’ together and fused so
that the two cores are coupled.

Tapered Fibre

Fuse>°°°<




As with the dlab waveguides the ratio of light at the two
outputs is afunction of the interaction length and the
coupling coefficient K.

_ 2h2peps 170
= ow(hzepz) 170

K

Note, the coupling coefficient is afunction of b and

hencel . Therefore, we can make frequency dependent
couplers.

FibreLasers

By introducing dopants into the fibre core and using
frequency dependent couplers we can make fibre based
laser systems.

Pump light in
\ Dop?d fibre

‘/Laser light out
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Nonlinear Optics

When an electric field is applied to a dielectric material,
the material becomes polarised (i.e. the electrons shift
with respect to the nuclel). The resulting polarisation
depends on the strength of the electric field and the

dielectric susceptibility, c
P=D-eE=cegE
where
D=¢ge€E, ie c=¢-1

In isotropic materials the above relationship may be
scalar (i.e. P parallel to E). However, in general, crystals
are anisotropic and the relationship between P and E is
best described by atensor.

&1) Cpp Cq30aE,0
(PX,Py,PZ) = eogCZ,l C212 0213ZEE :
eCz1 Czp C33geE,@

note that the polarisation in the x-direction depends on
the applied fieldsin the x , y and z-directions.

Although the relationship between E and P is somewhat
complicated it should be noted that it isalinear
relationship. Theinternal field of the crystal is
»1011V/m, one might expect it is only when Eappli od <<

Einemg thet thislinear relationship will hold.

At optical wavelengths, a power density of 1012W/m2
corresponds to an electric field strength of »109V/m
which compares to 100V/m for sunlight. We will



assume that the relationship between E and P can be
treated as a power series.

W W
il Ej B

P, = PiDC+é’1 Cj E‘j"’ +a ¢y
i

NE+ac
j il
+ é Cijlm E\JN1 E}Nz EVn\{IS +é. C

EB)"
jim JI :

il

term 1, the DC component
- rectification of thelight field, leaving the medium
with anet DC polarisation

term 2, the normal linear response
- Pislinear to and has the same frequency as E

term 3, the Curl E term
- responsible for optical activity

term 4, second order processes (rest of this course)
- proportional to the product of the two E-fields e.g.
- W=w,; +W,, sum frequency mixing _
- W; =W, W=W; +W,, second harmonic generation
- W, =0,w=w,, the Igockelseffect o
- W=W,; - W, d%fferencefrequency mixing

term 5, third order response
- third harmonic generation
- Raman effect,
- optical Kerr effect
- four-wave difference frequency mixing

term 6, magneto optical effects
- W, =0, the Faraday effect

For the remainder of this course we will consider the
implications of term 4, the second order processes, i.e.

150



151
Pi =4 Cijl E\J-Nl E}Nz
j
Generation of harmonic frequencies

As stated above, an electromagnetic wave polarises the
medium through which it propagates. The polarisation
oscillates at a fundamental frequency equal to that of the
applied field. However, the nonlinear response implies
that the oscillation of the polarisation cannot be
described in terms of a pure sine wave.

AWAWA
VARVARVERVY

applied field

AWAWA

NV

polarisation

DC

/N N N N @f
N VANV

N /N /N /N N N /N @2f
(AR WA WA VA WA WA

ANVANANWANWANWANWANWANANANIA @3f
\VAAVARVALAVARVAAVAAVALVALVAAVAAVARV/

components of polarisation

The oscillating polarisation of the medium implies
oscillating dipoles.



An oscillating electric dipole re-radiates light at the
frequency of the oscillation and consequently the
radiated light will have the same frequency components
as the oscillations in the polarisation.

The form of the nonlinearity dictates the relative strength
of the various components. For example, in crystals with
a centre of symmetry the amplitude of the polarisationis
symmetrical about E = 0 and consequently there are
little/no second order effects. This makes the third order
effects easier to observe. For high second order effects
an anisotropic mediaisrequired, in which the
polarisation about E = 0 is not symmetric.

The second order interactions are given by
Pi =4 Cijl E\J-Nl E}Nz
j

EJ- and E, are sinusoidal, therefore in general we can
write

P;aE;sin(wqt) " E; sin(wt)
Thisyieldstermsin
sin((wy +wy)t)
and  sin((wy - wy)t)

There-radiated light will have the same frequency
components as the oscillations in the polarisation, i.e. the
sum and difference frequency of the two incident fields.

The nonlinear coefficients

The second order contribution to the polarisation is given
by
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o W W
Pi :al.Ci“ EJ lE| 2
J

The constant of proportionality c; i Isathird rank tensor.

It relates the polarisation in X, y and z-directions to the
product of the incident fields in any combination of the
X,y or z-direction. Hence the tensor has 27 components
(3x3x3).

Rather than deal in terms of ¢, most nonlinear crystal
properties and experimental results are quoted in terms
of the nonlinear optical coefficient d. The magnitude of
the second order nonlinear optical coefficient can be
expressed in terms of the product the magnitudes of

c(linear) at the three frequenciesinvolved

mao e% ,

N 2e3

d(ws) = ¢ (wq)c"™(wy)e"™ (w3).m/ Vv

The constant of proportionality depends on the form of
potential well and the electron number density. Itis
experimentally observed to exhibit a constant value over
awide range of materials (Miller’srule)

The polarisation in the x-direction can be related to the
incident fieldsin the x, y and z-directions by

Py (W3) = dyy (W3)E, (Wq)E, (Wy) +dyy (W3)E  (Wy)E, (W)
+0y77(W3)EZ (W1)EZ (W2) + dyzy (W3)EZ(W1)Ey (W2)

Hyyz (W3)Ey (W1)E 7 (W3 ) + iz (W3)E (W1 )Ey (W3)

+ 0y, (W3)Ey (W1)E (W3 ) +dyyy (W3)E 4 (W1e)Ey (W3)

+0yyx (W3)Ey(Wp)Ey (W3)
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In alossless medium, the order of the multiplication of
the fieldsis not significant, therefore

dijl =dilj
Consequently the matrix expression for P. can be
simplified (dlightly) to

o:

& Ex (W1)Ex(w2)
B0 @y O Oz du s d 6 By (W1)Ey (W2) +
X 11 12 13 14 15 16 C EZ(Wl)EZ (WZ)

Cp, ~=Cd d d d d dos i .
gPy; ed21 d22 d23 d24 d25 dZGEQQ Ey (Wp)E,(Wp)+E,(wq)Ey (W, )+
z 31 Y32 Uz Uzg Uz Uzp QEX (Wp)E (W) + E(Wp)Ey (Wp).

eEx (W1)Ey (W) + Ey (W1)Ex (W2 )g

The symmetry of the crystal class determines which of
the d elements are non-zero. For example, of the 32
point groups 12 have inversion symmetry and the second
order nonlinear coefficients are zero. Of the remaining
20, further symmetry arguments can be applied to obtain
rel ationships between the various d elements, for
example.

42m eg. KDP
_o e o o | _o e o o ‘0_
° o o o o 0‘0 °
00 - - 00 - - -

3m eg. Quartz, LiNbO3 mm2 eg. KTP, LBO



If the nonlinear polarisation is due solely to electronic
motion and there are no absorptions with the range of

w;, W, and w; all frequencies act in the same manner a
further ssimplification can be made
O = 0yy; = dy; = diy; = iy =l

Thisiscalled Kleinman's symmetry condition and
further ssimplifiesthe d tensor. Under Kleinman
symmetry we have the following equalities between the
d elements

I Ye¥eYololo)
oY YoJololo
[S]eX JoJere]

When Kleinman symmetry is applied to the previous
crystal classes we get

3m eg. Quartz, LINbOg mm2 eg. KTP, LBO

The strength of any one interaction geometry isrelated to
a particular d element
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e.g. the strength of P, (w3) given an incident E, (w,) and

E,(w,) dependson d,.. Notethat 42m d, =0.
Therefore KDP would be unsuitable for this geometry.

In general, the tensor representation of d can be dropped
and replaced with a single scalar quantity called effective
d, dg. dy;lIscalculated from d with reference to the

Interaction geometry.

Conservation of energy

The conservation of energy isagenera principlein
physics and must be true within nonlinear optics.

The ssimplest interpretation is within a photon picture of
nonlinear interactions. The energy of asingle photonis

given by aw. Consider the case of sum frequency
mixing,

W3= W+ W,

Wl +W2

W1
o nonlinear medium 0 —_—

Wo

By considering the nonlinear interaction in terms of
photons we see that energy is conserved providing we

assume that two photons of frequencies w, and w., “join”
within the nonlinear medium to produce one photon of
frequency ws.
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Constraintswithin nonlinear interactions

We can see from the relationship between the
polarisation and the applied fields

o W W
Pi —a Cijl Ej lEl 2
j
that alarge number of second order interactions are
possible within a particular crystal. Even allowing the

restriction on the values of the d elements imposed by
symmetry considerations a range of interactions are

possible. For example given input fields of w;and w,,
will the output be at (wy+ w,) or (w, - W,)?

The additional constraint which we have not yet
considered is the conservation of momentum. Within
nonlinear optics thisis termed phase-matching.

Phase-matching

L et us consider the case of second harmonic generation,

W1:W2:W

W3=2W

A wave of frequency w propagates in the z-direction
through the crystal. At all z positions energy is
transferred into awave at 2w. For maximum efficiency,
we require that all the newly generated light interferes

constructively at the exit face of the crystal.

The nature of the nonlinear interaction ensures that at the
point of generation, the generated light (the second
harmonic) has awell defined phase relationship with
respect to the incident light (the fundamental).
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I
~~
fundamental %ﬂv\
N__ | —
I I

F\//\//\//\/ r\//}econd
\ /\/ /\/ /.\/ /I.\gmonlc

. / J
\ destructlve

interference

second harmonic
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However, dispersion within the crystal means that the
fundamental and second harmonic light travel with
different phase velocities. It follows that the second
harmonic light generated at a second position within the
crystal may not be in phase with the second harmonic
light generated earlier.

Clearly, the “ phase-matching” of the second harmonic
generation becomes more difficult to maintain asthe
crystal becomes longer.

The effect of imperfect phase-matching on the efficiency
of the nonlinear processis given by

, aain2(DkL/2)0
efficiency a L2 ¢ S (DKLI2)2 4

where

Dk =k - K-k, (C=wik)
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efficiency

/ \
Dk
Dk=p/L' Dk=piL

For high overall efficiency we need alarge L and a small
DKL, ie. Dk » 0.

The momentum of aphoton is7zk. Thereforethe Dk =0
condition implies that

momentum of the generated photon
= the sum of the momentum of the incident photons

Hence the phase-matching condition is equivalent to the
conservation of momentum.

Coherence length

The graph of conversion efficiency against Dk shows
well defined minima, where the overall efficiency fallsto
Zero.
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Consider the first minimaat Dk = p/L. It follows that for

agiven Dk there will be no nonlinear output for a crystal
length of

L. =p/DK

This is because the relative phases of the generated light
throughout the length of the crystal has resulted in
complete destructive interference. The length of crystal
for which this occursis called the coherence length.

Returning to our earlier equation for the efficiency of the
nonlinear conversion

o , aain2(DkL/2)0
efficiency a L g(DkL/2)2 .

we see that for a given value of Dk we have

1
efficiency a Dk2 Sin2(DkL/2)
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The nonlinear output varies sinusoidally with the length
of the crystal with a period given by 2p/Dk

The coupled differential equationsfor the
interactions between fields

The second order nonlinear interaction between the three
fields can be written in terms of three coupled
differential equations.

Assuming that each of the three fields (propagating in
the z-direction) can be written in the form

E= Eo, exp i(wit - ki2)

the three coupled equations are

dEo,;
“az =1kq Eo," Eog exp(i Dkz)

dEo,
“az =1k, Eo;" Eog exp(i Dkz)

dEo,
“az =i k3 Eo, Eog exp(-i Dkz)

where
ki = Wideff / n c

The direction of energy flowie. 1& 2to30of 3to1 & 2
depends on the relative phase of the three fields. These
eguations can be used to calculate conversion
efficiencies and threshold pump powers for nonlinear
optical experiments.



Methods for phase-matching

For very short lengths of non linear material phase-

matching is not important since the product DKL is still
small. However, for most nonlinear systems this length
of material isinsufficient to observed efficient non linear
interactions. Phase-matching is important because

- Increases efficiency of nonlinear process

- actsto select the nonlinear process of interest

In al nonlinear materials, dispersion in the phase
velocity (arefractive index which depends on
wavelength) ensures that the requirements for energy
conservation

W3 = Wy + W,
and momentum conservation
1
cannot be satisfied simultaneously.

A number of methods for phase-matching can be
employed

- dielectric waveguide phase-matching

- non colinear phase-matching

- birefringent phase-matching

- quasi phase-matching

One of the surprising pointsto arise from the tensor
nature of the nonlinear coefficient isthe fact that the
generated light need not have the same polarisation state
astheincident light. Phase-matching types are
characterised in term of the relative polarisation states of
thethreefields. Thisisparticularly significant with
respect to birefringent phase-matching.
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Type-l phase-matching (w; = w,;+ W.,)

- E(w,) and E(w,) have parallel polarisations
- E(Wb IS orthogonal ly polarised with respect to
E(w,) and E(w,)

Type-1l phase-matching (wg = w;+ W)

- E(w,) and E(w,) have orthogonal polarisations
- E(w%) has paraﬁel polarisation with respect to E(w, )
or E(w,)

Dielectric waveguide phase-matching

The propagation of light within a dielectric waveguideis
more complicated than that through bulk material.

The transverse boundary conditions within the solution

of Maxwell’ s equations lead to allowed transverse modes
of propagation. These modes have characteristic
intensity profiles (which decay to zero outside the
guiding layer) and travel with a phase velocity which
differs from that of the bulk material.

Assuming that the refractive indices of the guiding and
cladding layers are Ny and n, respectively then the

effective mode index, N, of the transverse mode can take
on arange of values

n.< N < ng

Different modes within the guide have different values of
N. By appropriate design of the waveguide geometry,
the mode index of two or more different modes with
different frequencies can made such that

|\ImodeA (@ WS) ) NmodeB (@ WZ) ) NmodeC (@ Wl) =0

ie. phase-matching.
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Birefringent phase-matching

The 20 crystal classes for which d * 0 can be broken

down into three groups
- isotropic ~
cubic (23 and 42m)
- anisotropic, uniaxial (asingle symmetry axis)
trigonal (3, 32, 3m) _
tetragonal (4, 4, 422, 4mm, 42m)
hexagonal (6, 6, 622, 6mm, 6m2)
- anisotropic, biaxial (two symmetry axes)
triclinic (1)
monoclinic (2, m)
orthorhombic (222, mm?2)
The isotropic crystals exhibit a refractive index which is
independent of polarisation state and direction of
propagation of the light through the crystal.

The anisotropic crystals exhibit birefringence (double
refraction) ie. arefractive index which depends both on
polarisation state and direction of propagation. Strictly
speaking, birefringence is aterm applied to uniaxial
crystals, but asimilar argument to that presented below
can also be applied to biaxial crystals.

The refractive index experienced by alight wave within
a birefringent crystal depends both on the polarisation
state of the light with respect to the symmetry axis (optic
axis) and the direction of propagation.
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|

. A Ao tic axis optic axis
optic axis sphere ellipsoid P ellipsoid P
_
(al
n, as a function of n, as a function of n, as a function of
propagation propagation direction for the  propagation direction for
direction for the e-ray, Ng< Ng the e-ray, ng> ng
o-ray (-ve birefringence) (+ve birefringence)

Ordinary-wave
- an o-ray is polarised perpendicularly to the optic
axis of the crystal
- refractive index, n,, isindependent of the
propagation direction, q
Extraordinary-wave
- an e-ray has a component of its polarisation parallel
to the optic axis
- refractive index, ny;, is dependent on the
propagation direction, q

1 cos2qg sSin2g

- usually neff istermed ne

In all optically transparent crystals, the dispersion is such

that the refractive index increases with increasing w.
The basic principle of birefringent phase-matching isto
use the change in refractive index with polarisation to
compensate for the dispersion within the nonlinear
materials. The phase-matching geometries can be
divided into type-1 and type-I1.

Positive birefringence (n,>n,)

- type-l Wan (Wg) = WqNge:(Wy) + Wongr (W)
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- type-11 wgn (Wy) = wyng(Wy) + Wy (Ws)

Negative birefringence (n, < n,)
- type- w3neff(w3) = wlno(wl) + wzno(wz)
- type-11 w3neﬁ(w3) = wlneff(wl) + Wzno(wz)

Angle-tuned phase-matching

One approach to birefringent phase-matching is to set the
orientation of the crystal such that one of the above
conditionsis satisfied. Taking frequency doubling in
KDP as an example and reducing the 3-D representation
of the index ellipsoid to 2-D we have

A phase match

Ng (W) =ngs (2w)

For afundamental wavelength of 1064nm, type-1, phase-
matched frequency doubling in KDP occurs for a

propagation direction of g =42.4°, ie.
2w N (2w, @q=42.4°) = 2(w n (w))
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Type-11 frequency doubling is more complex but can
also be represented on a similar diagram.

A No W)+ Negt (W) =2ngg (2w)

Ophase match

For a fundamental wavelength of 1064nm, type-Il,
phase-matched frequency doubling in KDP occurs for a

propagation direction of g closeto 90°, ie.
2W Nt (20W) = W N (W) + W Ner (W)

However, in the case of KDP the deff for this

combination of E-fields is zero and hence this particular
configuration is unsuitable.

W alk-off

One limitation of angle-tuned phase-matching is walk-
off. In birefringent materials the elliptical nature of the
variation in ng; with angle results in an angular

separation between the o-ray and e-ray as they propagate
through the crystal.
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Consequently since al birefringent phase-matched
geometries involve combinations of e-rays and o-rays,
the beam overlap can only be maintained for a short
distance into the nonlinear crystal.

This problem is made worse by the desire to focus the
optical radiation to a small spot within the crystal to
maximise the field strength and the resulting nonlinear
interaction.

Whenqg?! 0°1 90°, angle-tuned, birefringent phase
matching is termed critical phase-matching.

Noncritical phase-matching

A special case of angle-tuned, phase-matching occurs
when g =90°. Thisistermed noncritical phase-matching

(NCPM). When the e-ray propagates with g=0
(perpendicularly to the optic axis) there is no walk off
between the o-ray and e-ray. Conseguently thereisno
limit to the length over which the interacting beams can



be made to overlap and the efficiency of the nonlinear
Interactions can be increased.

Obvioudly, the chance of finding a crystal that exactly
satisfies the condition (e.g. for type-1 phase-matching in
a+ve birefringent crystal)

Wi (Wo) = wyng(w; @ q=90°) +w,n(w, @ q = 90°)

is extremely remote. Some fine tuning of N is
inevitable.

The most common way of fine tuning the refractive
index is changing the temperature of the nonlinear
material. If the temperature coefficients of njand n,are

non zero and different then phase matching with g =90°

can be achieved by setting the crystal temperature
accordingly.

For example, noncritical, temperature-tuned, type-|
phase-matching can be obtained for frequency doubling
light at 1064nm in MgO:LiINbO4 at » 100°C, ie.

2Wn (2w, @g=90°, T»100°C)= 2(wn (W, @T»100°C))

Non colinear phase-matching

As stated earlier, the condition for perfect phase
matching is

Dk = kK, -k, = 0

So far we have considered this to be a scalar relationship.

However, Kk is the wavevector and consequently should
be considered in vector form, i.e.

3- ki- ko =0
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Clearly, non colinear solutions to this equation are
possible, e.g.

K
Ky 3

K1
applying the cosine law we get
Kq2 = k2 + k2 - 2k Kk, cosa
re-arranging for a
N;2K,2 + Ny2K42 - Ny2K2
2N, W, N W,

cosa =

This method of phase matching is particularly useful for
materials which are not birefringent, e.g. GaAs.

Quas phase-matching
Until recent years birefringent phase matching has been
by far the most common form of phase matching in both
commercial and laboratory laser systems. However,
birefringent phase matching imposes a number of
limitations

- only works for birefringent materials

- only works for certain geometries

- may require angle tuning to acritical phase

matching condition and associated walk off

Over the past couple of years another technique has been
developed, quasi phase matching.

Consider a short length of nonlinear crystal used for
frequency doubling. For all lengths upto the coherence
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length, L, no phase matching isrequired. Beyond L .the

pump and generated waves become out of phase, the
direction of energy flow isreversed and the net amount
of second harmonic light is reduced.

In quasi phase matching the crystal is effectively divided
Into sections L . long. By turning each successive section

upside down the phase relation between the pump and
the second harmonic can be maintained.

e

Input pump field Output second harmonic

SV R

Quasi phase matching can give high efficiency over a
long length of crysta

Quasi phase matching (QPM) can also be applied to
OPO'’ s and other nonlinear interactions.

Rather than physically cut the crystal into short sections
it is usual to process bulk crystals to orient the crysta
structure. This orientation is frequently performed using
an electrode pattern on the crystal and applying an
electric field at elevated temperatures. After cooling the
crystal is“poled” and no further fields are required.
Such crystal are said to be “periodically poled'. Amonst
others Lithium niobate and KTP have both been widely
used (PPLN, PPKTP).
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Perfect phase matching in bulk material

Quasi phase matching

Second harmonic output

No phase matching

1 2 3 4 5
Crystal length/coherence length

Optimum focussing for nonlinear interactions
Asagenera rule, tight focussing of the interacting
beams results in a high power density and consequently
high nonlinear efficiency. However, two factors may
limit the degree of focussing
- high power densities may damage the nonlinear
material (thisisonly apractical limit and should not
be confused with the following)
- the divergence of atightly focussed beam limits the
length of crystal over which the high power density
can be maintained
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\ nonlinear material eam 3
/ optimum focussing beam 2 \

- beam 3 is not tightly focussed, the resulting power
density isreduced leading to low nonlinear
conversion

- beam 2 is correctly focussed giving areasonable
power density over the entire length of the crysta

- beam 1 isvery tightly focussed giving a high power
density at the centre of the crystal. However, the
divergence of the beam means that the power
density at the edges of the crystal is reduced

Optimum focussing can be shown to be when the beams
are focussed to the centre of the crystal such that

\2 x beam dia. = beam dia. gy edge

crystal centre

Thisiscalled confocal focussing.

Optical Parametric Oscillators (OPO)

Another example of a second order nonlinear processis
optical parametric down conversion. In optical
parametric down-conversion, an input pump wave at

frequency w, (wpump) IS converted into two outputs at
frequencies w, and w,, these are termed the signal and
idler frequencies (wy & W q)- Aswith other nonlinear

173



174

Interactions, these frequencies must obey the energy
conservation relation, i.e.

Wpump: Wsig + Widl

For agiven Woump the w,and w,, are determined by the
phase-matching within the crystal, ie.

kpump' ksig ) kidI =Dk=0
Within a photon picture, the OPO can be thought of as a
photon splitter

Pump Photon [
O |dler Photon
-
0 U Signal Photon
-
To form an optical parametric oscillator, resonanceis
provided by feedback at cavity mirrors for either, or
both, the signal and idler frequencies. This significantly

increases the efficiency of the conversion from pump
frequency to signal and idler frequencies.

A device with feedback at only one of the signal or idler
frequenciesisreferred to as a singly-resonant
OPO (SRO).

Incoming pump - © !dler
=0 - - Undepleted
CrEzr @
> Signal

Highly reflecting at ORidler

An example of an SRO OPO incorporating a frequency
tripled diode-pumped laser as the pump source is shown
bel ow
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Q-switch Nd:YLFrod Laser Diode

— I /
0o (R jois -
LBO, angle-tuned, type-I, sum N

frequency mixer Infrared outout
2nd harmonic + fundamental KTPangle-tuned, \0 @1047 P
gives third harmonic type-1l SHG m

0 Two-stage

1@ o - frequency
@ 0 ﬁj p \( g @ tripler

UItrav@et output

Output coupler

2300nm

LBO angle-tuned, type-I OPO / I
@@' @ ' SRO OPO

Crystal rotation for tuning \ . 420nm

A photograph of the device designed by C F Rae and
M H Dunn (St Andrews).

To further increase the conversion efficiency the OPO
cavity can be made resonant at both signal and idler
frequencies, a doubly-resonant OPO (DRO)
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Incoming pump © !dler
-
-=-Q - - © Undepleted
- > pump
- Signal

Highly reflecting at AND idler

However, to operate a DRO, four conditions must be
satisfied ssmultaneously
- energy-conservation

- phase-matching
- cavity resonance for the signal field
- cavity resonance for theidler field

In general, aDRO is over-constrained, and this
introduces complications in the tuning of these devices.

The figure below shows the interrelation between the
various constraints. (Note that the axes for the signal

and idler frequencies are reversed.)
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OPO oscillation

An example of a doubly resonant OPO based on KTP
and pumped by a frequency-doubled, diode-pumped
laser is shown below.

KTP (6x4x4mm)
Type-1l CPM
Nd:YLF (x2) . PZT
400mW@523nm N A <e- -0
-©
) Near degenerate
Angle tuning signal and idler

900-1100nm outputs
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absorption / emission
Cross section, 21
absorption coefficient, 13,
24, 112

active mode-locking, 118
active Q-switching, 111
active region, 39
angle-tuned phase-
matching, 166
anisotropic media, 152
argon ion laser, 36
beam parameter, 69
bending loss, 143
Bennet holes, 89, 94
biaxial crystal, 164
birefringent phase-
matching, 164

Bragg grating, 44
Brewster windows, 35
catastrophic failure, 46
cavity stability, 61
cladding, 133
coherence length, 3, 159
coherencetime, 3, 4
collimation, 2

confocal focussing, 173
conservation of energy,
156

conservation of
momentum, 157

control voltage, 100
copper vapour laser, 48
core, 133

coupled differential
eguations, 161
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coupled rate equations,
103

critical phase-matching,
168

crystal class, 154

current tuning, 46

dark stripes, 46
depletion region, 39
DFB, 44

dielectric susceptibility,
149

dielectric waveguide, 163
dielectric waveguide
phase-matching, 163
dispersion, 137, 165
distributed feedback
lasers, 44

Doppler broadening, 15,
20

double heterojunction, 42
double refraction, 164
doubly-resonant OPO,
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dye laser, 49

effective, 156
Einstein'A' coefficient, 7
Einstein 'B' coefficient, 8
Einstein relations, 9
e-ray, 165

error voltage, 99, 100
evanescent wave, 147
evanescent wave
couplers, 147
extraordinary-wave, 165
failure modes, 46

fibre lasers, 148



fibre optic wavguides,
134

fibre waveguide modes,
135

four level laser, 29

free spectral range, 80
free-carrier absorption, 40
frequency hole burning,
89

frequency stabilisation,
96

frequency-domain, 116
gain medium, 5, 6

gain saturation, 52

gain threshold, 25
Gaussian beams, 68
generation of harmonic
frequencies, 151
graded index, 135
graded index fibre, 139
gradual failure, 46
group velocity, 141
guide wavelength, 129
heavy doping, 38
helium neon laser, 33
Hermite-Gaussian, 77
heterojunction, 42
homogeneous
broadening, 18
Homojunction, 41
index ellipsoid, 166
integrated optics, 125
intermodal dispersion,
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intermode spacing, 80,
87, 114

intra-cavity etalon, 93, 94
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intramodal dispersion,
140

intrinsic loss, 144
lodine stabilised He-Ne,
100

Kleinman's symmetry
condition, 155
Laguerre-Gaussian, 77
Lamb dip, 94

laser diodes, 38

|aser resonator, 57
lens coupling, 146
light guiding, 41, 125
lineshape function, 15
longitudinal modes, 79
material dispersion, 141
meridional ray, 135
methods for phase-
matching, 162
Miller'srule, 153
mode hop, 93

mode index, 133, 163
mode matching, 75
mode-locking, 113
modesin adab
waveguide, 130
multiple quantum well,

YAG, 46
negative birefringence,
166
non colinear phase-
matching, 169
noncritical phase-
matching, 168



nonlinear coefficients,
152

nonlinear optical
coefficient, 153
nonlinear optics, 149
numerical aperture, 146
OPO, 173

optic axis, 164

optical gain, 40

optical parametric
oscillator, 173

optimum focussing, 172
o-ray, 165
ordinary-wave, 165
oscillating dipole, 151
pt-type, 38

passive mode-locking,
120

passive Q-switching, 112
peak power, 109
periodically poled, 171
phase sensitive detector,
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phase-matching, 157
point groups, 154
population inversion, 25,
26, 34, 74, 95

positive birefringence,
165

power output, 41
Q-switching, 106
guantum well lasers, 43
guas phase-matching,
170

Rayleigh range, 69, 70
Rayleigh scattering, 144
relaxation oscillations,
107

ring cavities, 85
saturation intensity, 56
single mode fibre, 140
singly-resonant OPO, 174
skew rays, 136

slab wavguides, 127
small signal gain
coefficient, 25

gpatial coherence, 4
gpatial hole burning, 83
spectral profile, 41
spontaneous emission, 6
standing wave cavity, 85
step lindex, 135
stimulated absorption, 7
stimulated emission, 8,
12, 28, 29, 34, 40

stripe geometry, 43

sum and difference
frequency, 152

tapered fibres, 147
temperature tuning, 46
temporal coherence, 3
three level laser, 27
threshold inversion, 25
time-domain, 118
titanium sapphire laser,
51

total internal reflection,
127

transform limited, 118
transverse modes, 59, 79
tuning diode lasers, 46
type-1 phase-matching,
163

type-11 phase-matching,
163

uniaxial crystal, 164
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VCSEL, 45 wave velocity, 132
vertical cavity lasers, 45 waveguide dispersion,
walk off, 60 140

walk-off, 167



